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ABSTRACT
Purpose We sought to identify key variables in cellular archi-
tecture and physiology that might explain observed differences
in the passive transport properties of small molecule drugs
across different airway epithelial cell types.
Methods Propranolol (PR) was selected as a weakly basic,
model compound to compare the transport properties of
primary (NHBE) vs. tumor-derived (Calu-3) cells. Differentiated
on Transwell™ inserts, the architecture of pure vs. mixed cell
co-cultures was studied with confocal microscopy followed by
quantitative morphometric analysis. Cellular pharmacokinetic
modeling was used to identify parameters that differentially
affect PR uptake and transport across these two cell types.
Results Pure Calu-3 andNHBE cells possessed different structural
and functional properties. Nevertheless, mixed Calu-3 and NHBE
cell co-cultures differentiated as stable cell monolayers. After mea-
suring the total mass of PR, the fractional areas covered by Calu-3
and NHBE cells allowed deconvoluting the transport properties of
each cell type. Based on the apparent thickness of the unstirred, cell
surface aqueous layer, local differences in the extracellular micro-
environment explained the measured variations in passive PR
uptake and permeation between Calu-3 and NHBE cells.
Conclusion Mixed cell co-cultures can be used to compare
the local effects of the extracellular microenvironment on drug
uptake and transport across two epithelial cell types.

KEY WORDS Calu-3 cells . cellular pharmacokinetics .
computational modeling . inhaled drug delivery . local drug
absorption

ABBREVIATIONS
4-OHP 4-hydroxypropranolol
DMEM Dulbecco’s Modified Eagle Medium
FBS Fetal bovine serum
LC/MS Liquid chromatography-mass spectrometry
LY Lucifer yellow
N-DIP N-desisopropyl propranolol
PR Propranolol

INTRODUCTION

Measurements of small molecule transport across epithelial
cell monolayers in tissue culture are routinely performed in
pharmaceutical research laboratories to predict the absorp-
tion properties of drug candidates, with applications ranging
from drug development to regulation of approved and ge-
neric drug products. For gastrointestinal drug absorption,
Caco-2 or Madin-Darby Canine Kidney (MDCK) cells
have been widely used to measure permeability of oral drugs

Pharm Res (2013) 30:2118–2132
DOI 10.1007/s11095-013-1069-5

Electronic supplementary material The online version of this article
(doi:10.1007/s11095-013-1069-5) contains supplementary material,
which is available to authorized users.

K. A. Min : A. Talattof : Y. Tsume : J.<y. Yu :G. R. Rosania (*)
Department of Pharmaceutical Sciences, College of Pharmacy
University of Michigan, Ann Arbor, Michigan 48109, USA
e-mail: grosania@umich.edu

K. A. Stringer
Department of Clinical, Social, & Administrative Sciences
College of Pharmacy( University of Michigan, Ann Arbor, Michigan
48109, USA

D. H. Lim
Department of Bioengineering( University of California at San Diego
Jacobs School of Engineering, La Jolla, California 92093, USA



using in vitro assay systems. When cultured on porous mem-
brane supports, the ability of these cells to form a monolayer
with tight junctions enables reproducible and biorelevant
measurements of drug transport and metabolism. In vitro
transcellular permeability measured using these cell culture
models shows good correlation with in vivo intestinal perme-
ability measured in animals or humans (1,2).

Calu-3 cells (American Type Culture Collection, ATCC
HTB-55) are a sub-bronchial adenocarcinoma epithelial cell
line derived from a human malignant pleural effusion (3). To
assay the transport properties of inhaled drugs, Calu-3 cells
are most widely used due to their low cost, simple culture
conditions and reproducible assay results. Calu-3 cells can be
grown on porous supports on which they form a polarized cell
monolayer with constant thickness (4–7). These cells can be
also cultured under an air-liquid interface (ALI) in the absence
of cell culture media in the apical side, mimicking the envi-
ronment in the intact lung. When differentiated in ALI con-
ditions, Calu-3 cells form tight junctions, secrete mucus on
their surface and undergo ciliogenesis (8). These cells are also
used to study the dissolution-absorption kinetics of drug pow-
der formulations (9–11). In addition, Calu-3 cells are used to
study active transport mechanisms influencing drug absorp-
tion, metabolism and efflux (12,13) and for in vitro-in vivo
correlation studies involving permeation of passively or active-
ly transported drug molecules in the airways (4,14).

As an alternative to Calu-3 cells, primary normal human
bronchial epithelial (NHBE) cells can be obtained from
different locations of the lungs of human cadavers (15).
NHBE cells are considered more physiologically relevant
because they do not have the transformed phenotype of
Calu-3 cells (16,17). However, unlike Calu-3 cells, NHBE
cells are difficult to propagate and mucociliary differentia-
tion becomes significantly impaired after three sub-cultures.
Variations in cell culture media composition also influence
the differentiated phenotype of NHBE cells (6,13,18). Like
Calu-3 cells, NHBE cells can be cultured under ALI condi-
tions (19,20) but they form multilayers of variable thickness
and cellular composition which complicate interpretation of
drug uptake and permeability measurements.

Here, to identify specific structural and functional fea-
tures that might be responsible for differences in the trans-
port properties of NHBE and Calu-3 cell monolayers, we
established a specialized in vitro assay system. Since NHBE
cells tend to differentiate into multilayers, NHBE cells were
mixed with Calu-3 cells in various ratios and cultured on a
polyester membrane in Transwell™ inserts under ALI con-
ditions. After establishing cell monolayer integrity and tight
junction formation, the 3D architectures of the cells differ-
entiated on Transwell™ insert system were investigated
using confocal 3D microscopy. By measuring the transport
properties of PR across a pure Calu-3 cell monolayer and
based on the cell numbers and areas occupied by NHBE

and Calu-3 cells in mixed cell monolayers, we calculated the
transport properties of PR across individual NHBE cells. In
turn, by fitting the data with a cellular pharmacokinetic
model, parameter optimization and sensitivity analysis led
to the identification of key structural and functional vari-
ables that explain the observed differences in PR uptake and
transport kinetics across these two cell types.

MATERIALS AND METHODS

Materials

Hank’s balanced salt solution (HBSS buffer, pH 7.4, 10 mM
HEPES, 25 mM D-glucose) was prepared with chemicals
obtained from Fisher Scientific, Inc. (Pittsburgh, PA). NHBE
cells (Clonetics™; normal human bronchial epithelial cells;
passage #1), bronchial epithelial basal medium (BEBM) and
the associated bullet kit including subculture reagents were
from Lonza (Walkersville, MD). Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM:F12) was from
Invitrogen (Carlsbad, CA). Lucifer Yellow CH dipotassium
salt (MW: 521.57) was from Sigma-Aldrich (St. Louis, MO).
MitoTracker® Red CMXRos (M7512), Hoechst 33342
(H3570), LysoTracker® Green DND-26 (L7526), and Alexa
Fluor® 488 phalloidin (A12379) were fromMolecular Probes,
Invitrogen. Transwell™ inserts with polyester membranes
(area: 0.33 cm2, pore size: 0.4 μm) were from Corning Co.
(Lowell, MA). Nunc® Lab-Tek® I-chamber slides were used
for the microscopic examination of cells. Propranolol, ateno-
lol, anhydrous ethyl acetate, acetonitrile (LC/MS grade) and
formic acid were from Sigma-Aldrich. Metabolite stan-
dards (4-hydroxypropranolol and N-desisopropyl pro-
pranolol) were from Alsachim (Strasbourg, France).
Water purified with a Milli-Q water system (Bedford,
MA) was used for LC/MS analyses.

Cell Culture

Calu-3 cells obtained from American Type Culture Collec-
tion (ATCC) (Manassas, VA) were cultured in 75 cm2 flasks
(37°C in a 95% air/5% CO2) in media containing a 1/1
mixture of DMEM:F12 containing 2 mM L-glutamine, high
glucose, 1% (v/v) non-essential amino acids, 1% (v/v)
penicillin-streptomycin, and 10% FBS. Culture media was
changed every second day until cells were confluent. At that
time, Calu-3 cells were subjected to trypsin and sub-cultured
at a 1:3 ratio.

NHBE cells (passage #1) were thawed according to the
manufacturer’s instruction and grown in a 75 cm2 flask (500
cells/cm2 at 37°C, 5% CO2) until they were 70–80% con-
fluent (20). NHBE cells were maintained in the growth
medium (BEGM) of serum-free BEBM supplemented with
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the growth factors in the bullet kit (human recombinant
epidermal growth factor, insulin, transferrin, hydrocorti-
sone, triiodothyronine, epinephrine, retinoic acid,
gentamycin / amphotericin-B and bovine pituitary extract
(35 mg/ml)).

Air-Liquid Interface (ALI) Cultures on Inserts

For transport experiments and confocal image analyses, Calu-
3 cells (passage 26–36) were seeded at 5×105 cells/cm2 on the
porous membranes (area: 0.33 cm2) of Transwell™ inserts in
24-well plates. They were maintained in culture media in
apical and basolateral sides (37°C, 5% CO2). After an over-
night incubation, polyester membranes were examined using
an inverted Nikon TE2000 microscope to ascertain cell at-
tachment and viability. For ALI conditions, the apical media
was aspirated and the basolateral media was replaced with
fresh media. The apical sides of the inserts were washed with
HBSS buffer (pH 7.4) to remove unattached cells. Media
in the basolateral sides of the inserts were replaced with
fresh media every day while cells were maintained
(37°C, 5% CO2). Transepithelial electrical resistance
(TEER) measurements were made to assess the integrity of
the intercellular junctions as previously described (11).

NHBE cells (passage #2; 2.5×105 cells/cm2) were seeded
on Transwell™ inserts in 24-well plates with differentiation
media. Mixed media (1/1) of BEBM and DMEM:F12
supplemented with 8 growth factors (the same ingredients
in the BEGM preparation) except for bovine pituitary ex-
tract was used as differentiation media for NHBE cells on
the inserts (19,20). To achieve ALI conditions, the media in
the apical chamber was removed by aspiration 24 h after
cells were plated on the inserts and differentiation media in
the basolateral side was replaced every day during which
cells were maintained (37°C, 5% CO2).

For the mixed cell co-cultures, Calu-3 and NHBE cell
suspensions were mixed in differentiation media at various
ratios (see S-Table I in Supplementary Material). Since the
cell doubling times are different for these two cell-types (60 h
for Calu-3; 30 h for NHBE), the optimal cell seeding den-
sities in pure culture were considered in the mixed
conditions. To monitor culture conditions, functional
assays by measuring TEER and lucifer yellow (LY)
permeability were periodically conducted as previously
described (11). Cytometric analyses by confocal micros-
copy were also periodically performed.

Confocal Fluorescence Microscopy and 3D
Reconstructions

Mixed solution (240 μl) of three different dye molecules (80 μl
of each dye, 1 μM MitoTracker® Red (MTR), 10 μg/ml
Hoechst 33342 (Hoe) and 2.5 μM LysoTracker® Green

(LTG) in HBSS) were added to the apical side of inserts with
cells in the presence of buffer (600 μl) in the basolateral
chamber. After a 30 min incubation (37°C, 5%), the cell-
containing inserts were put on a chamber slide (Lab-Tek).
Images were acquired across the z-axis with using 1 μm in-
tervals by a confocal microscope at a different fluorescent
channel (UV (364 nm), Argon laser (488 nm), Helium neon
1 laser (543 nm)). A Zeiss LSM 510-META laser scanning
confocal microscope (Carl Zeiss Inc., Thornwood, NJ) with a
60×water immersion objective was used for scanning the
insert through the z-axis. Three dimensional (3D) reconstruc-
tions of image stacks were performed using the microscope’s
built-in software package. Additionally, cell-to-cell junction
formation between Calu-3 and NHBE cells were also ana-
lyzed by confocal microscopy after actin staining with 5 U/ml
Alexa Fluor® 488 phalloidin (20).

Morphometric Analysis of Cell Monolayer
Architecture

Confocal Z-stack images of the cells on the inserts under ALI
conditions were analyzed using MetaMorph image analysis
software (Molecular Devices, Sunnyvale, CA) as previously
described (21). Briefly, after background subtraction, regions
around each cell were manually drawn using the “Trace
region” tool. Region area and integrated intensity of MTR
or LTG corresponding to each region were measured using
the “Region measurement” function. Assuming the shape of a
cell as a polyhedron, cell volume was calculated by summing
the segmented cell areas (polygonal area) along the z-axis
based on 1 μm spacing between sequential images according
to Simpson’s rule for integrations (21). Based on the measured
areas and calculated cell volumes, cell population distribution
histograms were generated and plotted with MATLAB
R2010b. A normal mixture statistical model with probability
density function in MATLAB was used to estimate the frac-
tion of the mixed cell population in each image that was
occupied by Calu-3 or NHBE cells.

Assessment of PR Metabolism

Confluent cells were harvested using trypsin and the isolated
cell suspension (107 cells in 1 ml) was incubated with PR (50
or 100 μM) by shaking (37°C, 5% CO2) for 4 h. After
incubation, the cell suspension was centrifuged (1,300×g,
5 min, 4°C). The supernatant was collected and the cell
pellets were washed with cold DPBS twice by centrifugation.
In preparation for LC/MS analysis, cell pellets were
extracted with cold methanol. For PR metabolite detection,
confluent cells in 75 cm2 flasks were incubated with PR (50
or 100 μM) for 4 h. Cells were isolated by trypsin and
centrifuged (200×g, 5 min, 4°C). Then, the supernatant
was collected and cell pellets were washed twice with cold
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DPBS (15 ml). Cells were extracted with cold methanol. All
the samples were stored at −80°C.

PR Transport Experiments

Transport experiments were performed using Calu-3 cells,
NHBE cells or the mixed cell cultures (1/1 Calu-3/NHBE
ratios) on inserts in both directions (apical-to-basolateral
(AP→BL) and basolateral-to-apical (BL→AP)) after 8 days
in culture under ALI conditions. For the assays, cells on the
inserts were washed and left to equilibrate in HBSS at 37°C
for 30 min. For AP→BL transport assays, 110 μl of PR in
HBSS buffer (5, 10, 20, 50, 80, or 100 μM) was added into
the apical side of the inserts, with 600 μl of HBSS buffer
without PR in the basolateral side. For BL→AP transport
assays, 600 μl of PR in HBSS was added to the basolateral
side, and 110 μl of PR-free HBSS buffer was added to the
apical side. Plates with inserts were incubated (37°C, 5%
CO2) while on a shaking platform and samples were collect-
ed from the receiver side at various time points until 4 h and
a single sample was acquired from the donor side at 4 h.
After transport experiments, cells on the inserts were washed
twice with cold DPBS and detached with trypsin. The
isolated cells were counted and after centrifugation
(1,300×g for 5 min), the cell pellets were lysed with cold
methanol and sonication (10 min) and were incubated on
ice. The methanol in the cell lysis supernatant was evapo-
rated by Savant DNA SpeedVac Concentrator (Thermo
Scientific) for 50 min and then reconstituted with HBSS.
PR concentrations in the samples from transport studies
were quantified with LC/MS.

LC/MS Analysis

Stock solutions (500 μM) of PR, atenolol (internal standard;
IS) and standard metabolites of PR (4-OHP and N-DIP)
were prepared in methanol. They were diluted with
acetonitrile:water (1:1) with 0.1% formic acid (mobile phase)
to generate standard solutions of 0.005, 0.01, 0.05, 0.1, 0.5,
and 1 μM. Internal standard was prepared by diluting the
stock atenolol to yield a final concentration of 5 μM in
acetonitrile:water (1:1) with 0.1% formic acid. Twenty μl
of IS solution in mobile phase was added to each standard
solution (230 μl) in acetonitrile:water (1:1) with 0.1% formic
acid. The mixtures were vortexed and filtered (0.22 μm).
The solutions were transferred to vials for LC/MS.

Standards or samples from transport studies were diluted
with water to which atenolol (5 μM) was added. The solu-
tions were alkalinized with ammonium hydroxide (25%) to a
pH 8–10. The solutions were extracted with 3 ml of anhy-
drous ethyl acetate (EtOAc), vortexted, then centrifuged
(200×g, 5 min, 4°C) to separate the solvent layers. The
EtOAc layers were transferred to a tube and evaporated in

a SpeedVac Concentrator for 50 min. The dried residues
were reconstituted with 250 μl of mobile phase solvent
(acetonitrile:water (1:1) with 0.1% formic acid). After filter-
ing (0.22 μm syringe filter), samples (5 μl) were injected into
LC/MS.

Three different batches of standards at six concentrations
were prepared for intraday and interday validation on three
consecutive days. Precision was evaluated as the relative
standard deviation of the mean (% CV). For intraday and
interday validations, CV values at each concentration level
(0.01, 0.05, 0.1, 0.5, and 1 μM) yielded less than 15%
(< 20% CV at LLOQ (lower limit of quantification)). Three
replicates of unextracted and extracted standards were eval-
uated for extraction efficiency (% recovery). The extraction
efficiency was determined by dividing the peak area of
compound in the extracted sample by the peak area in the
unextracted sample. Standard curves for the calibration
were determined using linear least-squares regression anal-
ysis based on the peak area of PR normalized by the extrac-
tion efficiency of the IS.

The LC/MS analysis was conducted using Shimadzu
HPLC system coupled to a Shimadzu 2010A mass spec-
trometer equipped with electrospray ionization (ESI) source.
The system was operated by LC/MS solution v.3 software.
Quantitative analysis was accomplished on an XTerra MS
C18 column (5 μm, 2.1×50 mm; Waters Co.). The mobile
phases were 0.1% formic acid in purified water (mobile A)
and 0.1% formic acid in acetonitrile (mobile B). The gradi-
ent of mobile B was 5% (0–5 min), increased to 70% at
10 min and to 80% at 12 min, then held at isocratic 80% B
for 3 min, and then immediately returned to 5% for re-
equilibration. The flow rate was set at 0.2 mL/min.
The LC/MS was operated at positive ESI with a de-
tector voltage of 1.5 kV, a nebulizing N2 gas flow of
1.2 ml/min, a CDL temperature of 250°C and a heat
block of 200°C. The m/z ratios for propranolol and
atenolol are 260.30 and 267.10, respectively. SIM and
full scan mode was used to detect specific ions and
possible fragments.

Mass Transport and Cellular Uptake Data Analysis

By using the transported PR mass measured in pure Calu-3
monolayer and in mixed Calu-3/NHBE cell monolayer
(1/1 ratio) and the fraction of each cell population in the
mixed cell monolayer that were directly measured in the
distribution analyses of the confocal images, transported PR
mass per NHBE cell at each time point was readily calcu-
lated with Eq. 1.

TMass total ¼ TMass Calu�3ð Þ � f Calu�3ð Þ � Cno

þ TMass NHBEð Þ � f NHBEð Þ � Cno ð1Þ
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where TMass_total is total transported mass of PR in the mixed
cell monolayer at each time point; TMass is the transported
PR mass per a Calu-3 or NHBE cell at each time point; f is
the fraction of cell population (Calu-3 or NHBE) in the
mixed cell monolayer and, Cno is total cell numbers in the
mixed cell monolayer.

Similarly, intracellular mass of PR in the NHBE cell
monolayer was calculated using Eq. 2.

CMass total ¼ CMass Calu�3ð Þ � f Calu�3ð Þ � Cno

þ CMass NHBEð Þ � f NHBEð Þ � Cno ð2Þ
where CMass_total is total cell mass of PR in the mixed cell
monolayer; CMass is the intracellular PR mass per a Calu-3
or NHBE cell. Masses of PR were calculated with molecule
numbers to help determine the number of drug molecules
that were transported or trapped inside the cells.

The rate of PR transcellular mass transport (dM/dt) in the
NHBE cell monolayer was estimated by using the rate of PR
mass transport in the Calu-3 monolayer and the mixed cell
monolayer and also the fraction of each cell population in
the mixed cell monolayer from the distribution analyses of
the confocal images in Eq. 3.

dM
dt Mixð Þ

¼ dM
dt Calu�3ð Þ

� f Calu�3ð Þ þ dM
dt NHBEð Þ

� f NHBEð Þ ð3Þ

The transcellular permeability coefficient (Peff) for the
NHBE cell monolayer was calculated using Eqs. 3 and 4

Peff ¼
dM
dt

Area � CD
ð4Þ

where dM/dt is mass changes in the receiver side per time;
Area is the insert area (0.33 cm2); and CD is PR concentration
at donor side.

Statistical analyses were performed using GraphPad
Prism 5.03 (GraphPad Software; LaJolla, CA). Data were
analyzed by either an unpaired Student’s t-test or a one-way
analysis of variance (ANOVA; α = 0.05) as appropriate. For
data analyzed by ANOVA, a Tukey’s multiple comparison
test was used if needed. In all cases, a p-value≤0.05 was
considered statistically significant.

Mathematical Model of Cellular Pharmacokinetics

A biophysical compartmental model of passive small molecule
transport across single cells (22) was adapted to model the
cellular pharmacokinetics of PR transport across lung epithelial
cells. This model uses coupled sets of ordinary differential equa-
tions to simulate drug transport between eight different com-
partments: apical; apical unstirred water layer; cytosol;
mitochondria; lysosomes; porous membrane; basolateral
unstirredwater layer; and, basolateral compartments. According

to the model, the passive mass transport of PR is driven by the
concentration gradients of PR between adjacent compartments.
PR ionization is modeled with the Henderson-Hasselbalch
equation, as a weakly basic molecule existing as neutral or
protonated species in instantaneous equilibrium determined by
the local pH and lipid fractions of each compartment. Mem-
brane permeability across each lipid bilayer was estimated based
on the physicochemical properties of PR: 1) pKa (the dissociation
constant of the protonated functional group); 2) log Pn (the
logarithm of lipid/water partitioning coefficient of neutral forms
of PR); and, 3) log Pd (the logarithm of lipid/water partitioning
coefficient of ionized forms of PR). The net fluxes (J) of passive
diffusion in a unit area of neutral and ionized forms of PR were
expressed using Fick’s equation and the Nernst-Plank equation,
respectively (see Supplementary Material). Liposomal partition
coefficients for neutral and ionized forms of PR were calculated
with the empirical equations (22).

To capture the effect of the local cell surface microenvi-
ronment on PR transport, we included an unstirred water
layer in the apical and basolateral side of the cell surface.
The aqueous diffusion coefficient (Dw) of PR was estimated
from the empirical equation (Eq. 5) (23) using the molecular
weight of PR (MW: 259.3 g/mole). The aqueous perme-
ability across the unstirred water layers (Pa and Pb for the
apical and basolateral side, respectively) was calculated with
Dw and the layer thicknesses (Haq or Hbq) (Eq. 6).

logDw ¼ �4:113� 0:4609 logMW ð5Þ

Pa b= ¼ Dw

Haq bq=
ð6Þ

PR concentrations (μM) in each compartment were cal-
culated over time using MATLAB R2010b ODE solver (see
Supplementary Material). PR mass was calculated by mul-
tiplying concentration to volume of each compartment, after
converting mass units using Avogadro’s number (6.022×
1023 molecules/mol) and PR’s molecular weight.

Parameter Optimization and Sensitivity Analysis

Input parameters in the model were optimized using a
physiologically relevant, experimentally determined range
of values. For each parameter, subscripts a, c, m, l, M, b,
aq, and bq, respectively correspond to the following com-
partments: apical, cytosol, mitochondria, lysosome, porous
membrane, basolateral, apical unstirred water layer, and
basolateral unstirred water layer. Physiological parameters
varied in the optimizations were: 1) membrane electrical
potentials (Ea, Em, El, Eb); 2) pH (pHa, pHc, pHm, pHl,
pHb); 3) lipid fractions (Lc, Lm, Ll) of each compartment;
and, 4) the thicknesses of the apical or basolateral unstirred
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water layers (Haq, Hbq). It is assumed that pH in the apical
unstirred water layer is same as pH in the apical compart-
ment and pH in the membrane pores and basolateral
unstirred water layer is the same as pH in the basolateral
compartment. The thicknesses of apical or basolateral
unstirred water layer (Haq or Hbq) were varied within the
range of reported measurements (24). Histological parame-
ters that were varied were: 1) cell surface areas (Aa, Aaq, Abq,
Ab, Am, Al), and, 2) cell volumes (Vc, Vm, Vl). Surface areas
in unstirred water layers (Aaq and Abq) were varied within
the ranges of minimal cross-sectional area of a Calu-3 and
maximal area of a NHBE cell. Apical membrane surface
area (Aa) was varied between the minimal area of Calu-3
and the maximal area of NHBE multiplied by 50 consider-
ing that there may be villi or cilia on the apical membrane
(25). Basolateral membrane surface area (Ab) was varied
within the total area of pores per cell and the maximal area
in basolateral unstirred water layer (Abq). Cytosolic volume
(Vc) was varied with the minimum cell volume of a Calu-3
and the maximum of NHBE cell measured in quantitative
imagings. Other parameters were kept fixed including: 1)
physicochemial properties of propranolol, pKa, log Pn and
log Pd calculated with Chemaxon software; 2) mitochondiral
and lysosomal area and volume (Am, Al, Vm and Vl) (22).
The thickness of the porous membrane (HM) was fixed as
10 μm according to the manufacturer’s instructions and
volume of solution inside the pores per cell (VbM) was
calculated by total area of pores per cell (AbM) and thickness
of membrane (HM). Initial starting values for PR were used
as input to model specific experiments (5, 10, 20, 50, 80, or
100 μM). The volume of apical or basolateral compart-
ments (Vat and Vbt) was also used as input from specific
experiments, as well as the number of cells. Apical or
basolateral volume per cell was calculated with dividing Va

or Vb by the total number of cells measured in each insert.
Range of parameter values tested was chosen to capture

the range of physiological, histological, and experimental
conditions. For high initial PR concentrations (50, 80 or
100 μM), the experimental data from the transport studies
for both directions (AP→BL; BL→AP) were used for opti-
mizations. In the algorithm of parameter optimizations, the
bounded minimum search function fminsearchbnd (available
at www. matlabcentral.com, developed by J. D’Errico) with
a cost function was used to find the 19 optimal parameters
to produce good data fits. The criterion for the optimization
was to find the parameter sets which provided the solution
to predict the transported and intracellular mass of PR for
Calu-3 or NHBE cells with the lowest optimization cost
(minimized objective function) and that were consistent with
measured cellular physiological and architectural parame-
ters through 15000 times of iterations as maximum. This
process was performed with 100 random starting values of
each parameter within the ranges as well as 3 starting value

sets including mean values and the lower and upper bound-
aries in the range of each parameter.

Parameter sensitivity tests for transported mass and intra-
cellular mass of PR in both directions of transport (AP→BL;
BL→AP) were performed with the optimized parameters of
Calu-3 or NHBE cell at 50 μM (initial PR concentration) for
1 h transport. In these tests, each of 19 parameters (Aa, Aaq,
Abq, Ab, Vc, Haq, Hbq, Ea, Em, El, Eb, pHa, pHc, pHm, pHl,
pHb, Lc, Lm, and Ll) was varied with a uniform distribution
within the range used for the parameter optimization process
when the other parameters were fixed as optimized with the
lowest cost in Calu-3 or NHBE cell.

RESULTS

Calu-3 and NHBE Cells in Mixed Co-Culture Exhibited
a Range of Phenotypes

First, we assessed the differentiation status of Calu-3, NHBE
and mixed cell co-culture systems by assaying the tightness
of intercellular junctions using TEER measurements
(Fig. 1). In pure Calu-3 cell cultures, TEER values increased
during the first 4 days of culture. After 4 days of cultures,
TEER values plateaued at 350 Ω∙cm2, which is a typical
TEER value for confluent Calu-3 monolayers with tight
junctions (19). Between day 7 and day 15, TEER values
remained constant (Fig. 1a). In contrast, TEER values of
primary NHBE cells in ALI condition increased at a faster
rate and plateaued at a higher TEER value than the Calu-3
cells, reaching 1041±34.9 Ω∙cm2 on day 14 (Fig. 1b). In
Calu-3/NHBE cell co-cultures plated at a ratio of 99/1,
9/1, and 1/1, TEER values were similar to those of pure
Calu-3 cell monolayers (Fig. 1c). However, when the ratio of
Calu-3 to NHBE cells was 1/9 or 1/99, the TEER values
were similar to those of the primary NHBE cell cultures.

Next, the tightness of intercellular junctions was indepen-
dently confirmed using LY as a cell impermeant, paracellular
transport probe (Table I). There were no differences among
the Peff values of LY in the Calu-3, NHBE or mixed cell
cultures (ratios=99/1, 9/1, 1/1, 1/9, or 1/99) in AP→BL
and BL→AP directions (p>0.05). Interestingly, the
paracellular transport properties and TEER of Calu-
3/NHBE cells co-cultured at a ratio ≥1/1 also resembled that
of pure Calu-3 monolayer cultures, and varied according to
the cells’ monolayer vs. multilayer organization.

Mixed Cell Cultures at 1/1 of Calu-3 and NHBE
Formed Stable Cell Monolayers

Next, we used confocal fluorescent microscopy followed by
quantitative image analysis to establish the 3D architecture of
the differentiated cells (Fig. 2a) (see Supplementary Material
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S1: S-Fig. 1 and 2). Calu-3/NHBE mixed cell co-cultures
showed a typical pattern of actin filament staining at
intercellular junctions (Fig. 2b). Mixed cell co-cultures with
cells of Calu-3/NHBE ratios ≥1/1 formed cell monolayers,
similar to pure Calu-3 cell cultures. However, co-cultures with
cells of Calu-3/NHBE ratios of <1/9 formed cell multilayers,
like pure NHBE cell cultures. The mono- vs.multi-layer orga-
nization paralleled the observed differences in TEER values.

Quantitative image analysis also revealed a large differ-
ence in the volume of Calu-3 and NHBE cells (Fig. 3a).
Accordingly, cell volume measurements could be used to
distinguish Calu-3 from NHBE cells in mixed cell cultures.

Mixed cell co-cultures plated at 99/1, 9/1, or 1/1 (Calu-
3/NHBE ratios ≥1/1) exhibited a bimodal distribution of
cellular volumes (Fig. 3b). The volumes of these two cell
subpopulations corresponded to the volumes of the pure
Calu-3 and NHBE cells, while the relative ratios
corresponded to the approximate plating ratios (Fig. 3a). In
the case of the mixed cell co-cultured multilayer (those plated
at a Calu-3/NHBE ratio <1/1), the bottom and top layers
were separately analyzed (Fig. 3c). A bimodal distribution of
cell volumes was observed in the layer of cells closest to the
membrane (bottom layer), while unimodal distribution was
observed in the top layer of cells (Fig. 3c). The volumes of the
bottom layer corresponded to the volumes of Calu-3 and
NHBE cells while the volume of the top, outer layer
corresponded to a pure NHBE cell population. Most impor-
tantly, in 1/1 co-cultures, Calu-3 cells completely suppressed
multilayer formation by NHBE cells, forming stable
monolayers.

Passive Transport Explains PR Permeation Across
Calu-3/NHBE Mixed Co-Cultures

Next, we used PR as a model transport probe (26). In both
NHBE and Calu-3 cells, no PR metabolites were formed
when cells were incubated with PR (Fig. 4), consistent with a
previous study (15). The transport properties of PR were
compared in Calu-3 and NHBE cells, in the mixed 1/1
Calu-3/NHBE cell monolayers (Fig. 5). PR transport was
concentration dependent in both AP→BL (Fig. 5a and b)
and BL→AP directions (Fig. 5c and d) in both Calu-3 and
NHBE cells. Computer simulations of passive PR transport
behavior in both Calu-3 and NHBE cells yielded close fits to
the data. Transport rate of PR across a NHBE cell was 1.5
fold greater than across Calu-3 cells in both directions
(AP→BL; BL→AP) across all concentrations tested.

In 1/1 Calu-3/NHBE monolayer co-cultures, the bidirec-
tional transport ratio of Calu-3 cells (Peff, AP→BL /Peff, BL→AP)
was 0.85, and was constant for different PR concentrations.
Similarly, the bidirectional transport ratio of NHBE cells (Peff,
AP→BL /Peff, BL→AP) was 0.88 as constant for different PR
concentrations. This was consistent with a predominantly
passive transport mechanism. Comparing the effective per-
meability values of Calu-3 vs. NHBE in monolayer co-
cultures, Peff in NHBE was 1.7-fold larger than that in Calu-
3 in all tested PR concentrations, for both AP→BL and
BL→AP transport, respectively (p-value<0.0001 by
ANOVA).

Passive Transport Explains PR Accumulation Kinetics
in Calu-3 and NHBE Cells

The intracellular accumulation of PR was also measured in
mixed Calu-3 and NHBE cell monolayers (Fig. 6). During the

Fig. 1 Mixed cell cultures exhibited a variety of properties similar to those
of pure Calu-3 and NHBE cells depending on the relative ratio of the two
cell types. TEER measurements of cells plated on inserts were made as the
cells differentiated under ALI conditions. (a) Calu-3 cells showed increased
TEER values as cells differentiated. (b) NHBE cells in differentiation medi-
um had higher TEER values than Calu-3 cells. Mixed cells with various
ratios of Calu-3 (C)/NHBE cells (N) exhibited TEER values between those
of NHBE and Calu-3 cells.
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Table I Lucifer Yellow (LY) Permeability (Peff) Measurements in Calu-3, NHBE, and Mixed Cells with Different Mixed Ratios on day 8 of ALI Cultures

Peff (× 10−7 cm/sec) Calu-3 NHBE Mixed cells (Calu-3/NHBE)

99/1 9/1 1/1 1/9 1/99

AP→BL 0.78 (0.29) a 0.68 (0.16) 0.77 (0.19) 0.73 (0.23) 0.67 (0.17) 0.71 (0.08) 0.62 (0.03)

BL→AP 0.84 (0.10) 0.78 (0.30) 0.88 (0.10) 0.74 (0.29) 0.81 (0.11) 0.81 (0.05) 0.75 (0.09)

a Standard deviations (S.D.) are displayed in the parenthesis under the average values (N=3)

Fig. 2 Confocal 3D image analyses of the mixed cell cultures confirmed TEER values of the monolayer or multilayer architecture of airway epithelial cells.
Images were acquired on day 8 under ALI conditions. (a) Mixed cells on the inserts were incubated for 30 min (37°C, 5% CO2) with dye mixtures
containing Hoe, MTR, and LTG staining cell nuclei, mitochondria, and lysosomes. Zeiss LSM confocal microscopy was used for the examination with z-axis
scanning. Two dimensional images in xy planes show cell nuclei (blue), mitochondria (red), and lysosomes (green) and cell architecture on the insert are
shown in yz planes with the arrows indicating “apical medium”, “cell”, and “membrane”. (b) Development of tight junctions in cell-to-cell contacts was
examined for the mixed cell cultures on day 8 in ALI condition. Actin filaments in the cells grown on the inserts were stained with Alexa Fluor® 488
phalloidin (green) and cell nuclei stained with Hoe (blue). For the mixed cells (Calu-3/NHBE=99/1), the vertical arrows represent “apical medium”, “cell
layers”, and “porous membrane”. As shown in the yz planes, the mixed cells with more NHBE cells (Calu-3/NHBE=1/9 or 1/99) formed multilayers with
varied thickness of layers. The arrows point to the top cell layer, bottom cell layer and porous membrane support.
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transport studies, the intracellular mass of PR was analyzed at
each time point for the Calu-3 and NHBE cells, and the cell
accumulation of PR was fitted well using the cellular pharma-
cokinetic model. For fitting the data, parameter optimization
was performed to minimize the absolute difference between
calculated and experimental values (transported PR mass and
the intracellular mass). The measurements indicate that intra-
cellular mass accumulation of PR in NHBE cells was about 2-
fold greater than in Calu-3 cells, both in AP→BL (Fig. 6a and
b) and BL→AP directions (Fig. 6c and d) at 4 h.

Variations in Apparent, Unstirred Water Layer
Thickness Explain Transport Differences

With the cellular pharmacokinetic model, parameter optimi-
zation and sensitivity tests were carried out to identify the
individual parameters that exerted the greatest impact on
drug transport and intracellular accumulation, within the
range of measured cell physiological and architectural param-
eters (Table II). Parameter sensitivity tests showed that only a
few parameters (Ab, Haq, Hbq, Em, pHm, and Lm) individually
affected transport or intracellular accumulation by >1.5–fold
when they were varied within a physiologically relevant range
of values. Based on the results (Table III, and S-Fig. 3 in the
Supplementary Material), the apparent, unstirred water layer
thickness (Hbq) on the basolateral side of the cells was the
individual parameter with the greatest effect on
transport/intracellular accumulation in both directions
(AP→BL; BL→AP). Based on parameter sensitivity results
and the goodness of fits, Hbq in Calu-3 was 4–fold larger than
that in NHBE (Table II). Variations in the cell surface area

(Aaq or Abq) or cell volume (Vc) showed little effect on the
transported mass and intracellular accumulation for both di-
rections in NHBE orCalu-3 (Table III). Variations of all other
physiological parameters, except for thickness of apical and
basolateral unstirred water layers and the basolateral area Ab,

exerted a relatively minor effect on transport or uptake
(Table III and S-Fig. 3). However, Ab variation alone was
not sufficient to explain observed kinetic differences of PR
transport and uptake in Calu-3 or NHBE cells. We also found
that total intracellular PR mass was sensitive to changes in
mitochondrial pH (pHm), electrical potential (Em), and lipid
fraction (Lm), which is consistent with PR’s tendency to accu-
mulate in mitochondria. However, the rate of PR transport
across the cells was not sensitive to variations in these param-
eters. Based on parameter optimization analysis (Table II), the
model predicted that the unstirred water layer thickness was
much larger in the apical than in the basolateral side in both
Calu-3 and NHBE in the mixed cell monolayers (Haq >>
Hbq). More specifically, for Calu-3, Haq was 495 μm and Hbq

was 52.5 μm. For NHBE, Haq was 217 μm and Hbq was
13.2 μm. Nevertheless, because Hbq was smaller than Haq,
variations in the apparent unstirred water layer thickness in
the basolateral side had a greater effect on passive transport of
PR as compared to variations of the unstirred water layer
thickness in the apical side (Table III). According to our
simulations, the peak of intracellular mass accumulation ob-
served in our measurements (Fig. 6a and b) can be explained
by the asymmetry in the diffusion properties of PR across the
extracellular, cell surface microenvironments on the apical
and basolateral sides of the cells: When Hbq was increased to
the same value as Haq, the model predicted that the

Fig. 3 The fraction of Calu-3 and NHBE cells in cell populations consisting of pure (a) Calu-3 and NHBE cultures and mixed cell cultures (b, c) were
estimated by fitting the distribution of cell volumes in the mixed cell population using a normal mixture statistical model. Cell volume (μm3) was calculated by
Metamorph in the confocal 3D images and was used as a representative cytometric parameter to evaluate the distribution profiles in the pure and mixed cell
populations. All the mixed cell cultures (Calu-3/NHBE=(b) 99/1, 9/1, 1/1, (c) 1/9, and 1/99) showed bimodal distributions with two distinct cell
populations as indicated with the blue arrows (group 1 and 2). For the multilayers in the mixed cell cultures with more NHBE cells (Calu-3/NHBE=1/9 or
1/99), the bottom cell layers and top cells were separately analyzed. As shown in (c), bottom cell layers consisted of two cell populations while top cells
showed unimodal distribution, reflecting one cell-type in the top layer.
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intracellular mass of propranolol would plateau out at the
peak level, for both Calu-3 or NHBE cells. Only the apparent
thickness of the basolateral unstirred water layer (Hbq) was
necessary and sufficient for explaining the differences in
PR transport and uptake across these two airway epi-
thelial cell types.

DISCUSSION

In this study, we combined an innovative in vitro cell-based
assay system with an in silico cellular pharmacokinetic

modeling approach to identify key parameters that can ex-
plain differences in the absorption and transport properties of
PR in two types of airway epithelial cells. Remarkably, we
found that the apparent thickness of the unstirred water layer
exerted the most significant effect on the transport properties
of Calu-3 and NHBE cells. This apparent, unstirred water
layer thickness is an empirical variable that captures a large
number of factors such as viscosity, convection, ciliary motil-
ity, and macromolecular crowding, which can affect differ-
ences in the local, passive diffusive properties of PR (a
lipophilic molecule) in the layer of fluid immediately above
and below the surface of each cell. Thus, differences in PR

Fig. 4 PR is not metabolized to
any significant extent in NHBE or
Calu-3 cells based on LC/MS ion
chromatograms. After adding PR
to cells (107 cells in ml) in
suspension, the cells were lysed
and the samples were prepared
for LC/MS. In NHBE (a) or Calu-
3 (b) cells, PR (m/z: 276.30)
eluted at 11 min as indicated with
red arrows in the chromatogram.
However, there was no
metabolite peak (blue arrow at
9 min) in the chromatogram of
cell lysate. (c, d) In a positive
control experiment, pure PR
metabolite standards could be
readily detected. The metabolite
standards, (c) 4-OHP (4-
hydroxypropranolol) or (d) N-
DIP (N-desisopropyl
propranolol) showed peaks at
9 min with m/z 273.30 and
218.30, respectively.
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accumulation and permeation between Calu-3 and NHBE
likely result from cell type-dependent, local differences in the
extracellular, surface microenvironment. Based on our model,
we can hypothesize that the manner in which variations of the
extracellularmicroenvironment impact the local passive trans-
port properties of compounds across airway epithelial cells is
dependent on the membrane permeability of the transported

compound. For more hydrophilic compounds like lucifer yel-
low, the permeability of the compound across the cell mem-
brane itself would be the rate limiting barrier for drug
absorption and transport, rather than the thickness of
unstirred water layers on the cell surface.

Previously, the role of apparent unstirred water layer on
cellular transport has been mostly considered in the context

Fig. 5 In 1/1 mixed cell monolayer co-cultures, the individual Calu-3 cells (a, c) exhibited lower PR mass transport rates as compared to the corresponding
NHBE cells (b, d). Bidirectional transport studies were performed with the Calu-3 monolayers (N=3) or mixed cell monolayers (1/1) (N=3) on the
Transwell™ inserts. Representative results obtained with three different initial PR concentrations (10, 50, and 100 μM) are displayed in the plots. The
transported mass (molecules/cell) of PR in a Calu-3 or NHBE cell was plotted as function of incubation time. It is noted that the kinetics in the AP→BL
direction (a, b) are similar to kinetics in the BL→AP direction (c, d), consistent with a passive transport mechanism. Fitted curves correspond to the
calculated mass transport kinetics in both directions, based on the optimized, cellular pharmacokinetic model.

Fig. 6 In 1/1 mixed cell co-cultures, the measured intracellular uptake of PR in the individual Calu-3 cells (a, c) was less than that of individual NHBE cells
(b, d). Based on transport experiments in the AP→BL (a, b) or BL→AP (c, d) directions, the intracellular PR mass (molecules/cell) in a Calu-3 or NHBE cell
was analyzed over time. For the PR uptake measurements, cells were collected from the inserts by trypsin digestion at each time point (0, 5, 30, 60, 120,
180, and 240 min) after the transport studies and lysed in cold methanol by 10 min-sonication and incubation in the ice. Cell lysis in buffer was subjected to
the extraction process for LC/MS analysis. The plots show representative results using three different initial PR concentrations (10, 50, and 100 μM). Fitted
curves correspond to the calculated PR mass uptake kinetics, based on the optimized, cellular pharmacokinetic model.
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of drug permeability studies across intestinal epithelial cells
(24,27,28). This unstirred water layer thickness is not a
physical parameter that is directly measured, but rather it
is an empirical variable that is determined by fitting the
transport data with a mathematical model. In previous
experiments, the unstirred water layer thickness has
appeared as a highly variable parameter, affected by local
differences in stirring speed, buffer volume, and the geomet-
rical design of the assay apparatus (23,24,29). Hence, it has
been previously considered as a real, hydrodynamic param-
eter that can dramatically affect the measured permeability
of passively diffusing compounds (30).

Of noteworthy significance, in our 1/1 Calu-3/NHBE
cell co-cultures, the stirring conditions between Calu-3 and
NHBE cells were nearly identical since the cells are ran-
domly dispersed. Therefore, we expected the actual thick-
ness of the unstirred water layer above Calu-3 and NHBE
cells in co-culture to be similar. Therefore, the reason that
fitted Haq and Hbq values appear different is most likely the
result of variations in the local extracellular microenviron-
ment surrounding NHBE vs. Calu-3 cells, which affect the
passive diffusion of PR in the immediate vicinity of the cell
surface. Mechanistically, there are many known cell

physiological variables that can explain differences the pas-
sive diffusion of PR on the surface of Calu-3 vs. NHBE cells.
Under the ALI-conditioned cultures, lung epithelial cells
secret mucus which coats the extracellular, apical side of
the cells in culture (6,31). Depending on the part of the
airway from which NHBE cells were obtained, the expres-
sion levels of different classes of mucin (i.e., MUC2,
MUC5AC, and MUC5B) and the cell surface pattern of
mucin secretion can be quite variable (32,33). The culture
environment of NHBE cells, including the extracellular
matrix and the medium’s composition, exert a major influ-
ence on mucus secretion (33,34). In addition, Calu-3 and
NHBE cells possess different ion regulatory mechanisms
including differences in Cl- channel and Ca2+-activated
potassium channel function (35,36). These differences could
potentially affect the hydration, viscosity and thickness of the
mucus layer on the cell surface.

Perhaps more importantly, Calu-3 and NHBE cells pos-
sess motile cilia on their surface, which is the main reason
why the unstirred water layer on airway epithelial cells has
to be considered as “apparent”. Calu-3 and NHBE cells
exhibit differences in the expression and location of ciliary
markers (α-, β-, γ-Tubulin) (32,37). Calu-3 show diffused

Table II Optimized Parameters
for Calu-3 or NHBE Cells, and the
Range of Starting Values Used for
the Optimization Process

aOptimized parameters with the
predictions of the lowest errors for
Calu-3 or NHBE
bLB (lower boundary) or UB
(upper boundary) of ranges within
which each parameter is varied for
optimizations

Optimized parameter Calu-3 a NHBE a LB b UB b

Area (μm2)

Aa 2.48E+04 2.48E+04 79 2.69E+04

Aaq 198 154 79 538

Abq 262 197 79 538

Ab 6.91 7.05 0.84 538

Unstirred water layer thickness (μm)

Haq 495 217 1.00E-03 500

Hbq 52.5 13.2 1.00E-03 500

Cell volume (μm3)

Vc 2707 6971 1239 8483

Membrane electrical potential (V)

Ea −0.0065 −0.0140 −0.0143 −0.0043

El 0.0102 0.0150 0.005 0.015

Em −0.1727 −0.1717 −0.21 −0.11

Eb 0.0069 0.0070 0.0069 0.0169

pH

pHa 7.8 7.8 6.0 7.8

pHc 7.0 7.1 7.0 7.8

pHl 5.6 4.9 4.8 6.0

pHm 7.8 7.7 7.7 8.2

pHb 7.0 7.1 7.0 7.8

Lipid fraction

Lc 0.08 0.08 0.05 0.15

Lm 0.08 0.15 0.05 0.15

Ll 0.07 0.07 0.05 0.15
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immunostaining patterns with higher mRNA levels of β-
tubulin compared with NHBE cells which show localized
tubulin staining patterns on the cell surface with low or inter-
mediate mRNA expression levels (32). Previous transmission
electron microscopic analyses indicate that the morphology of
cilia is different in Calu-3 vs. NHBE cells (25). Accordingly,
variations in cell surface area, viscosity and ciliary motility
could also lead to differences in convection around the cell
which is reflected in the different fitted Haq and Hbq values.

Previous investigations of the transport properties of
small molecules across different types of airway epithelial
cells have focused on the effects of active transporters (i.e., P-
glycoprotein). NHBE and Calu-3 cells exhibit significant
differences in transporter expression which has been linked
to differences in the effective permeability of small molecules
(19,38). However, these past studies have largely relied on
measurements performed across NHBE cell multilayers dif-
ferentiated on porous membranes. Arguably, the 1/1 Calu-

3/NHBE cell co-culture system elaborated in this study,
combined with cellular pharmacokinetic analysis and math-
ematical modeling/optimization approach, could offer a
more accurate way to measure the cellular permeation of
both passively and actively transported molecules across
NHBE cells. Previously, we studied the staining pattern of
MTR in NHBE cell multilayers on Transwell™ inserts by
confocal microscopic analyses (39). We observed MTR ac-
cumulation was largely restricted to the solvent exposed,
upper layer of cells. This is consistent with the local micro-
environment in NHBE cell multilayers exerting a significant
influence on the observed cellular transport behavior.

To summarize, a Calu-3/NHBE mixed cell co-culture
model was developed to suppress cell multilayers formed by
NHBE cells differentiated in ALI conditions. Based on the
differences in morphology between Calu-3 and NHBE, the
relative areas occupied by these two cell types in the mixed
co-cultures allowed calculating the differential contribution

Table III Parameter Sensitivity Analysis Results Using the Calu-3 and NHBE Cell Models
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a Fold changes of mass transported or uptake of PR (maximal change divided by minimal change) by each parameter varied within the range (Table II) as
other parameters were fixed as optimized for Calu-3 or NHBE
b Upward arrows indicate the increase by more than 1.5-fold in mass transported or uptake as the varied parameter increases
c Downward arrows indicate the decrease by more than 1.5-fold in mass transported or uptake as the varied parameter increases
d Red bold upward arrows indicate the increase by more than 5-fold in mass transported or uptake as the varied parameter increases
e Red bold downward arrows indicate the decrease by more than 5-fold in mass transported or uptake as the varied parameter increases
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of NHBE vs. Calu-3 cells to the transport properties of the
monolayer. Differences in the transport and uptake of a
passive transport probe, coupled to cellular pharmacokinet-
ics analyses suggest that variations in the local microenvi-
ronment account for the observed differences in PR
transport properties.

CONCLUSION

For inhaled drug development, in vitro cell-based assays can
be used to measure the uptake and transport properties of
small molecules across airway epithelial cells, to identify
drugs that are substrates of active transport mechanisms
affecting drug permeability, and to assay the dissolution-
absorption behavior of inhaled drug formulations which is
important for regulatory purposes (19,40). From the trachea
and bronchi to the most distal airways and alveoli, the
thickness, viscosity and flow properties of the airway liquid
lining vary by orders of magnitude. Furthermore, the local
composition of the extracellular matrix and the airway
liquid lining surrounding epithelial cells also vary greatly
under normal physiological conditions, and may vary even
more under pathological conditions. While the effect of the
airway cell surface microenvironment on the absorption
properties of inhaled drugs in the lungs would ultimately
need to be studied in vivo, our results are significant because
they demonstrate how differences in the cellular uptake and
transport properties of small molecules can be studied in
relation to local differences in the extracellular microenvi-
ronment, using co-cultures of normal and transformed air-
way epithelial cells differentiated in vitro.
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