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Abstract

Background

Pulmonary drug delivery is characterized by short onset times of the effects and an

increased therapeutic ratio compared to oral drug delivery. This delivery route can be used

for local as well as for systemic absorption applying drugs as single substance or as a fixed

dose combination. Drugs can be delivered as nebulized aerosols or as dry powders. A

screening system able to mimic delivery by the different devices might help to assess the

drug effect in the different formulations and to identify potential interference between drugs

in fixed dose combinations. The present study evaluates manual devices used in animal

studies for their suitability for cellular studies.

Methods

Calu-3 cells were cultured submersed and in air-liquid interface culture and characterized

regarding mucus production and transepithelial electrical resistance. The influence of pore

size and material of the transwell membranes and of the duration of air-liquid interface cul-

ture was assessed. Compounds were applied in solution and as aerosols generated by

MicroSprayer IA-1C Aerosolizer or by DP-4 Dry Powder Insufflator using fluorescein and

rhodamine 123 as model compounds. Budesonide and formoterol, singly and in combina-

tion, served as examples for drugs relevant in pulmonary delivery.

Results and Conclusions

Membrane material and duration of air-liquid interface culture had no marked effect on

mucus production and tightness of the cell monolayer. Co-application of budesonide and

formoterol, applied in solution or as aerosol, increased permeation of formoterol across

cells in air-liquid interface culture. Problems with the DP-4 Dry Powder Insufflator included

compound-specific delivery rates and influence on the tightness of the cell monolayer.

These problems were not encountered with the MicroSprayer IA-1C Aerosolizer. The
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combination of Calu-3 cells and manual aerosol generation devices appears suitable to

identify interactions of drugs in fixed drug combination products on permeation.

Introduction
Inhaled medicines compared to oral medication have the advantage of shorter onset times and
increased therapeutic ratio due to reduced first pass effect and higher permeation across the
epithelium [1]. Active pharmaceutical ingredients (APIs) can be delivered to the lungs by neb-
ulizers, metered dose inhalers and dry powder inhalers, as single compounds or in a fixed dose
combination [2]. Currently, most formulations are designed for local therapy of common
respiratory diseases, such as asthma, chronic obstructive pulmonary disease (COPD), and cys-
tic fibrosis (CF). However, systemic delivery of insulin has already entered the market, Afrezza
is available for treatment of diabetes mellitus types I and II, and several types of molecules and
peptides are in preclinical development.

For the development of new formulations it would be helpful to estimate permeation,
metabolism and potential drug interference at the epithelium by in vitro screening systems. A
recent study showed that the presence of salmeterol decreased the transport of fluticasone
across Calu-3 cells [3], suggesting that interaction at the cellular level could partly explain the
variable efficacy of fixed dose combinations in clinical trials compared to the same doses
applied by single inhalers.

Permeation of drugs for oral delivery is assessed by application of the dissolved APIs to
Caco-2 monolayers. Other types of cells, usually cell lines are used for pulmonal drug delivery
[4]. For physiologically representative exposure, these cells are cultured at an air-liquid inter-
face where cells are supplied with medium only from the basolateral side while the apical side
is exposed to air. Calu-3 cells are most commonly used for the assessment of pulmonary per-
meability because they reached higher TEER values than measured in the rabbit airways and
showed good correlation of permeability values with drug absorption from the rat lung in vivo
[5–8]. Furthermore, drug release from disodium cromoglycate (DSCG)/polyvinyl alcohol
(DSCG/PVA) microparticles in Calu-3 cells showed good correlation to suitable models [9].
Calu-3 cells are good models because they show similar transporter expression to respiratory
cells [10,11]; protein expression of human lung tissue is highest for the organic cation trans-
porter OCTN1, followed by multidrug resistance protein 1 (MRP1), breast cancer resistance
protein 1 (BCRP1), ATP-binding cassette sub-family G member 2 (ABCG2), and organic
anion transporter OATP2B1. Many inhaled compounds, for instance beclomethasone, budeso-
nide, flunisolide, fluticasone, mometasone, salbutamol, and ipratropium, interfere with efflux
pumps (MDR1/P-glycoprotein, MRP1, etc.) and organic cation transporters (OCT1-3, OC
TN1, and OCTN2). OCTN1 and OCTN2 are expressed at high levels, OCT1 and OCT3 at
moderate levels, and OCT2 at low levels in whole lung tissue [12]. Expression of MDR1/P-gly-
coprotein, OCTN1, OCTN2, PEPT2 was specifically documented in alveolar epithelial cells
[6]. Calu-3 cells express OCT1, OCT3, OCTN1 and OCTN2 and peptide PEPT1/PEPT2 trans-
porters, as well as MDR1/P-glycoprotein [13–15]. All proteins have been detected in Calu-3
cells in submersed culture and in air-liquid interface culture [13,16].

In order to mimic realistic transport and toxicity studies, air-liquid interface culture should
be combined with application of aerosols [17]. A variety of elaborate exposure systems have
been described for cellular exposure to nebulized and dry aerosols, for instance CULTEX
[18,19] and ALICE CLOUD system [20]. However, these systems need specialized equipment
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and know-how, may lead to particle-dependent differences in deposition, and cannot easily be
adapted to the different forms of aerosol applications [21]. Animal studies are the gold stan-
dard in the preclinical evaluation of pharmaceutical formulations and intratracheal instillation
is the most commonly used application method because delivered doses by whole body expo-
sure or nose-only inhalation vary due to differences in breathing, deposition on the furs, and
oral uptake by licking [22]. The use of the same delivery devices as for animal experimentation
might allow a better comparison of in vitro data and results obtained in animals because parti-
cles that are being delivered are of comparable sizes in both exposures. High local drug concen-
trations are a problem but occur also in intratracheal instillation [23]. MicroSprayer IA-1C
Aerosolizer for liquid aerosols and DP-4 Dry Powder Insufflator for powder aerosols have
been used for intratracheal delivery of nanoparticles and toxicants to mice and rats [24–27].
The MicroSprayer has also been used in cellular studies [21,28–36].

In order to find out whether these devices could be used in cellular experiments we com-
pared different exposure models based on Calu-3 cells regarding transport of APIs in different
aerosol formulations. Sodium fluorescein was chosen as paracellular transport marker with no
distinct directionality while rhodamine 123 served to assess the effect of the MDR1/P-glyco-
protein efflux pump. As examples for relevant drugs, budesonide and formoterol fumarate
were chosen. The glucocorticoid budesonide and the long-acting beta-adrenoreceptor agonist
formoterol fumarate are routinely used drugs in the treatment of obstructive lung diseases.
Budesonide as well as formoterol fumarate are sold as single drugs in various pressurized
metered dose inhalers and dry powder inhalers. The fixed dose combination product is mar-
keted by AstraZeneca under the trade name Symbicort.

Materials and Methods

Compounds
Sodium fluorescein, rhodamine 123, and budesonide were purchased from Sigma-Aldrich
(Vienna, Austria) and formoterol fumarate dihydrate from Eubio (Vienna, Austria). Symbicort
160/4.5 Turbuhaler (AstraZeneca GmbH, Vienna, Austria) powder was removed from a com-
mercially available device. Stock solutions were prepared with DMSO (43 mg/ml budesonide,
20 mg/ml formoterol fumarate, 4 mg/ml Symbicort 160/4.5) and diluted in Krebs-Ringer
buffer.

Cell culture
Calu-3 cells were obtained from the American Type Culture Collection (ATCC, HTB-55, LGC
Standards GmbH, Wesel, Germany). Cells were cultured in 90% Minimum Essential Medium
(MEM) with Earle’s salts, 10% fetal bovine serum, 2 mM L-glutamine and 1% penicillin-strep-
tomycin (PAA Laboratories and Lifetechnologies, Vienna, Austria) at 37°C in humidified air
atmosphere containing 5% CO2 in 175 cm2 cell culture flasks (Greiner Bio-One GmbH, Rain-
bach, Austria).

0.5 x 106 cells (passage 32–38) were seeded per 12-well Transwell insert. To study the influ-
ence of material properties on the system, membranes made from different materials (polycar-
bonate, polyester, polyethylene terephthalate) in pore sizes of 0.4 μm and 3 μm obtained from
Corning (Szabo-Scandic, Vienna, Austria) and Greiner Bio-One GmbH, were used. Cells were
cultured in submersed conditions with 500 μl medium in the apical compartment and 1500 μl
in the basolateral compartment. Medium was changed every 2 or 3 days. For air-liquid inter-
face culture, the cell culture medium was removed either one day post-seeding or for 3 days
after the cells had reached a transepithelial electrical resistance value>700 O�cm2 in sub-
mersed culture. In air-liquid interface culture, medium (600 μl) in the basolateral compartment
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was changed every 2–3 days. For safety reasons, exposures with the compounds were per-
formed in a HERAsafe KS 9 clean bench (Thermo Scientific, Vienna, Austria) equipped with
UPLA filters of both filter grades U15 and H14.

Transepithelial electrical resistance (TEER)
TEER values were determined for all cultures every 2–3 days with an EVOM STX-2-electrode
(World Precision Instruments, Berlin, Germany). 0.5 ml MEM were added to the apical and
1.5 ml MEM to the basolateral compartment for TEER measurements. Prior to the reading
cells were equilibrated for 30 min in the incubator. TEER values were calculated as follows:

TEER ðO � cm2Þ ¼ ðSample� blank resistance; given in OÞ � membrane area; given in cm2

Blank resistance is defined as the resistance of the membrane without cells and the mem-
brane area for 12-well inserts is calculated to be 1.12 cm2/well. TEER values were also deter-
mined at the beginning and the end of the transport studies using Krebs-Ringer buffer instead
of medium. When Krebs-Ringer buffer was used TEER values were ~ 80 O�cm2 lower than for
cell culture medium.

Cytotoxicity by formazan bioreduction
Bioreduction to formazan was used as an indication for viable monolayers. CellTiter 96 Aque-
ous Non-Radioactive Cell Proliferation Assay (Promega, Mannheim, Germany) was used
according to the manufacturer’s instructions. To all wells the combined MTS/PMS solution
(200 μl + 1 ml medium) was added. Plates were incubated for 2 hours at 37°C in the cell incu-
bator. Absorbance was read at 490 nm on a plate reader (SPECTRAMAX plus 384, Molecular
Devices, Biberach, Germany).

Membrane damage according to lactate dehydrogenase release
The CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega, Mannheim, Ger-
many) was used according to the instructions given by the producer and fluorescence was
recorded with an excitation wavelength of 544 nm and an emission wavelength of 590 nm.
After subtraction of the blank value the average fluorescence from the samples was normalized
to the maximum LDH release (lysis control).

Transport studies
0.5 x 106 Calu-3 cells (passage 32–38) were seeded per membrane and different exposure sys-
tems were used (Fig A in S1 File). To discriminate between the different exposures, the follow-
ing terminology is used. Cultures with cells supplied with medium only from the basolateral
side are termed air-liquid interface culture. In submersed liquid exposure (SLE) cells are cul-
tured in submersion and exposed with compound dissolved in buffer. In the air liquid exposure
(ALE) cells are cultured at an air-liquid interface and the compound dissolved in buffer is
applied to the cells. For air-liquid interface deposition (AID) cells are cultured at an air-liquid
interface and exposed to the compound applied as liquid aerosols by MicroSprayer IA-1C
Aerosolizer (AID_M) or as powder aerosols by DP-4 Dry Powder Insufflator (AID_D). For
comparison of the different exposure systems Calu-3 cells cultured for 11 days on 3 μm 12-well
insert (Greiner Bio-One) were used.

Compounds were applied in Krebs-Ringer buffer (142 mMNaCl, 3 mM KCl, 1.2 mM
MgCl2, 1.5 mM K2H4PO4, 4.2 mM CaCl2, 25 mM NaHCO3, 4 mM glucose, 10 mMHepes,
pH 7.4). For SLE and ALE exposures the apical compartment was filled with 500 μL and the
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basolateral compartment with 1500 μL. Concentrations were 10 μg/ml (26 μM) fluorescein
sodium, 100 μg/ml rhodamine 123 (262 μM), 100 μM budesonide and 1 mM formoterol fuma-
rate. For AID studies the basal compartment was filled with 700 μl, and 200 μl of drug dissolved
in Krebs-Ringer buffer were sprayed on each Transwell insert using the MicroSprayer IA-1C
Aerosolizer (AID_M exposure). 1 mg (2.66 μmol) fluorescein sodium, 1 mg (2.63 μmol) rhoda-
mine 123, 1 mg (2.3 μmol) of budesonide, 1 mg (2.9 μmol) formoterol fumarate as single com-
pound or 1 mg Symbicort 160/4.5 Turbuhaler powder (AstraZeneca GmbH) consisting of
0.46 μmol budesonide and 0.017 μmol formoterol were sprayed on the Transwell Inserts using
the DP-4 Dry Powder Insufflator (AID_D exposure). To identify cytotoxicity by high compound
concentrations in the exposures with DP-4 Dry Powder Insufflator, 100 μl of a suspension (1 mg
in 200 μl Krebs-Ringer buffer) of the respective compounds was applied to the cells. The dose
was chosen based on delivery rates in animals [37] with the limitation that no complete dissolu-
tion could be obtained. Viability assessed by MTS assay (cytotoxicity) did not show a significant
decrease of viability, release of LDH or significant decrease of TEER values after 2h (data not
shown). 100 μl samples from the basolateral compartment were taken at 0–30–60–90–120 min
and replaced with pre-warmed Krebs-Ringer buffer. Well plates were shaken using an orbital
shaker at stirring rate 200 rpm and 37°C for the entire exposure time. At the end of the SLE and
ALE studies the content of the basolateral compartment and 10 μl of the apical compartment
were collected. After the AID studies 100 μl of Krebs-Ringer buffer for the fluorescent dyes and
100 μl DMSO for budesonide and formoterol was added to the apical chamber. The total volume
of this solution was determined and this value minus the added 100 μl used for calculations of
drug concentrations. The entire content of the basolateral compartment and 10 μl of the apical
compartment were collected. In the initial experiments, after the last sample was taken, cells
were lysed with 20 μL Triton-X 100 and 70% ethanol (50:50) for 30 min under agitation using
an orbital shaker. The contents of the basolateral and the apical compartments were pooled, fil-
tered and either determined immediately by fluorescent detection or stored at -20°C in HPLC
vials until measurement by HPLC. Lysis was omitted in subsequent experiments because the
amount of budesonide in the cells was very low (0.96 μg) related to the total recovered amount
of 19.3±0.7 μg. It was not expected that these amount would strongly affect Papp values, which
are based on the time dependency of the transport across the monolayer.

For the determination of the permeability coefficient (Papp) the following equation, where
dQ/dt is the flux across the cell monolayer (ng/sec), A the surface of the monolayer (cm2) and
C the initial concentration in the apical compartment (ng/ml), was used:

Papp ¼
dQ

dt � A � c

In the case of AID where the drug was applied as powder no Papp values were calculated
because of non-linear transport of the compounds and unknown initial volume in the apical
compartment.

Application devices
The MicroSprayer IA-1C Aerosolizer (PennCentury Inc., Wyndmoor, PA) was used to mimic
nebulization of the compounds. The device consists of a thin, flexible, stainless steel tube mea-
suring 0.64 mm in diameter and 50.8 cm in length attached to the light, hand-operated, high-
pressure syringe FMJ-250. A unique patented atomizer at the very tip of the tube generates the
aerosol with a mass median diameter of 16–22 μm (http://www.penncentury.com/products/
IA_1C.php). The device was fixed at a distance of 11 cm between tip of the MicroSprayer and
the rim of the exposure plate. Inserts were transferred to a separate (exposure) plate to avoid
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contamination of the adjacent inserts and 200 μl of the aerosol were applied per well (Fig B, a
in S1 File). After the treatment the insert was replaced into the original plate for transport stud-
ies. The device was cleaned with 70% ethanol and aqua dest. at the end of the experiments and
dried at 60°C overnight.

The DP-4 Dry Powder Insufflator (PennCentury Inc., Wyndmoor, PA) was used to simulate
the deposition by a dry powder inhaler and was fixed at a distance of 3–10 cm between tip of
the tube and the rim of the exposure plate. Two delivery tube lengths were tested; one 52.3 cm
and the other 7.3 cm long. In contrast to the delivery tube used for in vivo application, the
delivery tube had a straight form. The shorter delivery tube produced more reproducible results
and was used for the subsequent experiments (Fig B, b in S1 File). Inserts were transferred to a
separate plate to avoid contamination of the adjacent inserts and 1 mg of the powder weighted
into the sample chamber was applied. After the treatment the insert was returned to the origi-
nal plate. In pilot experiments the influence of the distance between the end of the delivery
tube and the cells as well as the role of repeated actuation of the syringe was studied. Damage
of monolayer integrity was interpreted as difference between TEER values before and after the
experiments> 100 O�cm2. For the experiments the set-up with shorter tube and longer dis-
tance between tip and cells was chosen. Between the applications the device was cleaned with a
compressed air cleaner spray and in addition by piercing with a fine wire. After the experi-
ments it was cleaned with 70% ethanol and aqua dest. in addition and dried at 60°C overnight.

Particles that were delivered by the DP-4 Dry Powder Insufflator were analyzed by bright-
field microscopy. The particles were applied to a glass slide instead of an insert and viewed at
an upright microscope (BX-51, Olympus, Vienna, Austria) at magnification x10 to demon-
strate the particle distribution pattern and at x40 to determine particle sizes. Sizes were mea-
sured using Cell^D Imaging software (Olympus).

Quantification
Fluorescent samples were detected at excitation wavelength of 485 nm and emission wave-
length of 520 nm for sodium fluorescein and rhodamine 123. Samples were diluted with Krebs-
Ringer buffer and measured with a FLUOstar Optima (BMG Labtech, Graz, Austria). Linearity
was proven for 0.12–10 μg/ml sodium fluorescein and for 1.25–100 μg/ml rhodamine 123.

Budesonide and formoterol fumarate were quantified by high-performance liquid chroma-
tography electro spray ionization mass spectrometry (HPLC-ESI-MS) using an Acquity UPLC
H-Class system (Waters, Vienna, Austria) equipped with a photodiode array detector and a
single quadrupole detector. As stationary phase a Superspher 100 RP-18e column (125mm x
4mm i.d, 4 μm particle size) was used. Mobile phase was composed of acetonitrile (A) and
10 mM ammonium acetate buffer pH 3.0 (B) using the following gradient program: 2% A (0–
0.5 min), 2–95% A (0.5–6.0 min), 2% A (6.1–10.0 min).) At a flow rate of 0.6ml/min, retention
times were 7.1 min and 5.6 min for budesonide and formoterol, respectively. Mass spectromet-
ric detection was operated in single ion recording (SIR) mode using m/z 345.1 for formoterol
and m/z 431.2 for budesonide. Capillary voltage was set to 0.5 kV and 2.5 kV and cone voltage
to 25 V and 20 V, for formoterol and budesonide respectively. The limit of detection for both,
budesonide and formoterol fumarate was determined with 20 ng/ml; linearity was proven for
budesonide and formoterol fumarate in the range of 20 ng/ml to 500 ng/ml. Krebs-Ringer
buffer did not interfere with the measurements.

Immunocytochemistry
For detection of mucus production, the membranes were excised from the plastic insets and
washed 3 x 5 min with PBS. Subsequently, membranes were fixed with 4% paraformaldehyde
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for 20 min at RT and washed again 3 x 5 min with PBS. After permeabilization with PBS con-
taining 0.2% Triton X-100 for 2h at RT, blocking with 10% normal goat serum (Zymed Medical
Product GmbH, Vienna, Austria) for 30 min at RT, incubation with mouse anti-mucin 5AC
([45M1], Abcam, 1:200, Cambridge, UK) or normal mouse Immunglobulin G (DAKO diag-
nostic, Hamburg, Germany) for negative controls was performed at 37°C for 60 min followed
by goat Alexa Fluor 488-labelled anti-mouse IgG antibody (1:400, Life technologies, Vienna,
Austria) again at 37°C for 60 min. Nuclei were counterstained with 1 μg/ml Hoechst 33342
(Life technologies) for 15 min at RT. Incubations were performed under light protection and
between the antibody incubations the membranes were rinsed 3 x 5 min in PBS. Subsequently,
all membranes were mounted in fluorescence mounting medium from DAKO and stored in
the dark. Cells were viewed at a 510 LSMMeta (Zeiss, Vienna, Austria) using excitation at 405
nm and detection with a BP 420–480 nm filter for the nuclear stain. Binding of the anti-mucin
antibody was recorded at excitation at 488 nm and detection with a BP 505–550 nm filter.

For quantification of mucus production after different duration of air-liquid interface cul-
ture images of anti-mucin 5AC staining were taken with the same settings at the LSM510 Meta
and mean intensities in the different channels (blue, green) determined using Image J 1.49v
software. For each condition, 11 days and 3 days of air-liquid interface culture and antibody
negative control, 800 cells were evaluated. Representative images that were analyzed are shown
in Fig C in S1 File.

Statistics
Data from� three independent experiments were subjected to statistical analysis. These values
are represented as means ± S.D. and have been analyzed with a one-way analysis of variance
(ANOVA), followed by a Tukey-HSD post hoc test for multiple comparisons (IBM SPSS statis-
tics 19 software). Independent t-test and Levine’s Test for equality of variances analyzed the
differences between two mean values. The results with p-values of less than 0.05 were consid-
ered to be statistically significant.

Results
To allow the comparison of our data with the Calu-3 models used in other studies the influence
of the duration of the air-liquid interface culture and of different membranes was determined
(Table 1). Characteristics of the Transwell inserts from Corning and Greiner Bio-One (product
information) are provided in S1 Table. Aerosols generated by MicroSprayer IA-1C Aerosolizer
and DP-4 Dry Powder Insufflator were assessed for deposition rate, effects on the Calu-3
monolayer, and particle size (dry powder).

Calu-3 cells
TEER values were significantly higher in cells cultured under submersed conditions (741 ± 101
O�cm2) than under air-liquid interface condition (mean of cultures in different air-liquid inter-
face conditions and on different membranes, 494 ± 119 O�cm2). There was no difference in
TEER values and in Papp values for fluorescein between Calu-3 cells cultured on membranes
with 0.4 μm and 3 μm pores but Calu-3 cells on membranes with 0.4 μm pores required a
slightly longer time to reach the required TEER values (Table 1). Since the time to reach these
TEER values was also more variable for 0.4 μm, in the transport studies membranes with 3 μm
pore size were used. TEER values were not influenced by differences in membrane materials
(not shown), and different protocols of air-liquid interface culture (3 versus 11 days prior to
the experiments) did not result in significantly different TEER values (538±105 vs. 461±99
O�cm2). Mucin production after submersed culture and culture at an air-liquid interface for
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11 days and for 3 days was visualized by anti-mucin5AC staining. Secretory granules located at
the apical side of Calu-3 cells were seen in air-liquid interface culture (Fig 1A and 1B) but not
in Calu-3 cells in submersed culture (Fig 1C). Tile scans of confocal images showed consider-
able differences in the intensity of the anti-mucinAC staining between cells but image analysis
of anti-mucin 5AC stained cells showed no differences in mean intensities between cells cul-
tured at an air-liquid interface for 3 days versus 11 days prior to the experiments Fig D in S1
File). Means (RFU) in the green channel were 3629.88 ± 691.92 for 11 days air-liquid interface
culture vs. 3695.33 ± 501.51 for 3 days air-liquid interface culture. Negative controls (back-
ground) showed an intensity of 0.28 ± 0.01. When normalized to intensity of the nuclear stain
(blue channel) ratios of 0.54 ± 0.04, 0.53 ± 0.18, and 0.00 ± 0.00 were obtained for 11 days air-
liquid interface culture, 3 days air-liquid interface culture and negative control. Virtual serial
sections of Calu-3 cells grown on the 3 μmmembranes obtained by laser scanning microscopy
as well as stained cryosections of cells on membranes confirmed that cells formed a monolayer
and grew only on one side of the membrane (Fig D in S1 File). Similar to data by Zhang et al.
[38] TEER values without cells (blank) did not differ between membranes with different pore
sizes (125 ± 8 O�cm2 for 0.4 μm and 116 ± 8 O�cm2 for 3 μm).

Aerosol generation devices
Aerosols generated by MicroSprayer IA-1C Aerosolizer were deposited with an efficacy of
27 ± 3%, as shown previously [21]. The application of aerosolized medium did not induce sig-
nificant decreases in TEER values of Calu-3 cells cultured at an air-liquid interface (Fig 2).

Table 1. Influence of culture conditions on TEER values, Papp values for fluorescein and time until TEERwas reached (n = 12).

Parameter Condition

Submersed Air-liquid interface

3 μm pores 0.4 μm pores 3 μm pores

TEER (Ω*cm2) 741±101 484±152 538±105

Time until TEER ALI >450 Ω*cm2, submersed > 650 Ω*cm2 (days) 7±2 14±4 11±2

Papp values for fluorescein (x10-6 cm/s) 0.09±0.04 0.23±0.04 0.27±0.08

Abbreviation: ALI, air-liquid interface

doi:10.1371/journal.pone.0135690.t001

Fig 1. Immunocytochemical detection of mucin 5AC in Calu-3 cells cultured at an air-liquid interface (green, a). Radial sections of z-stacks show
that reactivity is located at the apical part of the cells (b). Calu-3 cells cultured in submersion (c) do not show staining against mucin 5AC.Nuclei
are stained in blue. Scale bar: 20 μm.

doi:10.1371/journal.pone.0135690.g001
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The amounts of the compounds delivered by DP-4 Dry Powder Insufflator and applied as
solution for ALE and SLE according to recovery at the end of the transport studies are listed in
Table 2. Efficiency of delivery by DP-4 Dry Powder Insufflator was compound-specific and
ranged from ~3% to 28%. A variable part of the powder did not leave the sample chamber.
When the sample chamber was weighed before and after application around 50% of the initial
dose for fluorescein, but only 10–20% of Symbicort powder had been retained. Moreover, pow-
der was lost during the spraying and did not deposit on the cells. Total amounts of compounds
applied as dry powder in the apical compartment (μg) were lower for fluorescein, rhodamine
123 and formoterol (alone and as Symbicort 160/4.5). Conversely, considerably higher
amounts of budesonide were applied as dry powder than as solution. The calculated drug con-
centration (μg/ml) was in the same order of magnitude only for the fluorescent dyes, the

Fig 2. Differences in TEER values between start and end of the transport studies when fluorescein, rhodamine 123, budesonide and formoterol
were applied as solution to cells grown in submersed culture (SLE) and at the air-liquid interface (ALE) or applied by MicroSprayer IA-1C
Aerosolizer (AID_M) and by DP-4 Dry Powder Insufflator (AID_D) to cells grown at the air-liquid interface culture (n = 12). Significant decrease is
marked by asterisk.

doi:10.1371/journal.pone.0135690.g002

Table 2. Efficiency of delivery by DP-4 Dry Powder Insufflator (AID_D) and drug amounts in the apical compartment in ALE and SLE.

Compound DP-4 Solutions

Efficiency of delivery (%) Total amount (μg) # μg/ml* Total amount (μg) # μg/ml

Fluorescein 13.7±4.4 1.4±0.2 27.5±4.4 4.9±0.2 10.1±0.2

Rhodamine 123 4.6±1.1 4.7±0.9 93.3±22.0 46.5±1.7 98.0±2.5

Budesonide 3.0±0.9 30.1±9.3 602.0±186.1 19.3±0.7 38.5±1.4

Budmix 23.5±2.6 47.0±5.2 940.7±103.0 9.04±1.1 18.1±2.3

Formoterol 9.6±1.9 96.5±19.8 1930.9±396.4 212.1±22.3 424.2±44.5

Formmix 28.2±1.1 1.7±0.1 33.9±1.3 104±4.5 207.9±9.1

*based on the recovered liquid in the apical chamber at the end of the AID exposures
#recovered amount. Abbreviations: Budmix, budesonide in combination with formoterol; Formmix, formoterol in combination with budesonide

doi:10.1371/journal.pone.0135690.t002
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concentrations of the budesonide and of formoterol alone were much higher when applied
with DP-4 Dry Powder Insufflator than as solution. This caused different ratio of budesonide
and formoterol (in μg delivered); in ALE and SLE the Bud/Form ratio was 1:10.9 compared to
27.7:1 in the Symbicort formulation applied by DP-4 Dry Powder Insufflator.

Sizes of the particles delivered by the DP-4 Dry Powder Insufflator are formulation
dependent and have to be determined experimentally [37]. The visualization by bright-field
microscopy (Fig E in S1 File) indicated that, in general, powders were well dispersed with
agglomerates preferentially seen for fluorescein. Delivered single particles of fluorescein
(1.1±0.3 μm), budesonide (3.2± 1.3 μm), and Symbicort (6.9±1.4 μm) presented a roughly
spherical shape and formed agglomerates. These agglomerates were largest (up to 18 μm)
for Symbicort. Rhodamine 123 and formoterol deposited as elongated crystals of 8.6±1.9 x
14.7±3.8 μm and 9.1±3.5 x 17.1±1.2 μm, respectively. Larger agglomerates were rarely seen.

Cellular compatibility was assessed for the DP-4 Dry Powder Insufflator by using clean air
as negative control in syringe-based dry powder aerosol exposure systems as suggested by Gar-
cia-Canton et al. [39]. This exposure induced significant decreases of TEER values in the
exposed cells (Fig 2). On the other hand, no decrease in cell viability according to bioreduction
to formazan or release of lactic dehydrogenase as indication for plasma membrane damage was
seen.

Transport of dissolved compounds
When applied in solution Papp values of all compounds were higher upon ALE than upon SLE
(Table 3). Papp values were highest for budesonide and lowest for the fluorescent dyes. Differ-
ences of Papp values between SLE and ALE were much less pronounced for budesonide.

Co-incubation of budesonide and formoterol did not show changes in budesonide transport
neither in SLE nor in ALE (Fig 3). However, formoterol, which was transported only at low
rates across the Calu-3 monolayers, showed higher transport rates when applied together with
budesonide in ALE but not in SLE. The effect was significant after 2 hrs (Fig 4).

Transport of aerosolized compounds
Since these parameters are difficult to control the amount of recovered sample (start concentra-
tion in apical compartment � volume + amount in the samples + concentration in both com-
partments � volume) was set as 100%. The transport rates of the fluorescent dyes, fluorescein
and rhodamine 123, applied by MicroSprayer IA-1C Aerosolizer was lower than after applica-
tion by DP-4 Dry Powder Insufflator (Fig 5) and an initial delay in the transport (lag phase)
was seen only upon application by MicroSprayer IA-1C Aerosolizer, (Fig 5A). Dye transport

Table 3. Overview of the influence of exposuremethod on Papp values for the different compounds
(n = 4).

Compound Exposure condition Papp (10−6 cm/s) Ratio Papp (ALE/ SLE)

Fluorescein SLE 0.09±0.04

ALE 0.27±0.08 3.00

Rhodamine 123 SLE 0.07±0.02

ALE 0.27±0.09 3.86

Budesonide SLE 13.18±0.06

ALE 17.93±1.36 1.36

Formoterol SLE 1.72±0.24

ALE 2.98±0.79 1.73

doi:10.1371/journal.pone.0135690.t003
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upon application with MicroSprayer IA-1C Aerosolizer was 4.3 times higher for fluorescein
and 3.2 times higher for rhodamine 123 than upon SLE incubation. After application with the
DP-4 Dry Powder Insufflator 131.7 times more fluorescein and 48.2 more rhodamine 123 were
transported than upon SLE.

Fig 3. Transport rate of budesonide when applied in solution on cells in submersed culture (SLE) and on cells at an air-liquid interface (ALE).
Abbreviations: SLE mix, ALE mix: mixture containing 50 μM budesonide and 0.5 mM formoterol fumarate was applied (n = 3). The total amount of drug
applied to the cells was set as 100% and the transport rate was normalized to a membrane area of 1 cm2.

doi:10.1371/journal.pone.0135690.g003

Fig 4. Transport rate of formoterol fumarate when applied in solution on cells in submersed culture (SLE) and on cells at an air-liquid interface
(ALE). Abbreviations: SLE mix, ALE mix: mixture containing 50 μM budesonide and 0.5 mM formoterol fumarate was applied (n = 3). The total amount of
drug applied to the cells was set as 100% and the transport rate normalized to a membrane area of 1 cm2. Significant effects are marked by asterisk.

doi:10.1371/journal.pone.0135690.g004

Lung Permeation of Drugs in Different Formulations

PLOS ONE | DOI:10.1371/journal.pone.0135690 August 14, 2015 11 / 19



Transport of formoterol in the fixed dose combination Symbicort was significantly higher
than when applied alone by DP-4 Dry Powder Insufflator (Fig 6). For budesonide no differ-
ences between application alone and in combination with formoterol were seen.

Discussion
This study demonstrated that, with some limitations, an exposure system consisting of manual
devices for animal studies and Calu-3 cells in air-liquid interface culture could be used as
screening tool for drug permeation in the preclinical assessment of formulations for oral
inhalation.

Fig 5. Transport of marker dyes across the Calu-3 monolayer (green, fluorescein; red, rhodamine 123) when applied as solution to cells grown in
submersed culture (SLE) or applied with MicroSprayer IA-1C Aerosolizer (AID_M) and DP-4 Dry Powder Insufflator (AID_D) to cells cultured at the
air-liquid interface (n = 6). The total amount of drug applied to the cells was set as 100% and the transport rate was normalized to a membrane area of 1
cm2.

doi:10.1371/journal.pone.0135690.g005
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Cell culture
Similar to other studies, TEER values in this study were higher in cells cultured under submersed
conditions (741 ± 101O�cm2) than under air-liquid interface condition (494 ± 119O�cm2).
TEER values in submersed culture reported elsewhere ranged between 500–1200O�cm2 [40–
46], while they were 300–700O�cm2 in air-liquid interface culture [45,47–52]. Consistent with
data available in the literature [53] the membrane material did not influence TEER values in this
study. Our Calu-3 cells also had similar TEER values when cultured on 3 μm pores and on
0.4 μm pores. This is in contrast to data published by Geys et al. who measured higher TEER val-
ues of Calu-3 cells on membranes with 0.4 μm pores than on membranes with 3 μm pores [46].
These differences, however, disappeared when cells were cultured for>5 days. The majority of
studies [41,48,52], including this study, reported mucus production of Calu-3 cells only when
cultured at an air-liquid interface, while only a minority of studies has demonstrated mucus pro-
duction in Calu-3 cells in submersed culture [54,55]. Calu-3 cells have been switched from sub-
mersed culture to air-liquid interface culture after 24–48h in some studies and 2–5 days prior to
the experiments in others [8,35,48,56–58]. Our comparison between 11d of air-liquid interface
culture and 3 days of air-liquid interface culture showed that 3d were sufficient to induce the
phenotype reached after 11 days based on TEER values and induction of mucus production. The
short time to switch from submersed to air-liquid interface condition is not surprising given that
transcriptional changes of protein expression are generally observed 48h after stimulation (e.g.
[59]). Furthermore, human bronchial epithelial cells showed different basal levels of cytokines at
three days of submersed and air-liquid interface culture [60].

Aerosol generation device
As reported previously, delivery rates by the MicroSprayer IA-1C Aerosolizer in the selected
set-up showed low dependency from the material that has been aerosolized; conventional

Fig 6. Transport of budesonide and formoterol fumarate as single substance and as combination product Symbicort in AID_D exposure.
Abbreviations: Formmix: formoterol when applied as Symbicort powder; Bud mix: budesonide when applied as Symbicort (n = 3). The total amount of drug
applied to the cells was set as 100% and the transport rate normalized to a membrane area of 1 cm2. Asterisks indicate differences between application as
single substance and as combination.

doi:10.1371/journal.pone.0135690.g006
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compounds and nanoparticles in the size range from 20 nm to 200 nm showed similar deposi-
tion rates [29]. Aerosols generated from aqueous sodium fluorescein solutions were deposited
with an efficacy of 27 ± 3%, of fluorescent polystyrene nanoparticles with an efficacy of 28
±1.96% and of carbon nanotubes with an efficacy of 25±2.5% [21]. In contrast, delivery by DP-
4 Dry Powder Insufflator showed considerable variations in delivery to the cells. These differ-
ences are linked to the properties of the aerosolized powders and are also seen in dry-powder
inhalers. For instance, 80% of the metered dose in Symbicort Turbuhaler is delivered to the
mouthpiece of the device. Particle size, shape, surface texture, contact area, surface energy,
hygroscopy, relative humidity, and electrical properties are known to influence the delivery
rate [61]. Furthermore, in our study also the distance between tip of the device and cells had an
impact on aerosol delivery. It is known that emitted fractions of the DP-4 Dry Powder Insuffla-
tor are independent of the loaded amount but influenced by physicochemical properties of the
formulation [37,62]. The observed differences are, therefore, not unexpected. Delivery of high
amounts of APIs and potential cell damage by shear stress may cause concerns in the delivery
by manual aerosol generation devices. For permeation studies traditionally relatively high drug
concentrations are used in order to detect the drug in the basolateral compartment [63]. Due
to the handling of the device even higher concentrations were used for the applications with
DP-4 Dry Powder Insufflator. While no obvious cytotoxicity was seen by bioreduction to for-
mazan and LDH release, TEER values were decreased when the DP-4 Dry Powder Insufflator
was used. TEER values in these samples were below 300 O�cm2 and might not guarantee an
intact barrier function of Calu-3 cells [64]. Choosing a greater distance between device and
cells could prevent decreases of TEER values. However, the detection threshold of the com-
pound in the basolateral compartment limits the distance between cells and device. This prob-
lem is particularly relevant when formulations contain drugs in highly different amounts and
with different permeability. In this study the low amount of formoterol in Symbicort was the
limiting factor for the distance between device and cells.

Permeability and transport
Papp values of fluorescein reported in this study are similar to values published by other groups
(0.1 x 10–6 cm/s for SLE and 0.1 x 10−6 cm/s or 0.94 x 10−6 cm/s for ALE [8,41,49,65–69]). The
same applies for Papp values of rhodamine 123, which were reported as 0.49 x 10−6 cm/s in SLE
and 2.27 x 10−6 cm/s for ALE [68,70]. The difference in the time-dependent permeation of
drugs applied as solution (linear) and as aerosol (saturation) is consistent with the study by Bur
et al. [35]. The non-linear transport curves suggest that sink conditions are not maintained.
Although absorption of APIs in the lung usually is fast, non-sink conditions have also been sus-
pected to occur in the deep lung [71,72]. Therefore, the culture model might mimic the situa-
tion in vivo where the small amount of lung lining fluid could be too low to completely dissolve
the deposited particles.

The shape of the time-dependent transport curve for rhodamine 123 differed between the
two aerosol applications, MicroSprayer IA-1C Aerosolizer and DP-4 Dry Powder Insufflator.
While a lag phase in the transport was seen for application by MicroSprayer IA-1C Aerosolizer
this delay was absent upon exposure by DP-4 Dry Powder Insufflator. Total amounts (in μg,
Table 2) of rhodamine 123 were higher with the Aerosolizer (13.23 μg) than with Insufflator
application (4.7 μg). Concentrations, on the other hand were similar (93.3 vs. 98.0 μg/ml). The
delay in transport could be explained by the fact that rhodamine 123 is transported by MDR1/
P-glycoprotein transporter [73]. The lack of delay upon application by DP-4 Dry Powder
Insufflator might be caused by locally higher concentrations due to dissolution of the particles.
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In view of the observed decreases in TEER values in this exposure model, increased paracellular
transport resulting from an impaired barrier function also cannot be excluded.

The effect of higher transport of formoterol across the monolayer in this study upon co-
exposure with budesonide was observed when the compounds were applied as solution and
as dry powder (Figs 4 and 6). It was specific for formoterol and could not be explained by dif-
ferences in TEER values after application alone and in combination with budesonide. Single
particles of Symbicort powder were smaller than formoterol particles but dissolution is very
unlikely to be an important contributing factor because formoterol alone was used in a very
high concentration. Interaction of budesonide with MRP1, MDR1/P-glycoprotein, OCT1,
OCT2, and OCT3 and of formoterol with OCT3 and OCTN2 has been reported [74]. Accord-
ing to studies by Koepsell et al. budesonide can inhibit OCT2 activity [75], but this effect is not
relevant in this model because Calu-3 cells do not express OCT2 [13]. Unexpected effects of
OCT inhibitors (and high concentrations) on formoterol transport across Calu-3 layers have
already been reported [13] and hypothesized to be linked to the bidirectionality of OCT medi-
ated transport across the cell membrane.

As summarized in Table 4 the combination of Calu-3 cells and manual aerosol generation
devices might provide more information on the interaction of different compounds on perme-
ation. Main imitations of this study are that high powder concentrations of some APIs (bude-
sonide) were used and that concentrations were not identical for all exposure models. The fact
that similar findings were obtained in the different exposure conditions suggests that the differ-
ences in concentrations did not influence the observed effect. Studies for determination of Papp
values in general use relatively high concentrations of APIs [63], and the observed effects on
transporters might be different from effects at the lower concentrations invivo.

Conclusions
Calu-3 cells are suitable for permeation studies because the desired phenotypes can be obtained
largely independent from material and pore size of the transwell membranes and the duration
of air-liquid interface culture when longer than 3 days. The use of manual aerosol generation
devices for the assessment of transport and drug interaction at the cellular layer was more sen-
sitive in identifying interactions of APIs but application of dry powders by DP-4 Dry Powder
Insufflator presented problems due to compound-specific efficiency of delivery, high drug con-
centrations at the cell surface, and potential disruption of the cell monolayer. Conversely,
MicroSprayer IA-1C Aerosolizer appears to be suitable for the testing of permeability of drug
formulations for inhalation because TEER values did not decrease after the application and
delivery was not compound-specific.

Table 4. Limitations and advantages of the manual devices for permeability testing.

Advantage Limitation

Formulated (fixed dose) product can be tested to
identify interaction between drugs using a
relatively simple exposure system

The detection limit of one compound in the fixed dose
combination limits the distance between DP-4 Dry
Powder Insufflator and cells, and exposure can
decrease TEER values of the exposed cells

Delivered aerosol is similar to in vivo
experiments

Similar to intratracheal instillation in animals
discrimination between the small particles that
would reach the deep lung and larger particles is not
possible

Different application forms (nebulized aerosols
and dry powder aerosols) can be compared

Manual devices deliver different amounts of
drugsAccuracy of the balance leads to application of
non-physiologically high amounts of drugs

doi:10.1371/journal.pone.0135690.t004
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