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Instrumented In Vitro Approaches to
Assess Epithelial Permeability of Drugs
from Pharmaceutical Formulations
Stephan A. Motz, Michael Bur, Ulrich F. Schaefer, and Claus-Michael Lehr

Abstract The following chapter gives an overview of instrumented
approaches to investigate the interactions of orally or pulmonary administered
formulations with epithelial cell cultures in vitro. The first section is focused
on the combined assessment of drug release/dissolution and subsequent absorp-
tion/permeation for solid oral dosage forms. Experimental approaches to mimic
the complex physiologically surroundings in the gastrointestinal tract are pre-
sented as well as combinations of dissolution and permeation apparatus.

The second part describes different experimental approaches to simultane-
ously assess deposition and subsequent absorption of pharmaceutical aerosol
formulations, typically by adapting some existing impactor/impinger devices to
accommodate pulmonary epithelial cell culture systems. Differences between
longtime and low-dose aerosol deposition in environmental toxicology and
short time bolus inhalation of pharmaceutical aerosols are elucidated.

Keywords: Dissolution; Permeability; Dosage forms; Bioavailability; Blood–
air barrier; Cascade impactor

Abbreviations

AIC Air-interfaced culture
API Active pharmaceutical ingredient
ASL Alveolar surface liquid
AUC Area under the curve
BCS Biopharmaceutical classification system
BML Bronchial mucus layer
CLSM Confocal laser scanning microscope
CMC Critical micellar concentration
FaSSIF Fasted state-simulating intestinal fluid
FeSSIF Fed state-simulating intestinal fluid
GI Gastrointestinal
hAEpC Human alveolar epithelial cells
HBSS Hanks balanced salt solution
HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
IVIVC in vivo/in vitro correlation
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KBR Krebs bicarbonate ringer buffer
KRB Krebs ringer buffer
LCC Liquid-covered condition
LID Liquid-interfaced deposition
MES/HEPES Morpholineethanesulfonic acid/HEPES
MSLI Multistage liquid impinger
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoliumbromid
Papp Apparent permeability coefficient
PEPT1 Di/Tri-peptide transporter 1
P-gp P-glycoprotein
SEM Scanning electron microscopy
SIA Sequential injection analysis
TEER Transepithelial electrical resistance
USP United States Pharmacopoeia

19.1. Introduction

For most drugs, extravasal administration of the pure active pharmaceutical
ingredient (API) to patients is not feasible mainly due to low dose/mass. Hence,
drugs are formulated in order to facilitate dosing and to improve patient compli-
ance. Furthermore, for various routes of drug delivery, the dosage form is a key
factor determining in vivo bioavailability. However, only little is known about
interaction formulated drugs and the several mucosal barriers in vivo. The
following chapter comprises an overview of instrumented approaches which
are assessing the interactions between formulated drugs and epithelial cells in
vitro, with the aim of elucidating effects occurring in vivo.

The first section is focused on orally administered solid dosage forms,
whereas within the second section, approaches for pulmonary administered
aerosols are highlighted.

19.2. Intestinal Permeability of Drugs Delivered as Solid
Dosage Forms

19.2.1. Rationale for Connecting Dissolution and Permeation
Measurements

Release from the dosage form and subsequent permeation through intestinal
epithelia are the two dominant processes in oral drug delivery, whereby each
of both may be rate limiting. Unnumbered parameters affect these processes,
such as subsequent wetting, swelling, and disintegration of the dosage form and
dissolution of the active compound within the intestinal transit time, depending
on the surrounding microclimate pH, osmolarity, and surface tension. While
sufficient disintegration and dissolution are prerequisite for oral absorption,
critical parameters can also be seen in the pH value of the gastrointestinal (GI)
lumen and the cell covering, rather acidic mucus. Further factors include the
apical concentration of drug, affinity to active cellular uptake or efflux systems,
sink conditions in the trans-mucosal receptor fluid, concomitant administration
of food, and disposability of active excipients, just to mention the most impor-
tant ones. Summarized as L(iberation) and A(bsorption) of the LADME model,
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both processes are influenced by and therefore relevant to the design of solid
oral dosage forms.

Regarding dissolution testing, many successful efforts have been made to
imitate the physiological surroundings in the GI lumen more and more closely.
Variables such as temperature, osmolarity, pH, surface tension, and presence of
bile salts were altered. As a result of the effort, two in vitro dissolution buffers
coming most closely to in vivo conditions were reported as fasted state simu-
lated intestinal fluid (FaSSIF) and fed state simulated intestinal fluid (FeSSIF)
by the group of Dressman [1]. Dissolution testing is routinely carried out using
complete dosage forms, except for the assessment of intrinsic solubility at very
early stages in the drug development process. In contrast, permeability testing
is typically performed with nonformulated compounds, because it is considered
as an intrinsic property of a given API. Hence permeability testing does usually
address the role of formulation factors and excipients. A number of issues
underpin this statement: (i) the dissimilarity between a normal dose of a solid
dosage form and the permeation area of Caco-2 monolayers in a Transwell R©
system, potentially resulting in enormous osmotic pressure differences between
apical and basolateral compartment; (ii) the sheer impossibility to insert a
complete dosage form into a standard Transwell R© device; (iii) nonappropriate
dissolution features of the apical compartment (volume, pH, hydrodynamics,
etc.). In conclusion, researchers tend to determine two related and connected
issues—solubility and permeability—separately. Of course, when dissolution
and permeation assays are to be connected, experimental and technical efforts
will increase dramatically. Thus, the question raise for the benefits of the
concomitant determination of dissolution and permeation that might justify
such efforts. However, significant progress in the development of solid dosage
forms by combined dissolution and permeation testing may be expected under
the following aspects:

1 Improved in vivo/in vitro correlation for bioavailability screening of new
APIs.

2 Improved screening of innovative formulation approaches.
3 Investigation of potential food effects on drug absorption.

19.2.1.1. Improved In Vivo/In Vitro Correlation for Bioavailability
Screening of New APIs
As described by Artursson et al. [2], in vitro permeability of drugs through
Caco-2 cell monolayers is correlating well with absorption in humans. How-
ever, pure permeation experiments disregard possible solubility issues of a
compound that might potentially limit absorption from the gut. By combin-
ing dissolution and permeation assay, a deeper insight into the processes
happening in vivo in the intestine may be given, especially, if one consid-
ers the clinical dose to be dissolved in the limited liquid volume of the
intestinal fluid. Furthermore, dissolution testing is generally accepted as a
validated tool for generating valid in vivo/in vitro correlations (IVIVC), but
this works only for drugs where absorption is not limited by poor per-
meability, that is, classes I and II of the biopharmaceutical classification
system (BCS).

However, for BCS class III (and IV), an in vitro/in vivo correlation of the
dissolution result is often not possible, since dissolution is not rate limiting and
other parameters cannot be detected in a dissolution setup. The latter therefore
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appears possible only when both the dissolution process and the absorption
process are considered.

19.2.1.2. Improved Screening of Innovative Formulation Approaches
Considering the LADME model, liberation and absorption of drugs pose cru-
cial parameters for bioavailability after oral administration and are the only
factors accessible for manipulation by designing adequate dosage forms. Evi-
dently, detection of formulation parameters affecting dissolution processes is
easier accessible, than effects of the formulation on absorption processes. Dis-
solution studies have been shown to be a good predictor for in vivo performance
of solid dosage forms, for example, Refs. [1, 3, 4], under the assumption that
the more compound gets into solution within an acceptable time in a more or
less physiological surrounding, the higher the bioavailability and the better the
in vivo performance. This central paradigm of predictive dissolution testing
relies on the assumption that intestinal permeation is not rate limiting and that
excipients administered along with the drug do not alter the permeability of
intestinal epithelia. In contrast, during the past decades, more and more drugs
have been recognized as absorbed by active cellular uptake mechanisms or
hindered from absorption by active cellular efflux systems. Simultaneously,
several excipients have been detected to interact with intestinal epithelia and
have been discussed as intestinal absorption enhancers. The mini-review of
Aungst [5] and the review of Swenson et al. [6] may serve as an overview
on that particular topic. Terao et al. [7], for example, reported an increased
AUC of furosemide in rats by decreasing intraluminal pH at distal portions
of the GI by means of Eudragit L100-55, a proton-releasing polymer. For
the influx transporter di/tri-peptide transporter 1 (PEPT1), a proton gradient
coupled oligopeptide transporter, it has been reported that lower luminal pH
values increase the driving force for the uptake, due to a secondary uptake
coupled with a proton gradient. Accordingly, Nozawa et al. [8] found that by
decreasing the pH in the lumen of rats’ small intestines by means of proton-
releasing polymers, the bioavailability of PEPT1 substrates, such as cefadroxil
and cefixime, increases. Although the authors use remarkably high amounts
of excipient (500 mg excipient per kg rat weight), a proof of principle that
excipients can affect the active uptake of drugs in vivo was given. In addition
to improving uptake, other excipients enhance oral absorption by means of
interaction with the tight junctions of intestinal epithelia. Lindmark et al. [9]
reported an increased oral absorption after addition of medium-chain fatty
acids in the Caco-2 model. Medium-chain fatty acids affect membrane flu-
idity or interact with tight junction proteins such as occludin and increase in
vitro permeability of the hydrophilic marker compound fluorescein-sodium.
Sakai et al. [10] supported this theory by means of confocal laser scanning
microscopy (CLSM) and by increasing permeability of hydrophilic, passively
permeating compounds after coadministration of sodium caprate and sodium
deoxycholate. Borchard et al. [11] reported that mucoadhesive polymers, such
as chitosan-glutamate and carbomer, widen tight junctions following CLSM
studies. However, only coadministration of carbomer together with chitosan-
glutamate leads to significant increase in permeability. Ranaldi et al. [12] found
that chitosan and other polycationic polymers decrease the transepithelial elec-
trical resistance (TEER) reversibly and thus increase permeability of inulin
across Caco-2 monolayers (for a review on that particular topic, see [13]).
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On the other hand, several publications are suggesting that commonly used
surface active excipients affect cellular efflux systems, namely, P-glycoprotein
(P-gp) or other efflux pumps, for example, Refs. [5, 14–20]. Many authors
report increased drug fluxes from apical to basolateral and decreased fluxes in
the adverse direction in presence of polyethoxylated surface active excipients
such as Tween 80, vitamin E TPGS, pluronic block polymers, and Cremophor
EL. While the mechanisms of action are still under discussion, there is increas-
ing evidence that the inhibition of apical efflux pumps by this class of excipi-
ents is determined by an interaction with the energy-providing ATPase rather
than by effects on membrane fluidity or competitive interactions of substrate
binding ([21]). The application of these excipients in oral solid dosage forms
affects the absorption process from the GI lumen in two ways. First, they can
enhance the dissolution rate by decreasing surface tension and improving wet-
ting and hence increase the solubility by means of micellar entrapment. Second,
they can increase permeability through intestinal epithelia by inhibiting P-gp-
mediated efflux. However, these excipients can also decrease permeability,
since micellar entrapped active compound may no longer be thermodynam-
ically as active and lower fluxes may result. However, the findings reported
in literature remain contradictory. Although statistically significant results in
permeability assays have been found when adding these excipients in solution
to the transport media, in vivo relevance remains questionable. Brouwers et al.
[22] reported for amprenavir, being marketed as a dosage form (Agenerase R©)

with the P-gp inferring excipient vitamin E TPGS, a much more complicated
behavior than generally anticipated. The authors showed that increasing con-
centrations of vitamin E TPGS lead to higher dissolution rates and solubility
of amprenavir in vivo. The in vitro permeation experiment showed initially
increasing and subsequently decreasing apparent permeability (Papp) values
for increasing vitamin E TPGS concentrations, which can be due to micel-
lar entrapment above the critical micellar concentration (CMC). However, at
concentrations of vitamin E TPGS and amprenivir which are relevant in vivo,
a P-gp-inhibiting action of vitamin E TPGS might be made irrelevant by the
enormous luminal concentration of amprenavir as a result of the solubilizing
effect of vitamin E TPGS. Ramsay-Olocco [23] published data on a clinical
evaluation of a P-gp substrate formulated in soft capsules along with vitamin E
TPGS. Although increase of flux in presence of vitamin E TGPS was observed
in the absorptive direction in vitro, no significant difference was detectable
in clinical studies, performed in mini pigs and humans. In contrast, Bogman
et al. [24] reported for talinolol perfused intraduodenally along with vitamin E
TPGS, a statistically increased AUC, compared to talinolol administered alone
or with Poloxamer 188, a non-P-gp-interfering surfactant. To conclude, for
formulation development, it is crucial to know the actual luminal concentration
not only of the API but also of the active excipients. Beside the increase in
bioavailability, researchers hope to use these excipients to lower the intersub-
ject variability of bioavailability, normally associated with low-permeability
and low-solubility compounds. Although being potent absorption enhancer in
vitro, the in vivo relevance of these findings remains unclear. From a clinical
point of view, the relative contribution of intestinal P-gp to overall drug absorp-
tion has been questioned, unless only a small amount of API is administrated
or dissolution and permeation rate is rather low [25]. Additionally, it remains
unclear, whether cell culture-derived in vitro data can be directly scaled up
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to the human situation [25]. Obviously, the in vivo relevance of P-gp is not
depending exclusively on the affinity of the API to cellular efflux systems, but
also on the actual luminal concentration of the API and excipient.

In this context, a combination of dissolution and permeation assess-
ment may be very valuable, especially when excipients interfere at differ-
ent stages in a concentration-dependent manner. As shown above, a com-
bined setup yielding physiological relevant concentrations may reveal these
phenomena before testing the dosage form in animal and human studies.
Moreover, a concept of combined dissolution/permeation might also be imag-
ined to serve as a quality assurance tool for dosage forms containing active
excipients.

19.2.1.3. Investigation of Potential Food Effects on Drug Absorption
Effects of concomitant intake of food with drugs on disintegration [26] and
dissolution [14, 27–31] of oral solid dosage forms have been extensively
described in the literature. For dissolution testing, the development of biorel-
evant dissolution media by Galia et al. [1], simulating intestinal fluid in fed
(FeSSIF) and fasted state (FaSSIF), led to a generally accepted in vitro method
to forecast food effects on dissolution. Nevertheless, effects of food compo-
nents on absorption processes are getting more and more into the focus of
research [14, 32]. Wu et al. [33] suspected that concomitant intake of high-
fat meals with drugs is inhibiting intestinal influx and efflux drug transporters
and thus may lead to decreased bioavailability of BCS class III compounds;
however, due to increased solubility in the intestinal lumen after fatty meals,
BCS class II compounds may show an increased postprandial bioavailability.
Inhibition of intestinal efflux transporters may also be mediated by flavonols
in grapefruit and orange juice, as stated in a review by Wagner et al. [14].
Ingels et al. [34] reported that the application of FaSSIF in Caco-2 perme-
ability assessment does not affect the permeability of passively permeating
compounds. However, actively secreted compounds show a significant lower
permeability in basolateral to apical direction, whereas apical to basolateral
transport is not affected and thus polarity in transports diminishes. Ingels et al.
suggested that the bile salts present in FaSSIF may inhibit P-gp and other
efflux transporters and concluded that the interferences between efflux pumps
and food components which have been detected in vitro might be generally
overestimated.

Consequently, the interplay between solubility and permeability with too
many free variables is hindering the researcher or developer from clear state-
ments. Interactions of food with oral absorption may happen at different stages,
which again can be titled as dissolution and permeation, and a combined dis-
solution and permeation assessment might give a deeper insight into possible
interaction and food effects.

To summarize, there are several rationales to justify the approach for perme-
ation and dissolution testing. Nevertheless, it has to be pointed out that for the
rather “uncomplicated” BCS class I and some BCS class II compounds, where
it can be anticipated that increased luminal concentrations will lead to increased
transepithelial fluxes, no significant additional information should be expected
to the conventional dissolution testing. However, for “difficult” compounds,
mainly belonging to BCS classes III and IV, important information about the
drug in the dosage form can be obtained.
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19.2.2. Connecting Dissolution and Permeation Measurement in One
Instrumented Setup

19.2.2.1. Limitations/Specifications Concerning
Dissolution/Permeation Media
The choice of dissolution/permeation media is limited, mostly due to the
need to maintain viability and integrity of Caco-2 cell monolayers. Main
requirements of the media to be in contact with Caco-2 cells are (i) isotonic
conditions (Caco-2 cell monolayers are basolaterally more sensitive to osmotic
pressure than apically); (ii) appropriate pH, which may be in a range from
5 to 8 [35], again this should be handled more restrictive basolaterally; (iii)
presence of calcium and magnesium ions in order to maintain monolayer
integrity by stabilizing adherens junctions; and (iv) physiological ratio between
extracellular sodium and potassium, in order to warrant an appropriate poten-
tial difference across the epithelia. To circumvent these limitations, render-
ing dissolution media before getting into contact with Caco-2 cells may be
appropriate. However, it has to be kept in mind that the original dissolution
concentrations are diluted by doing so, and that the system is getting more and
more complicated. Therefore, one has to find some compromise concerning
the dissolution/permeation media between simplicity, in vivo relevance, and
analytical requirements. For dissolution testing, numerous media as described
in current pharmacopoeiae are generally accepted and mimic to some extent
the physiological surroundings of disintegration and dissolution processes. For
permeation assessment, however, it still remains unclear which transport media
generates best results. Permeability assessment through Caco-2 monolayers
is routinely carried out using Krebs Ringer buffer (KRB), Krebs bicarbonate
Ringer buffer (KBR), or Hank’s balanced salt solution (HBSS), though those
might pose too restrictive conditions for low-soluble compounds, due to the
lack of lipids and surface active ingredients and their excessive amount of
counter-ions. A shortcoming for low-solubility compounds can generally be
seen in the addition of either Dimethylsulfoxide or other cosolvents (a compre-
hend review of applied substance together with concentrations is comprised in
[36]). For more comparable in vivo permeation conditions in Caco-2 assays,
Ingels et al. [37] recommend to use FaSSIF on the apical side, while baso-
laterally an analytical-friendly buffer, such as HBSS, may be the best choice.
Table 19.1 summarizes the composition of the previously mentioned buffer
systems. Differences among KRB, KBR, and HBSS are not that distinct and
the most important difference may be seen in the absence of carbonate in KRB.
Degassing procedures prior to dissolution testing may affect the carbonate con-
centration and thus alter the pH. Therefore, KRB appears to be most suitable
for combined dissolution/permeation measurement.

Ingels et al. tested FaSSIF and FeSSIF for compatibility with Caco-2 mono-
layer integrity, a prerequisite for valid permeation experiments [37]. Only FaS-
SIF turns out to maintain Caco-2 monolayer integrity throughout a 3-h experi-
ment, as indicated by TEER measurements and flux studies using fluorescein-
sodium. These data were confirmed by means of a 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazoliumbromid (MTT) cytotoxicity assay. FeSSIF is
immediately toxic to the cell monolayer; Ingels et al [37] attribute this to the
high osmolarity (≈600 mOsm), low pH (5.0), and the high content of Na-
taurocholate (15 mM). In addition, the lack of glucose, and especially calcium
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and magnesium, may increase damage to the monolayers. Recently, Patel et al.
[38] modified FaSSIF and FeSSIF in order to obtain Caco-2 compatible in vivo
relevant transport media. Changes of the composition are outlines in Table 19.1.
Briefly, magnesium and calcium salts are added, osmolarity of FeSSIF is
reduced to 330 mOsmol/kg H2O, sodium and potassium ions are present in a
physiological ratio, lecithin concentration in FeSSIF is doubled, in order to mit-
igate toxicity of taurocholic acid and buffering phosphate, and carbonate salts
are added. Caco-2 monolayers retain their integrity throughout 2 h indicated by
mannitol flux and TEER. By means of scanning electron microscopy (SEM),
no severe damage to the cells is detectable, except a minor microvilli loss and
shortening. Apparent permeability of metoprolol is significantly reduced in the
presence of FaSSIF/FeSSIF; the authors attribute that to micellar entrapment
into the bile salt lecithin mixed micelles. Nevertheless, the influence of the
modification of FaSSIF/FeSSIF on dissolution and solubilization properties of
the media is not tested yet.

19.2.2.2. Historical Evolution of Combined Dissolution and
Permeation Testing
First attempts to combine both dissolution and permeation in one device
have been made in the mid 1970s. Typical devices from that era employed
distribution between three phases, each of different polarity, that is, the dis-
tribution between the aqueous and lipoid phases and subsequently between
the lipoid and the aqueous phases was measured. Both aqueous phases were
kept apart by baffles. Some inevitable compromise resulted from the fact that
the “membrane” (i.e., the lipoid phase) was much thicker than the in vivo
membranes, and transport rates found in vitro appeared to be too strongly
controlled by that. In 1969, Dibbern et al. [39, 40] circumvent this drawback
by separating aqueous acceptor and donor phase by lipoid-treated polymeric
membranes and thus were able to improve prediction of in vivo behavior
of dosage forms containing passively permeating compounds (the apparatus
became commercially available under the name “Resomat” of the company
Desaga). However, the validity of the obtained data was limited due to the
employment of artificial lipoid membranes and thus omitted conclusions con-
cerning actively secreted or absorbed drugs and metabolism. In 1980, Koch
et al. [41] reported a simplified experimental tool (“Resotest Apparatus”), again
reviving the experimental determination of the partition between organic and
aqueous phases. However, the apparatus was reduced to a rotating two-neck
pear-shaped flask containing two aqueous phases conjointly covered with a
layer of suitable organic solvent. Although being a crude simplification and
exhibiting a nonphysiologic lipoid membrane, the model made it into the
textbooks may be just because it was very easy to handle, due to its simplicity.
However, none of these early dissolution-permeation devices were listed in
the pharmacopoeiae. As computing power started to increase tremendously
from the early 1980s, and computational modeling sciences emerged, those
simplified models for dissolving and passively permeating substances became
obsolete.

In the meantime, dissolution testing was more and more standardized and
gained enormous impact on the fields of quality assurance and drug devel-
opment in pharmaceutical industry. Several dissolution apparatus made their
way into the pharmacopoeiae, such as the rotating paddle, rotating bas-
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ket, reciprocation cylinder, and the flow through cell, just to mention the
most important ones. For comprehensive discussion on dissolution equip-
ment, the reader is referred to previously published books, a good example
being Ref. [42].

At the beginning of the 1990s, the general acceptance of Caco-2 cell
monolayers as a model of the small intestinal mucosa caused a significant
push toward the field of permeability testing [2, 43]. For detailed information
about the Caco-2 cell line, the reader is referred to Chap. 8. As a conse-
quence, the pharmaceutical community became more aware that permeation
through intestinal epithelia is oftentimes more sophisticated than mere diffu-
sion through a lipophilic membrane.

In 1995, Amidon et al. [44] initiated the theoretical base for a biopharma-
ceutical drug classification, which was also addressed in several food and drug
administration (FDA) guidelines [45, 46]. The BCS assigns drugs into classes
I–IV according to their solubility and permeability properties, thus highlighting
the importance of both fundamental parameters—dissolution and permeation.
Nowadays, the BCS has gained tremendous impact on drug development
process.

19.2.2.3. Published Approaches for Combined Dissolution
and Permeation Assessment
Recently, an approach mimicking the GI tract and feasible for pharmaceutical
dissolution studies has been published [47]. Coming from the area of nutri-
tional research, this approach reflects some promising aspects, such as relevant
luminal pH values, peristalsis, luminal bacterial colonization, and relevant fluid
volumes. However, permeation is only reflected by diffusion through hollow
fiber membranes and thus is not in the scope of this chapter. Nevertheless, it
will be interesting to see whether it will be possible to expand such a perfect in
vitro device toward a more realistic intestinal epithelium.

Several approaches combining Caco-2 permeation assessment with dissolu-
tion testing have been published in the past. In the following, these systems are
described in chronological order of their publication.

Approach of Ginski and Polli [48]: In 1999, Ginski et al. [48] published
a continuous dissolution/Caco-2 system. Dissolution takes place in a pad-
dle apparatus (apparatus I, United States Pharmacopoeia, USP) and Caco-
2 monolayers are mounted in a side-by side diffusion cell, whereas a peri-
staltic pump transfers media from the dissolution vessel to the permeation
chambers. Dissolution and permeation media is HBSS (pH 6.8). The system
(Figure 19.1a) can be seen as a closed model, since no drug was allowed to
leave the experimental setup. The study had several objectives. The main objec-
tive was to test whether the experimental data fit to the previously described
mathematical model determining the dissolution/absorption relationship [48,
49]. Another objective was to detect possible effects of the formulation (disin-
tegrating agent, solubilizers, such as Tween 80 and cyclodextrins) on the dis-
solution/absorption relationship. Although being a rather simple experimental
setup, the results were promising. Ginski et al. [48] were able to confirm the
validity of their setup with in vivo data using piroxicam and ranitidine oral solid
dosage forms with varying release kinetics. The addition of croscarmellose-
Na as an in vitro permeation enhancing agent led to an increased perme-
ated amount across Caco-2 cell monolayers, although in vivo no absorption
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Figure 19.1 Schematic depiction of the published approaches for concomitant assess-
ment of dissolution and permeation. Figure 19.1a adopted from Ref. [48], Figure 19.1b
from Ref. [51], and Figure 19.1c from Ref. [54], respectively. Donor compartments
are denoted as “D,” acceptor compartments as “A.” Doted lines between “D” and “A”
represent Caco-2 monolayers. Flow rates are given where necessary.

enhancing effect of croscarmellose-Na was detected. This phenomenon was
hence attributed to the calcium sequestering properties of croscarmellose-Na
and was identified as a false positive in vitro finding, since complete seques-
tering of all extracellular calcium may not happen in vivo. For the variation of
solubilizers the authors prove that only dissolution is altered, not permeation.
Finally, the authors concluded that this continuous dissolution/Caco-2 may be
a tool to forecasting formulation effects on in vivo dissolution and in vivo
permeation.

Approach of Miyazaki et al. [50–53]: Shortly after Ginski et al. [48],
Kobayashi and coworkers [50] published an open dissolution/permeation
approach in 2001. A stirred glass vessel serves as a flow through dissolution
device, from where the eluted solution is pumped into a second glass vessel
for pH adjustment to a pH of 6.0. The solution is then transferred into a flow
through diffusion chamber with a Caco-2 monolayer between the acceptor
and donor compartments. A schematic drawing of the most recently published
setup is shown in Figure 19.1b. The authors routinely carry out their experiment
with an HBSS-like buffer, which is generated prior to contact of the buffer
with the Caco-2 monolayers. The system is able to mimic effects of pH on
the drug; however, the device is not capable of changing the pH acting on the
drug in one experiment and thus one might argue that in vitro, the undissolved
drug appears to stay in the gastric compartment rather than being transferred
to the small intestine with its increasing pH values. This issue is almost
circumvented in later publications by employing several gastric acid models
[52]. Nevertheless, the authors are able to mimic precipitation of weak bases
in the “pH adjustment vessel,” such as for albendazol [53]. Furthermore, the
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apparatus of Kobayashi et al. [50] and He et al. [51] shows a good linear
relationship between the amount cumulatively permeated into the acceptor
compartment and the fraction absorbed in humans, although clinical doses
of the drugs are disregarded. Interestingly, the authors used this system also
for assessing the metabolism of prodrugs to be cleaved in intestinal cells, for
instance, ampicillin/pivampicillin. The experiments with either rat intestine or
Caco-2 monolayers indicate that pivampicillin is undergoing cleavage during
the permeation through the intestinal barriers and again the obtained values
correlated well with in vivo data.

In comparison to the approach of Ginski et al. [48], the Miyazaki’s method
appears to be more elaborate and complex and is thus coming closer to the in
vivo situation. The device can simulate various effects of pH on dissolution and
is, as an open system, closer to in vivo conditions compared to a closed one.
However, it exhibits the drawback of not freely “adjustable” pH values acting
on the drug. Low flow rate in the dissolution vessel may limit applications of
complete dosage forms and allows predominantly only the use of granules, pel-
lets, or grinded tablets. Furthermore, the application of compendial dissolution
devices appears to be a more robust approach.

Approach of Kataoka et al. [54]: In 2003, Kataoka et al. [54] published an
in vitro system for simultaneous evaluation of dissolution and permeation of
poorly water soluble drugs. In contrast to Ginski et al. [48], this system assesses
dissolution and permeation in a downsized dissolution vessel (1% of the vol-
ume estimated in vivo, 8 ml) with a Caco-2 monolayer mounted between accep-
tor (5.5 ml) and donor compartments with 8 ml (Figure 19.1c). When reducing
the volumes by a factor of ∼100 compared to concentration of dissolution
testing, the dose of the drug is also to be reduced by the same scale, which may
raise some balancing and handling issues when adding 0.1 mg drug or even
less to the dissolution compartment. In comparison to previously published
papers, the authors highlight the importance of clinical doses of the compounds
tested, as compounds are assigned into the four BCS classes according to
their solubility of the highest dose in 250 ml [44]. The authors find a good
correlation between the amount permeated after 120 min and the fraction
absorbed in humans, whereas the 120-min time point was chosen with regard
to the mean small intestinal transit time. The setup was also able to assign
correctly all compounds into BCS classes I–III; however, the study was lacking
any BCS class IV compound. Furthermore, experiments with apically added
taurocholate (at 5 mM, thus, between FaSSIF and FeSSIF concentration) in the
dissolution compartment showed increased permeated amount for griseofulvin,
mainly due to higher dissolution rate and solubility. Moreover, the addition of
4.5% bovine serum albumine (BSA) in the acceptor compartment increased
the permeation rate of griseofulvin, which may be attributed to increased sink
conditions.

The approach of Kataoka et al. [54] shows some desirable features, such as
downsized, in vivo relevant volumes, and low complexity of the device and thus
low error proneness. However, the device lacks the possibility to add complete
dosage forms and the use of compendial dissolution devices would be a more
robust approach.

Approach of Motz et al. [55, 56]: In 2006, Motz and coworkers published a dis-
solution permeation device combining a compendial flow through dissolution
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cell (apparatus 4, USP) with a flow through permeation cell. In order to
connect both, a stream splitter providing appropriate low flow rates for the
sheer stress sensitive Caco-2 monolayer was installed. The dissolution mod-
ule was designed open, whereas the transmucosal receptor compartment was
closed. Nevertheless, sink conditions were given for the published experiments.
Several sampling ports were implemented, in order to monitor dissolution and
permeation thoroughly: sampling port D (dissolution), shortly after apparatus
4; sampling port A (apical), after the stream splitter and after passage through
the flow through permeation cell; and finally sampling port B (basolateral) in
the acceptor compartment. As the apparatus is intended to assess permeability
across Caco-2 monolayers after drugs being released from solid dosage forms,
several propranolol HCl immediate release tablets with increasing dosage
strength, and two different propranolol HCl extended release tablets, were
manufactured and subsequently tested. Mean time approach for the different
sampling ports D, A, and B yielded plausible and conclusive results for this
setup. In addition, the stream splitter was found to work reliable. The per-
meated amount is linearly dependent on the dosage strength, expected for
a passively permeating compound. For the extended release tablets, a delay
in release of propranolol from the solid dosage form was observed in the
permeation profile. Nevertheless, the cumulatively permeated amount was not
statistically different for all the differently releasing tablets. Advantage of
such a setup can be seen in the hydrodynamically separated modular setup
providing the possibility to employ the dissolution module with compendial,
sinusoidal flow profile generating pumps. A further advantage may be seen in
the possibility to use complete solid dosage forms together with physiological
flow rates and volumes in the dissolution module and thus facilitating the appli-
cation of relevant concentrations. In addition, the three sampling ports allow
thorough monitoring of both dissolution and permeation. After this preliminary
testing of the apparatus, the time for quantification was found to be suboptimal.
Therefore, the system got automated using sequential injection analysis (SIA)
[55], the throughput is increased, and comparison of the results obtained with
the automated setup reveal results similar to those from the nonautomated
version. The automated setup allows online measurement at the three different
sampling ports D, A, and B or partially online analysis in combination with
high performance liquid chromatography (HPLC). The automation facilitates
in the future more and faster experiments, as well as higher reproducibility of
the measurement due to the less error sources.

The approach of Motz et al. [55, 56] can be seen as a combination of
the approach of Ginski et al. [48] (compendial dissolution equipment) and
the approach of Kobayashi et al. [50] (open dissolution module). The most
dominant advantage may be seen in the application of complete dosage forms
and the application flow rates resulting in physiologically relevant concentra-
tions. Furthermore, the apparatus appears to be robust being equipped with
compendial dissolution equipment. However, the apparatus is still lacking a
pH simulation unit.

19.2.3. Critical Evaluation of the State of the Art and Further Needs

To connect two in vitro assays displaying fundamental processes occurring dur-
ing oral absorption in vivo appears to be a promising approach. Such setups, as
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they are already published, allow the researcher intense comprehension of the
interplay of dissolution and permeation with surrounding media and excipients.
Application of complete dosage forms bears the advantage to detect possible
interactions of excipients with intestinal epithelia and might help to better
understand and select promising formulation approaches in drug development.
However, the mentioned apparatus still need improvements. Simulation of the
pH profile in the human intestine has to be improved in order to be able to
freely adjust the pH acting on the dosage form. In addition, devices have to
be improved and tested, as well as media feasible for detecting possible food–
drug interaction. Also, studies focusing on the detection of formulations effects
as already started by Ginski et al. [48] have to be continued in order to finally
disclose the value of the obtained data. For the future, assessment of permeation
of solid oral dosage forms may lead to more realistic and more relevant devices,
improving drugability of difficult drugs.

19.3. Permeability Assessment of Pulmonary
Aerosol Formulations

The inhalation route is of general interest for the application of drugs, in
order to treat systemic and local diseases [57–59]. Recent advances in the
development of inhalation devices and particle technology allow to deliver
small molecules as well as proteins and peptides with sufficient efficacy to the
lung [60]. However, this approach is often limited by missing data regarding
safety and efficacy of aerosol formulations. In particular, the lack of safety data
is one reason that to date only few drugs and excipients are approved for pul-
monary application by the regulatory authorities, and this situation decelerates
the development of modern inhalable medicines. Innovative development tools
must therefore acknowledge the complexity of the interplay between the lung,
the inhalation maneuver [61], and pulmonary deposition, which is difficult to
simulate in vitro.

Depending on particle characteristics and breathing pattern, aerosols are
deposed in various regions of the lung. In the bronchial as well as in the alveolar
region, the particles are settling on an epithelium, in both cases the main barrier
for pulmonary drug absorption. Already back in the 1980s, attempts have been
made to simulate the respiratory epithelia using isolated organs or organ slices
[62]. However, these approaches have been limited by functional breakdown of
the tissue [63], lacking reproducibility, and high costs involved [64]. Finally,
progress in cell culture overcame these issues and led to standardized and
validated models of the blood–air barrier. The continuously growing bronchial
epithelial cell lines, Calu-3 [65] and 16HBE14o- [66], develop tight and polar-
ized monolayers suitable for transport studies, when grown on filter inserts. For
the alveolar region, up to now, no immortalized cell line with sufficient barrier
properties is available. However, primary cell cultures isolated from different
species [67], including human alveolar epithelial cells (hAEpC), are reported
in literature [68–71].

Inspired by the successful implementation of the intestinal cell line, Caco-2,
as a model to predict oral drug absorption, pulmonary-based models are used
in a similar manner. The use of pulmonary cells which are covered by a
comparatively thick fluid layer (liquid-interfaced deposition, LID) is probably
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not adequate to model the blood–air barrier [72]. Structure and surface proper-
ties of the pulmonary surface liquid are locally different in the human lung.
Because of difficulties of its preservation, only few facts are known about
composition and especially thickness. The bronchial tree is comprised by a
columnar epithelial cell lining. The airway epithelium consists in its majority of
ciliated cells and interspaced goblet cells for the production of mucus. Mucus
consists primarily of mucin, a highly glycosilated peptide. A bilayer structure
with an aqueous sol phase of mucus adjacent to the epithelial cells that includes
the beating cilia and an overlying more viscous gel phase of mucus covers all
conducting airways. Particle embedding and subsequent particle clearance to
the pharynx, wetting of the inhaled air, and temperature control are the three
main functions of the bronchial mucus layer (BML). Its thickness has been
reported to vary between 20 and 60 µm [73]. This means that particles in a
size between 2 and 5 µm could be completely submersed in and would need to
travel distances between 4 and 12 times of their diameter before reaching the
actual epithelial cell membrane.

The situation is, however, different in the alveolar region of the lung where
the respiratory gas exchange takes place. Its thin squamous epithelium is
covered by the so-called alveolar surface liquid (ASL). Its outermost surface is
covered by a mixture of phospholipids and proteins with a low surface tension,
also often referred to as lung surfactant. For this surfactant layer only, Scarpelli
et al. [74] reported a thickness between 7 and 70 nm in the human lung. For
the thickness of an additional water layer in between the apical surface of
alveolar epithelial cells and the surfactant film no conclusive data are available.
Hence, the total thickness of the complete ASL layer is actually unknown, but
is certainly thinner than 1 µm.

Particles in the typical size range of pharmaceutical aerosols (2–5 µm), when
deposited in the bronchial region of the central lung, can be completely sub-
mersed in the BML where they either dissolve, are cleared by the mucociliary
escalator, or eventually reach the apical membrane of the bronchial epithelial
cells. On the other hand, when deposited in the alveolar region of the peripheral
lung, particles of the same size will be wetted by the ASL, but the amount of
liquid to dissolve them is much smaller than in the bronchial region. If particles
deposited in the alveolar region dissolve in this limited volume of the ASL, the
concentration gradient driving transepithelial absorption is much steeper than
after bronchial deposition. In absence of the mucociliary clearance escalator
in the distal region of the lung, nondissolved particles will interact with and
perhaps penetrate the alveolar epithelial cells, if they are not rapidly cleared by
alveolar macrophages.

Application of a given drug to an in vitro model should aim to mimic
the physiological situation of drug delivery in vivo as closely as possible.
Limitations, however, may be imposed either by biological demands of the
cell culture systems or by technological challenges to realistically mimic the
process of drug administration. This is particularly true in pulmonary drug
delivery where the drug is administered as an aerosol and deposition and
subsequent absorption occurs across epithelial cells which are covered by an
aqueous film of perhaps less than 1 µm and not exceeding 100 µm on their
surface. Therefore, it appears logical that an in vitro model should represent
humid rather than submersed conditions.
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19.3.1. Measuring Drug Transport Across Epithelial Barriers in
Submersed Conditions: Ussing Chamber and Transwell R©-Like Systems

The concept of characterizing epithelial barrier properties and transport
processes was originally developed using tissues that are exposed to an aqueous
environment at both the apical and the basolateral side. This is the physio-
logically normal situation for, for example, gall or urine bladder epithelium,
intestinal epithelium, and the skin of amphibians. Because these tissues grow
as sheets or tubes, it was relatively easy to isolate them from animals and
mount such biopsies into appropriate apparatus to perform diffusion exper-
iments. Typically, the epithelium acts as a diffusing barrier, its apical and
basolateral side facing different compartments, which can be filled with buffer
and will act as donor or receptor, when transport of a solute is measured
from one compartment to the other. As reference to the pioneering work of
Hans Ussing, who introduced the concept of bioelectrical measurements and
transport experiments at epithelial tissues, such setups are often referred to
as Ussing chambers, although their design might be quite different to the
original [75].

The intention to study transport processes at pulmonary epithelia, however,
raised two particular problems: (i) the apical side of these epithelia is typically
in contact with air rather than with a liquid and (ii) in order to maximize the
surface area, the lungs have a complex treelike structure, ending in millions of
tiny alveolar bubbles. The total surface area of the human alveolar epithelium
is almost half of that of the intestines (100–120 m2), with its macroscopic
appearance resembling a sponge, and it is virtually impossible to use such a
tissue for transport experiments in a diffusion-chamber setup.

As a first compromise, scientists started to work with the lungs of amphib-
ians, such as the bull frog, which consist of only one single alveolus that can
be isolated and mounted between the compartments of an Ussing chamber.
Experiments of that type provided important first information about phys-
iological transport processes at the alveolar epithelium [76] and were also
adopted by some pharmaceutical scientists to study pulmonary drug absorp-
tion. Yamamoto et al. [92], for example, investigated the permeability of insulin
across Xenopus pulmonary membrane, using a modified Ussing chamber.
Simultaneously, they measured the effects of various absorption enhancers,
such as sodium caprate, on the membrane’s integrity. While the cumbersome
work with amphibian lung tissue was more and more abandoned, once methods
became available to grow bronchial or alveolar epithelial cells on permeable
filter inserts (such as Corning’s Transwell R© system or analogues of it), the
Ussing chamber technique is still used by quite a few researchers to study
drug transport processes at pulmonary epithelial barriers. In the same way as
it is established working with Caco-2 cells, it is relatively straightforward to
determine Papp coefficients of drugs or to evaluate effects of various additives
and excipients on permeation processes and tissue integrity using epithelial
cells of the lung (see Chaps. 10 and 11). Control of the membrane integrity by
TEER measurements during the transport experiments is a clear advantage of
the Ussing chamber technique. Nevertheless, the submersion of the epithelial
barrier is necessary for doing so. Direct administration of aerosols to the
epithelium is thus not possible. Another disadvantage of the system is that in
vertical diffusion chambers, which comprise the vast majority of commercially
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available systems, particle sedimentation within the transport medium will
make it impossible to interpret the data.

19.3.2. Setups Allowing to Measure Drug Transport Across Pulmonary
Epithelia Interfacing Air

As addressed earlier, application of drug particles in a physiologically relevant
manner can solely be conducted as aerosol deposition on air-interfaced growing
cell cultures. Typically used submersed cell culture monolayers are covered
with liquid layers of several millimeters. For several respiratory epithelial
cell types, such as Calu-3, 16HBE14o-, and hAEpC, the possibility of air-
interfaced culture (AIC) was confirmed [77]. Under AIC conditions the cells
are cultivated without a fluid-filled apical compartment, and fluid homeostasis
across the epithelial barrier is maintained by a complex network of ion, protein,
and water movement. The resulting liquid layer is thin enough to enable inter-
action between cells, particles, and/or gas. Moreover, coculture approaches
with endothelial cells [78], dendritic cells [79], or macrophages [80] were
conducted, in order to increase the complexity and the explanatory power of
these models. In conclusion, suitable cell culture systems representing an air
rather than liquid interface of pulmonary epithelia are available [81–83].

When studying deposition and subsequent absorption of aerosolized drugs
using pulmonary cell culture models, pharmaceutical scientists may take
advantage of the experience gathered in environmental toxicology. However, it
must be kept in mind that those studies are typically focused on the exposure of
xenobiotics/particles over a prolonged period of time, while the focus of phar-
maceutically motivated studies is to evaluate efficacy and safety of medicines,
that is, to administer single and relatively high doses of drugs and excipients.

19.3.2.1. Longtime, Low-Dose Deposition in Environmental Toxicology
Cultex system [84]: The recently published aerosol deposition system CUL-
TEX [84] allows continuous exposure of lung cell monolayers to complex
atmospheres. The device was developed as a research tool in environmental
lung toxicology. CULTEX enables treatment of epithelial cells, cultivated on
permeable filter inserts, with aerosols. Subsequent to the impingement, in vitro
assays and permeability measurement can be carried out [85]. By controlling
pO2, pCO2, and humidity, cells and lung slices stay viable for at least 48 h.
The apparatus setup is shown in Figure 19.2a: pulmonary cell monolayers are
placed on membranes inside a deposition chamber. The CULTEX system is
entirely made of glass, facilitating the housing of three vessels with cell culture
inserts, and the temperature of these vessels is controlled. Nutrient medium is
directed to the cell culture insert vessels via a tubing system. The device allows
sampling of medium for biological analysis in the course of the experiment, for
example, for assessment of transported drug amount. The test aerosol is drawn
into the deposition chamber using negative pressure (�P). The analysis of
several aerosol parameters, including particle concentrations, can be performed
online, parallel to the cell exposure.

Aufderheide et al. [84] performed experiments with human lung cells that
were directly exposed to diesel exhaust. In contrast to other exposure concepts
for complex mixtures, this experimental setup facilitates a direct and repro-
ducible contact between the cell monolayer and the test atmosphere. This could
be achieved by following improvements: (i) a strict separation of the medium
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Figure 19.2 Schematic depiction of the described approaches for deposition and sub-
sequent cell–aerosol interaction measurement. Figure 19.2a based on Ref. [84], Figure
19.2b on Ref. [86], and Figure 19.2c on Refs. [54, 89, 90], respectively. Doted lines
represent airflow.

and gas supply; (ii) the application of cell culture membranes with small pore
size (0.4 µm), thus preventing accidental donor fluid contact with the aerosol
during the exposure; and (iii) a transport of the test atmosphere directly to the
apical side of the cells.

Results clearly indicated effects of diesel exhausts from different engine
operating conditions on the cells already after 1 h of exposure. However, a
1-h continuous exposure to a therapeutic aerosol is probably of limited clinical
relevance. To study the effect of drugs administered by typical pharmaceutical
single-dose inhalers (MDI, DPI) effective deposition of one “puff” within the
time of one breathing maneuver (∼5 s) is probably more relevant.

Approach of Tippe et al. [86]: Another setup developed for environmental
toxicology-related questions was described by Tippe et al. [86]. A commer-
cially available perfusion unit (MINUCELL, Bad Abbach, Germany) was
adapted to study the biological effects of fine and ultrafine particles on cells
[87]. The radially symmetric stagnation point flow arrangement deposits par-
ticles uniformly and quantifiable onto a cell layer. Because of the low flow
velocity over the membrane (∼5 ml/min), mechanisms of particle deposition
are mostly convective transport and diffusion. For cell exposure, Anodisc R©
membranes (Whatman, Maidstone, UK) with 47 mm diameter and a pore size
of 0.2 µm were used. These membranes remain completely plane after humid-
ification, which is important for homogeneous supply with nutrient medium
from the basolateral compartment and for homogeneous particle deposition
during exposure. Confluent A549 alveolar epithelial cells were used in the
chamber system. Ultrafine carbonaceous model particles with a count median
mobility diameter of about 95 ± 5 nm were delivered. After 6 h, 87 ± 23
ng/cm2 of particles were deposited homogeneously on the cell surface with
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a deposition efficiency of 2%. Compared to pharmaceutical aerosols, where
typically doses up to 500 µg are deposited at rates between 10% and 70%
within 5 s, this approach is probably of limited value. Nevertheless, after
appropriate modifications the aerosol deposition system of Tippe et al. may
possibly be adopted to address pharmaceutical questions.

19.3.2.2. High-Dose, Short Time Application of Aerosols on Models of the
Blood–Air Barrier
The pharmacopoeiae describe different aerosol classification devices for
metered bolus inhalation. Particularly, the multistage liquid impinger (MSLI)
shows good correlation to the in vivo deposition and is the most used impinge-
ment system in pharmaceutical research. Because of the high air flow rate in the
device (30 l/min), only impaction and sedimentation as deposition mechanism
are simulated sufficiently; however, diffusion, the major deposition process
in the deep lung in vivo, is not reflected correctly. A thin liquid layer on the
stages mimics the fluid layer in the lung and avoids rebounce of particles after
initial impaction. In addition, an Anderson cascade impactor can be used for
deposition studies, but the missing water layer can make particle rebound an
issue.

Approach of Schreier et al. [88] and Cooney [90]: Schreier et al. [88] used
an Anderson cascade impactor to generate a simulation aerosol system for
quasi-realistic gene transfection. The system consisted of a PARI nebulizer, a
controller for temperature and humidity, and an Andersen cascade impactor, in
which the stages were seeded with pulmonary cells (2CFSMEo-). Cell viability
retains over 95% subsequent to the deposition experiments. A fluorescent
dye was used to visualize aerosol distribution and to monitor cellular uptake.
Additionally, the majority of a gene product was delivered to stages 1 through
5, which are corresponding to the in vivo area from the pharynx down to the
terminal bronchi. A corresponding, although very low, transfection of cells was
found, with the majority of transfected cells on stages 4 and 5. This system
was the first example for a modification of an Anderson cascade impactor to
facilitate deposition of pharmaceutical aerosols on pulmonary epithelial cell
cultures and has inspired further experimental approaches in this direction.

A further “proof of principle” was conducted by Cooney et al. who
demonstrated the feasibility of the Andersen cascade impactor as a cell
compatible deposition device [90]. Permeability coefficients of fluorescent
isothiocyanate-labeled dextrans after impaction as aerosols on Calu-3 cells
were calculated. Deposition did not negatively affect the cell monolayer
integrity.

Approach of Fiegel et al. [89]: A crucial question for pulmonary drug delivery
is the effect of aerosol impaction on cell viability. In contrast with the slow air
streams applied in environmental toxicology setups (only a few milliliter per
minute), pharmaceutical setups are working with high air velocities between
30 and 60 l/min. At such high air velocities even small particles have high
impaction forces and hence might induce cell-damaging effects. In a study from
Fiegel et al., the integrity of Calu-3 cell monolayers impinged with polymeric
large porous particles was investigated by means of measurement of the TEER
and transport of the paracellularly transported marker, fluorescein-sodium.
Filter inserts containing cell monolayers were placed directly under the second
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stage nozzle of an Astra-type MSLI, as shown in Figure 19.2c. Microparticles
were aerosolized onto the monolayers for 30 s at 30 l/min via a Spinhaler
device. The filter insert was then returned to a cell culture plate and returned to
an incubator. Light microscopy images of the monolayers confirmed that par-
ticles were not aggregated when deposited on the monolayers, which showed
homogeneously dispersed particles across the entire surface of the monolayer.
In addition, SEM images of both AIC and liquid-covered condition (LCC)
grown monolayers impinged with microparticles revealed no apparent damage.
Although there was no detectable effect on TEER values, monolayers grown
under LCC conditions showed an increased flux of fluorescein-sodium, when
compared to the AIC monolayers. Mucus staining of the cell monolayers
exhibited positive staining only for Calu-3 cells grown under AIC conditions.
This adherent mucus gel layer may protect cells against microparticle impinge-
ment like a protective coating, thus cushioning the landing of the particles.
In contrast, mucus produced by cells grown under LCC conditions easily
dissolves into the apical fluid as it is removed by aspiration of the supernatant
prior to particle impinging. Therefore, microparticles landing directly on the
surface of cells grown under LCC conditions may cause damage to the barrier
properties.

In all three described setups, deposition on the inserts was ∼50% or less
of the amount usually anticipated on an equal sized area without cell culture
inserts. This difference may be explained by the changed distance between
orifice plate and impaction surface in the cell culture insert. The collection
efficacy of an impactor/impinger decreases with an increase in the ratio of the
orifice plate to impaction plate distance over jet width. Observations indicate
that although the inserts are not at an optimal distance from the orifice plate
and are not exactly at the same position compared to the original collection
stage, the cell culture inserts do function as an impaction surface for particles
in a relevant size range.

Approach of Bur et al.: A serious disadvantage of the previously described
approaches may be seen in the changed aerodynamics and deposition patterns
of the originally “cell free” impactors/impingers following modifications with
cell culture inserts. In order to overcome this issue, the adaptation of an MSLI
to fit filter grown epithelial cell monolayers is currently being further improved.
It appears pivotal that the cell culture inserts do not disturb the air stream in
the stage, and as a consequence deposition efficacy and deposition pattern is
not altered compared to a nonmodified MSLI. To achieve this, two holes per
stage were drilled into the bottom of the stages 2 and 3, housing the inverted
cell culture inserts. Consequently, cultivation of pulmonary cells on the bottom
side of a cell culture insert was necessary. In this “upside down” cell culture,
no significant differences have been found concerning barrier properties. The
inner diameter of the drilled wholes exactly matches the external diameter
of commercially available Transwell R© filter inserts, as can be seen in Figure
19.2d. Since the cell culture insert extends into the lower stage, and thus
might affect aerodynamic properties in this particular stage, the filter was
encapsulated with stainless steel. The MSLI was operated with a vacuum pump
with an air flow rate of 30 or 60 l/min. Time of inhalation was managed by a
testing unit for dry powder inhalations allowing adjustment of the duration
of inhalation and therefore controlling the cumulative amount of air. First
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experiments with the model substance sodium-fluorescein suggest successful
deposition of aerosols on cell monolayers.

19.3.3. Critical Evaluation of the State of the Art and Further Needs

In order to characterize pharmaceutical aerosols in vitro, particularly with
regard to the cellular response on the deposition, various experimental setups
are reported in literature. Devices having their roots in environmental toxi-
cology provide promising starting points for further development of in vitro
devices, which must allow application of single high-dose aerosols. Attempts
have been made combining commercial impinger and impactor systems with
pulmonary cell culture models. However, the high deposition rate used in these
systems can only be achieved by applying high flow rates, hence allowing
impaction and sedimentation as impingement mechanism and excluding dif-
fusion. Thus, these devices are mainly suitable for modeling deposition in the
upper airways. The currently most effective experimental approach is based
upon the principle of the air–liquid exposure technique in the MSLI during
deposition.

An ideal in vitro model for the characterization of aerosol formulations
would incorporate cell types from various regions of the lung (tracheal,
bronchial, and alveolar) and would facilitate simulation of deposition mech-
anisms by impaction, sedimentation, and diffusion of a high-metered single-
bolus inhalation. In the future, such systems may reduce the need for animal
studies and may offer to correlate in a predictive way the results from such in
vitro tests to clinical bioavailability data after pulmonary drug delivery in vivo.

References

1. Galia E, Nicolaides E, Horter D, Löbenberg R, Reppas C, Dressman JB (1998)
Evaluation of various dissolution media for predicting in vivo performance of class
I and II drugs. Pharm Res 15: 698–705

2. Artursson P, Karlsson J (1991) Correlation between oral drug absorption in humans
and apparent drug permeability coefficients in human intestinal epithelial (Caco-2)
cells. Biochem Biophys Res Commun 175: 880–885

3. Nicolaides E, Galia E, Efthymiopoulos C, Dressman JB, Reppas C (1999) Fore-
casting the in vivo performance of four low solubility drugs from their in vitro
dissolution data. Pharm Res 16: 1876–1882

4. Löbenberg R, Krämer J, Shah VP, Amidon GL, Dressman JB (2000) Dissolution
testing as a prognostic tool for oral drug absorption: Dissolution behavior of
glibenclamide. Pharm. Res. 17: 439–444

5. Aungst BJ (2000) Intestinal permeation enhancers. J Pharm Sci 89: 429–442
6. Swenson EC, Curatolo WJ (1992) Intestinal permeability enhancement for pro-

teins, peptides and other polar drugs: Mechanisms and potential toxicity. Advanced
Drug Delivery Reviews 8: 39–92

7. Terao T, Matsuda K, Shouji H (2001) Improvement in site-specific intestinal
absorption of furosemide by Eudragit L100–55. J Pharm Pharmacol 53: 433–440

8. Nozawa T, Toyobuku H, Kobayashi D, Kuruma K, Tsuji A, Tamai I (2003)
Enhanced intestinal Absorption of drugs by activation of peptide transporter PEPT1
using proton releasing polymer. J Pharm Sci 92: 2208–2216

9. Lindmark T, Kimura Y, Artursson P (1998) Absorption enhancement through
intracellular regulation of tight junction permeability by medium chain fatty acids
in Caco-2 cells. J Pharmacol Exp Ther 284: 362–369



Chapter 19 Instrumented In Vitro Approaches 451

10. Sakai M, Imai T, Ohtake H, Azuma H, Otagiri M (1997) Effects of absorption
enhancers on the transport of model compounds in Caco-2 cell monolayers: Assess-
ment by confocal laser scanning microscopy. J Pharm Sciences 86: 779–785

11. Borchard G, Lueßen HL, De Boer AG, Verhoef JC, Lehr C-M, Junginger HE
(1996) The potential of mucoadhesive polymers in enhancing intestinal peptide
drug absorption. III: Effects of chito and carbomer on epithelial tight junctions in
vitro. J Control Release 39: 131–138

12. Ranaldi G, Marigliano I, Vespignani I, Perozzi G, Sambuy Y (2002) The effect
of chitosan and other polycations on tight junction permeability in the human
intestinal Caco-2 cell line. J Nutr Biochem 13: 157–167

13. Thanou M, Verhoef JC, Junginger HE (2001) Oral drug absorption enhancement
by chitosan and its derivatives. Adv Drug Del Rev 52: 117–126

14. Wagner D, Spahn-Langguth H, Hanafy A, Koggel A, Langguth P (2001) Intestinal
drug efflux: Formulation and food effects. Adv Drug Del Rev 50 (Suppl 1): S13–
S31 Pflügers Archiv European Journal of Physiology

15. Shen Q, Lin Y, Handa T, Doi M, Sugie M, Wakayama K, Okada N, Fujita T,
Yamamoto A (2006) Modulation of intestinal P-glycoprotein function by poly-
ethylene glycols and their derivatives by in vitro transport and in situ absorption
studies. Int J Pharm 313: 49–56

16. Collnot E-M, Baldes C, Wempe MF, Hyatt J, Navarro L, Edgar KJ, Schaefer UF,
Lehr C-M (2006) Influence of vitamin E TPGS poly(ethylene glycol) chain length
on apical efflux transporters in Caco-2 cell monolayers. J Control Release 111:
35–40

17. Seeballuck F, Ashford MB, O’Driscoll CM (2003) The effects of Pluronic R© block
copolymers and Cremophor R© EL on intestinal lipoprotein processing and the
potential link with P-glycoprotein in Caco-2 cells. Pharm Res 20: 1085–1092

18. Lo Y-L (2003) Relationships between the hydrophilic-lipophilic balance values
of pharmaceutical excipients and their multidrug resistance modulating effect in
Caco-2 cells and rat intestines. J Control Release 90: 37–48

19. Shah P, Jogani V, Bagchi T, Misra A (2006) Role of Caco-2 cell monolayers in
prediction of intestinal drug absorption. Biotechnol Prog 22: 186–198

20. Nerurkar MM, Burton PS, Borchardt RT (1996) The use of surfactants to enhance
the permeability of peptides through caco-2 cells by inhibition of an apically
polarized efflux system. Pharm Res 13: 528–534

21. Collnot EM, Wempe C, Kappl M, Huettermann R, Hyatt J, Edgar KJ, Schaefer UF,
Lehr CM (2007) Mechanism of inhibition of P-glycoprotein mediated efflux by
Vitamin E TPGS: Influence on ATPase activity and membrane fluidity. Mol Pharm
4 (3) 465–474

22. Brouwers J, Tack J, Lammert F, Augustijns P (2006) Intraluminal drug and for-
mulation behavior and integration in in vitro permeability estimation: A case study
with amprenavir. J Pharm Sci 95: 372–383

23. Ramsay-Olocco K, Alexandrova L, Nellore R, Killion R, Li L, Coen P, Ho Q, Jung
D, Rocha C (2004) Pre-clinical and clinical evaluation of solution and soft gelatin
capsule formulations for a BCS class 3 compound with atypical physicochemical
properties. J Pharm Sci 93: 2214–2221

24. Bogman K, Zysset Y, Degen L, Hopfgartner G, Gutmann H, Alsenz J, Drewe J
(2005) P-glycoprotein and surfactants: Effect on intestinal talinolol absorption. Clin
Pharmacol Ther 77: 24–32

25. Lin JH, Yamazaki M (2003) Role of P-glycoprotein in pharmacokinetics: Clinical
Implications. Clin Pharmacokinet 42: 59–98

26. Abrahamsson B, Albery T, Eriksson A, Gustafsson I, Sjöberg M (2004) Food
effects on tablet disintegration. Eur J Pharm Sci 22: 165–172

27. Wonnemann M, Schug B, Schmücker K, Brendel E, van Zwieten PA, Blume H
(2006) Significant food interactions observed with a nifedipine modified-release



452 S. A. Motz et al.

formulation marketed in the European Union. Int J Clin Pharmacol Ther 44:
38–48

28. Welling PG (1996) Effects of food on drug absorption. Annu Rev Nutr 16: 383–415
29. Singh BN, Malhotra BK (2004) Effects of food on the clinical pharmacokinetics of

anticancer agents: Underlying mechanisms and implications for oral chemotherapy.
Clin Pharmacokinet 43: 1127–1156

30. Persson EM, Gustafsson A-S, Carlsson AS, Nilsson RG, Knutson L, Forsell P,
Hanisch G, Lennernäs H, Abrahamsson B (2005) The effects of food on the
dissolution of poorly soluble drugs in human and in model small intestinal fluids.
Pharmaceut Res 22: 2141–2151

31. Charman WN, Porter CJ, Mithani S, Dressman JB (1997) Physiochemical and
physiological mechanisms for the effects of food on drug absorption: The role of
lipids and pH. J Pharm Sci 86: 269–282

32. Fleisher D, Li C, Zhou Y, Pao LH, Karim A (1999) Drug, meal and formulation
interactions influencing drug absorption after oral administration. Clinical implica-
tions. Clin Pharmacokinet 36: 233–254

33. Wu C-Y, Benet LZ (2005) Predicting Drug Disposition via Application of BCS:
Transport/Absorption/Elimination Interplay and Development of a Biopharmaceu-
tics Drug Disposition Classification System. Pharm. Res. 22: 11–23

34. Ingels F, Oth M, Beck B, Augustijns P (2004) Effect of simulated intestinal fluid
on drug permeability estimation across Caco-2 monolayers. Int J Pharm 274:
221–232

35. Neuhoff S, Ungell AL, Zamora I, Artursson P (2003) pH-dependent bidirectional
transport of weakly basic drugs across Caco-2 monolayers: Implications for drug-
drug interactions. Pharm Res 20: 1141–1148

36. Ingels FM, Augustijns PF (2003) Biological, pharmaceutical, and analytical con-
siderations with respect to the transport media used in the absorption screening
system, Caco-2. J Pharm Sci 92: 1545–1558

37. Ingels F, Deferme S, Destexhe E, Oth M, Van den Mooter G, Augustijns P (2002)
Simulated intestinal fluid as transport medium in the Caco-2 cell culture model. Int
J Pharm 232: 183–192

38. Patel N, Forbes B, Eskola S, Murray J (2006) Use of simulated intestinal fluids with
Caco-2 cells and rat ileum. Drug Dev Ind Pharm 32: 151–161

39. Dibbern HW (1966) On the resorption profile of drugs. 2. On studies with the
resorption model. Arzneimittelforschung 16: 1304–1306

40. Dibbern HW, Scholz GH (1969) Resorption model experiments with artificial
lipoid membranes. 3. Model experiments for gastroenteral resorption. Arzneimit-
telforschung 19: 1140–1145

41. Koch HP (1980) The Resotest Apparatus. A universally applicable biopharmaceu-
tical experimental tool. Methods Find Exp Clin Pharmacol 2: 97–102

42. Dressman J, Krämer J (2005) Pharmaceutical Dissolution Testing. Taylor & Francis
Group

43. Artursson P, Palm K, Luthman K (1996) Caco-2 monolayers in experimental and
theoretical predictions of drug transport. Adv Drug Del Rev 22: 67–84

44. Amidon GL, Lennernas H, Shah VP, Crison JR (1995) A theoretical basis for
a biopharmaceutic drug classification: The correlation of in vitro drug product
dissolution and in vivo bioavailability. Pharm Res 12: 413–420

45. FDA (August 2000) Guidance for industry: Waiver of In Vivo Bioavailability
and Bioequivalence Studies for Immediate-Release Solid Oral Dosage Forms
Based on a Biopharmaceutics Classification System. http://www.fda.gov/cder/
guidance/index.htm#Biopharmaceutics

46. FDA (August 1997) Guidance for industry: Dissolution Testing of Imme-
diate Release Solid Oral Dosage Forms. http://www.fda.gov/cder/guidance/
index.htm#Biopharmaceutics



Chapter 19 Instrumented In Vitro Approaches 453

47. Souliman S, Blanquet S, Beyssac E, Cardot J-M (2006) A level a in vitro/in
vivo correlation in fasted and fed states using different methods: Applied to solid
immediate release oral dosage form. Eur J Pharm Sci 27: 72–79

48. Ginski MJ, Taneja R, Polli JE (1999) Prediction of dissolution-absorption relation-
ships from a continuous dissolution/Caco-2 system. AAPS PharmSci 1: E3

49. Polli JE, Crison JR, Amidon GL (1996) Novel approach to the analysis of in vitro-
in vivo relationships. J Pharm Sci 85: 753–760

50. Kobayashi M, Sada N, Sugawara M, Iseki K, Miyazaki K (2001) Develop-
ment of a new system for prediction of drug absorption that takes into account
drug dissolution and pH change in the gastro-intestinal tract. Int J Pharm 221:
87–94

51. He X, Sugawara M, Kobayashi M, Takekuma Y, Miyazaki K (2003) An in vitro
system for prediction of oral absorption of relatively water-soluble drugs and ester
prodrugs. Int J Pharm 263: 35–44

52. He X, Kadomura S, Takekuma Y, Sugawara M, Miyazaki K (2004) A new sys-
tem for the prediction of drug absorption using a pH-controlled Caco-2 model:
Evaluation of pH-dependent soluble drug absorption and pH-related changes in
absorption. J Pharm Sci 93: 71–77

53. Sugawara M, Takekuma Y, Miyazaki K, Kadomura S, He X, Kohri N (2005) The
use of an in vitro dissolution and absorption system to evaluate oral absorption of
two weak bases in pH-independent controlled-release formulations. Eur J Pharm
Sci 26: 1–8

54. Kataoka M, Masaoka Y, Yamazaki Y, Sakane T, Sezaki H, Yamashita S (2003) In
vitro system to evaluate oral absorption of poorly water-soluble drugs: Simultane-
ous analysis on dissolution and permeation of drugs. Pharm Res 20: 1674–1680

55. Motz SA, Klimundová J, Schaefer UF, Balbach S, Eichinger T, Solich P, Lehr C-M
(2007) Automated measurement of permeation and dissolution of propranolol HCl
tablets using sequential injection analysis. Anal Chim Acta 581: 174–180

56. Motz SA, Schaefer UF, Balbach S, Eichinger T, Lehr CM (2006) Permeabil-
ity assessment for solid oral drug formulations based on Caco-2 monolayer in
combination with a flow through dissolution cell. Eur J Pharm Biopharm 66 (2)
286–295

57. Patton JS, Fishburn CS, Weers JG (2004) The lungs as a portal of entry for systemic
drug delivery. Proc Am Thorac Soc 1: 338–344

58. Laube BL (2005) The expanding role of aerosols in systemic drug delivery, gene
therapy, and vaccination. Respir Care 50: 1161–1176

59. Gonda I (2006) Systemic delivery of drugs to humans via inhalation. J Aerosol
Med 19: 47–53

60. Patton JS, Bukar J, Nagarajan S (1999) Inhaled insulin. Adv Drug Deliv Rev 35:
235–247

61. Luo XY, Hinton JS, Liew TT, Tan KK (2004) LES modelling of flow in a simple
airway model. Med Eng Phys 26: 403–413

62. Niemeier RW (1984) The isolated perfused lung. Environ Health Perspect 56: 35–
41

63. Saldias FJ, Comellas A, Guerrero C, Ridge KM, Rutschman DH, Sznajder JI (1998)
Time course of active and passive liquid and solute movement in the isolated
perfused rat lung model. J Appl Physiol 85: 1572–1577

64. Tronde A, Norden B, Jeppsson AB, Brunmark P, Nilsson E, Lennernas H, Bengts-
son UH (2003) Drug absorption from the isolated perfused rat lung—correlations
with drug physicochemical properties and epithelial permeability. J Drug Target
11: 61–74

65. Mathias NR, Timoszyk J, Stetsko PI, Megill JR, Smith RL, Wall DA (2002)
Permeability characteristics of calu-3 human bronchial epithelial cells: In vitro–in
vivo correlation to predict lung absorption in rats. J Drug Target 10: 31–40



454 S. A. Motz et al.

66. Manford F, Tronde A, Jeppsson AB, Patel N, Johansson F, Forbes B (2005) Drug
permeability in 16HBE14o- airway cell layers correlates with absorption from the
isolated perfused rat lung. Eur J Pharm Sci 26: 414–420

67. Kim KJ, Malik AB (2003) Protein transport across the lung epithelial barrier. Am
J Physiol Lung Cell Mol Physiol 284: L247–L259

68. Lehr CM (2001) In vitro models of intestinal and alveolar epithelium cultures in
pharmaceutical research. Altex 18: 59–63

69. Elbert KJ, Schafer UF, Schafers HJ, Kim KJ, Lee VH, Lehr CM (1999) Monolayers
of human alveolar epithelial cells in primary culture for pulmonary absorption and
transport studies. Pharm Res 16: 601–608

70. Ehrhardt C, Kim KJ, Lehr CM (2005) Isolation and culture of human alveolar
epithelial cells. Methods Mol Med 107: 207–216

71. Fuchs S, Hollins AJ, Laue M, Schaefer UF, Roemer K, Gumbleton M, Lehr
CM (2003) Differentiation of human alveolar epithelial cells in primary culture:
Morphological characterization and synthesis of caveolin-1 and surfactant protein-
C. Cell Tissue Res 311: 31–45

72. Steimer A, Haltner E, Lehr CM (2005) Cell culture models of the respiratory tract
relevant to pulmonary drug delivery. J Aerosol Med 18: 137–182

73. Widdicombe J (1997) Airway and alveolar permeability and surface liquid thick-
ness: Theory. J Appl Physiol 82: 3–12

74. Scarpelli EM (2003) Physiology of the alveolar surface network. Comp Biochem
Physiol A Mol Integr Physiol 135: 39–104

75. Ussing HH (1965) Transport of electrolytes and water across epithelia. Harvey Lect
59: 1–30

76. Kim KJ, Crandall ED (1983) Heteropore populations of bullfrog alveolar epithe-
lium. J Appl Physiol 54: 140–146

77. Ehrhardt C, Kneuer C, Fiegel J, Hanes J, Schaefer UF, Kim KJ, Lehr CM (2002)
Influence of apical fluid volume on the development of functional intercellular
junctions in the human epithelial cell line 16HBE14o-: Implications for the use
of this cell line as an in vitro model for bronchial drug absorption studies. Cell
Tissue Res 308: 391–400

78. Gueven N, Glatthaar B, Manke HG, Haemmerle H (1996) Co-cultivation of rat
pneumocytes and bovine endothelial cells on a liquid-air interface. Eur Respir J 9:
968–975

79. Rothen-Rutishauser BM, Kiama SG, Gehr P (2005) A three-dimensional cellular
model of the human respiratory tract to study the interaction with particles. Am J
Respir Cell Mol Biol 32: 281–289

80. Wottrich R, Diabate S, Krug HF (2004) Biological effects of ultrafine model
particles in human macrophages and epithelial cells in mono- and co-culture. Int
J Hyg Environ Health 207: 353–361

81. Ehrhardt C, Fiegel J, Fuchs S, Abu-Dahab R, Schaefer UF, Hanes J, Lehr CM
(2002) Drug absorption by the respiratory mucosa: Cell culture models and partic-
ulate drug carriers. J Aerosol Med 15: 131–139

82. Florea BI, Cassara ML, Junginger HE, Borchard G (2003) Drug transport and
metabolism characteristics of the human airway epithelial cell line Calu-3. J Con-
trol Release 87: 131–138

83. Forbes B, Ehrhardt C (2005) Human respiratory epithelial cell culture for drug
delivery applications. Eur J Pharm Biopharm 60: 193–205

84. Aufderheide M, Mohr U (1999) CULTEX—a new system and technique for the
cultivation and exposure of cells at the air/liquid interface. Exp Toxicol Pathol 51:
489–490

85. Aufderheide M, Mohr U (2000) CULTEX—an alternative technique for cultivation
and exposure of cells of the respiratory tract to airborne pollutants at the air/liquid
interface. Exp Toxicol Pathol 52: 265–270



Chapter 19 Instrumented In Vitro Approaches 455

86. Tippe AH, U. Roth, C. (2002) Deposition of fine and ultrafine aerosol particles
during exposure at the air/cell interface. J Aerosol Sci 207–218

87. Bitterle E, Karg E, Schroeppel A, Kreyling WG, Tippe A, Ferron GA, Schmid O,
Heyder J, Maier KL, Hofer T (2006) Dose-controlled exposure of A549 epithe-
lial cells at the air-liquid interface to airborne ultrafine carbonaceous particles.
Chemosphere 65: 1784–1790

88. Schreier H, Gagne L, Conary JT, Laurian G (1998) Simulated lung transfection by
nebulization of liposome cDNA complexes using a cascade impactor seeded with
2-CFSME0-cells. J Aerosol Med 11: 1–13

89. Fiegel J, Ehrhardt C, Schaefer UF, Lehr CM, Hanes J (2003) Large porous par-
ticle impingement on lung epithelial cell monolayers—toward improved particle
characterization in the lung. Pharm Res 20: 788–796

90. Cooney D, Kazantseva M, Hickey AJ (2004) Development of a size-dependent
aerosol deposition model utilising human airway epithelial cells for evaluating
aerosol drug delivery. Altern Lab Anim 32: 581–590

91. Vertzoni M, Fotaki N, Kostewicz E, Stippler E, Leuner C, Nicolaides E, Dressman
J, Reppas C (2004) Dissolution media simulating the intralumenal composition of
the small intestine: Physiological issues and practical aspects. J Pharm Pharmacol
56: 453–462

92. Yamamoto A, Tanaka H, Okumura S, Shinsako K, Ito M, Yamashita M, Okada
N, Fujita T, Muranishi S (2001) Evaluation of insulin permeability and effects
of absorption enhancers on its permeability by an in vivo epithelial system using
Xenopus pulmonary membrane. Biol Pharm Bull: 385–389


