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ABSTRACT

IN VITRO MODELS FOR INHALED CORTICOSTEROID (ICS) AE ROSOLS:
A STUDY OF THEIR BIOPHARMACEUTICS AND PHARMACOLOGY
By Deepika Arora, B.Pharm.
A dissertation submitted in partial fulfillment thfe requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth Unisigy.

Virginia Commonwealth University, 2008

Major Director. Masahiro Sakagami, Ph.D.
Assistant Professor, Department of Pharmaceutics

Lung cellular disposition and anti-inflammatory pmacology of inhaled
corticosteroids (ICSs) is complex, comprised ofagcade of aerosol deposition and
dissolution, followed by cellular uptake for logatharmacological action. This project
hypothesized that the kinetics of dissolution fertain ICS aerosols generated from
inhaler products were kinetically rate-determined their cellular uptake and local
pharmacological action.

A novel dissolution testing system was developeddtermine the dissolution
kinetics for the ICS aerosols. A total of 5 ICSsoasels generated from 6 inhaler

products were collected in 2.1-3.3 or 4.7-5.8 pna@fodynamic diameters at 0.7-19.8



XX

g on filter membranes by impaction using the Aesdercascade impactor. The filter
membrane was then placed on the donor side ofdhswell insert, with its face down,
and the ICS dissolution in the limited 40 pL of thenor fluid was monitored over time.
The dissolution kinetics overall conformed to tlaak order of the aqueous solubility,
while also being affected by ICS aerosol's masge,siormulation and dosage forms.
For the readily soluble triamcinolone acetonide Y;T#e kinetics was first-order,
reaching>89 % dissolution in 5 h. In contrast, for the leastiuble fluticasone
propionate (FP), the kinetics was zero-order, riegcbnly 3 % dissolution in 10 h.

The project then developed an air-interface culafreuman bronchial epithelial
cell line, Calu-3. Well-differentiated monolayereme formed with sufficiently “tight”
barrier for restrictive solute diffusion while thenucosal surface was maintained semi-
dry with 39.7+#12.1 pL of the mucosal lining fluid the 4.5 crh transwells. These
monolayers were transfected with reporter plasniigghdF«B-Luc to assess in vitro
anti-inflammation via repression of pro-inflammatdtF«B by direct FP or TA aerosol
deposition. The FP aerosols at 0.9 pg successéxiybited significant 35.7£6.3 %
repression. Notably, however, an identical ~0.5 fig~® and TA aerosols caused
comparable 15.5+2.2 and 10.4+2.6 % repression,ectisely, despite FP's 10-fold
greater “intrinsic” anti-inflammatory potency ovéA, reported in the literature. This
was attributed to FP’s slow dissolution resulting anly 4.7 % cellular uptake,
compared to 32.6 % for the TA aerosols. HenceFth@erosols were shown to be rate-
determined by dissolution on the lung cell surfacesulting in reduced anti-

inflammatory actions, which was not the case ferréadily soluble TA aerosols.



CHAPTER 1

BACKGROUND AND SIGNIFICANCE

Pulmonary drug delivery has been used for mora 8tayears as a successful
route of administration for delivering drugs foettocal treatment of lung diseases like
asthma and chronic obstructive pulmonary disea€#(@) [Schleimeet al, 2002]. The
success of this therapy has primarily been atwithibd the enhanced local targeting of
the drugs to the airways, thereby reducing theesyst levels that are primarily
responsible for their side effects [Hochhaisal, 1997; Hochhaus G, 2004]. Even so,
recent evidence has suggested that this route lkbfede has not yet been fully
optimized to exhibit maximized therapeutic effegthjle minimizing the side effects in
patients [Leachet al, 2002; Usmaniet al, 2005]. In fact, it becomes clear that
determination of the systemic exposure of thesgsifollowing inhalation does not
necessarily translate into local or systemic phaotugical actions [Edsbacket al,
2008]. It is logical therefore to demand accuratednination of the local exposure of
these drugs (i.e., in the lung), yet such an attdrap been quite challenging due to the

lung’s anatomical complexity for delivery and thend) region-specific multiple



2
mechanisms for disposition [Byraet al, 1990, 1994; Patton, 1990; Pattamd Byron,

2007].

Generally, pharmaceutical aerosols are administ@eethhalation using inhaler
products, possibly along with formulation excipgent most cases, the inhaler products
are pressurized metered dose inhalers (pMDIs) prpdivder inhalers (DPIs), while
nebulizers are also available for special needs aadospital or pediatric/geriatric uses
[Hickey, 1996; Gonda, 1990; Dhand, 2008]. It is lwekognized however that only a
certain portion of the formulated drugs can redehlung from these inhaler products,
and this delivery is also dependent upon the pigienhalation maneuvers [Hickey,
1996; Eiss and Huston, 2003]. Hence, this simppalestrates a challenge for accurate
determination of the local exposure of the drugyperiments. Besides, as illustrated in
Figure 1.1, the lung’s cellular disposition of dspped aerosol drugs can be made even
more complex. Provided both pMDIs and DPIs delidengs as solid or semi-solid
aerosols, lung disposition includes aerosol pa&tdissolution in the lung lining fluid,
followed by cellular uptake (and/or absorption) grabsibly, metabolism, prior to the
induction of local pharmacological actions withim§ cells. In this context, it has been
suggested that the lung lining fluid may serve asgaificant barrier for dissolution
and/or diffusion due to its limited volume of 10-8fL and thickness of 0.1-23 um in
humans [Widdicombe, 1997; Patton, 1996]. As altedgthas been recently suggested
that estimation of the local exposure of drugs imitthe lung may also not directly

translate into even their local pharmacologicaioad, especially those occurring within



3
the lung cells [Esmailpuet al 1997; Edsbackeet al 2006, 2008; Hogger and

Rohdewald, 1994; Derendaat al, 2006].
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Figure 1.1 Possible lung cellular disposition of an inhaledrapeutic molecule upon
aerosol deposition for local pharmacological actidnhaled corticosteroid
molecules are shown diagrammatically, as an exgnmpkracting with the
cellular nuclear materials, alongside a series Ibérraate disposition
processes. The scheme has been adapted from Eesbtelk 2006 with
slight modifications.
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Among a variety of drugs used for inhalation todlbc treat lung diseases,
inhaled corticosteroids (ICSs) have so far offecese of the most successful and
efficacious therapies for asthma and COPD [Schieieteal, 2002; Edsbackeet al,
2006; Hochhaus G, 2004]. As shown in Figure 1.2i(a)ung diseases like asthma, it
has been shown that proinflammatory transcriptamidrs such as nuclear factor kappa
B (NF«B) translocates from the cytoplasm into the nuclebsre, NikB binds with its
responsive elements to induce the expression @fri@y of genes for manifestation of
inflammatory conditions [Eissa and Huston, 2003;ggkr and Rohdewald, 1993;
Hochhaus, 2004]. When ICS molecule is inhaledhasva in Figure 1.2 (b), they first
enter the cells by partition-mediated diffusion athén bind to the glucocorticoid
receptors (GRs) that are held in the cytoplasm éat tshock proteins (hsp). This
binding causes GR activation and removal from hgpetby enabling direct interactions
of the ICS-GR complex with the proinflammatory tsanption factors, e.g., NdB,
within the cytoplasm and/or following translocatioo the nucleus. This prevents the
induction of gene expression responsible for inflaation and is termed
transrepression. In the past decade, it has beesasingly suggested that this action is
the primary mechanism of the ICS molecules for -arflammatory effects, and a
variety of ICSs have been discovered and develapidvarying GR binding affinities
and thus, varying anti-inflammatory potencies [Restanet al 2003; Eissa and

Huston, 2003; Winkleet al, 2004], as summarized in Table 1.1



Figure 1.2 Cellular mechanisms of (a) inflammation centereith WF«B and (b) ICS’s
anti-inflammation via GR binding and its effect &FkB actions. (a)
Glucocorticoid receptor (GR) is held in the cytgmlachaperoned by heat
shock proteins (hsp), while B translocates to the nucleus to cause
inflammatory cytokines synthesis. (b) Upon entrpithe cell, ICS binds to
the GR, which is then activated via hsp removatdly interacting with
NFkB. This prevents the synthesis of inflammatory Eites, i.e.,
transrepression. Adapted from Hochhaus, 2004.
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Table 1.1 Inhaled corticosteroids (ICSs) available in 2@0fl their physicochemical
properties and intrinsic anti-inflammatory potescieThe data are
collectively adapted from Edsbécket al 2006 and 2008; Hogger and
Rohdewald, 1993; Hochhaus, 2004; Winkétral, 2004; Roumestaat al,
2003 and Jafuedt al, 2000.

Relative
repression
Molecular Aqueous Relative potency on
Weight Log P Solubility receptor NFkB
ICS [Da] [pg/mL] affinity *  activity**
Flunisolide 434 2.28 140.0 190 0.5
(FLU)
Triamcinolone 434 2.53 21.0 233 1.0
acetonide (TA)
Budesonide 431 3.24 16.0 935 2.2
(BUD)
Beclomethasone 521 3.63 0.13 1022 0.5
dipropionate (BDP)
Fluticasone propionate 501 4.20 0.14 1800 10.0
(FP)
Mometasone furoate 427 3.38 <0.1 2300 >10.0
(MF)

* Relative to a GR affinity of dexamethasoeéts 100
** Relative to a half-maximal effective or inliibry concentration of TA setto 1

As of 2008, a total of 6 ICSs are available in @asi inhaled dosage forms in the
United States [Electronic Orange Book, FDA]. Talilé lists their physicochemical
properties, i.e., molecular weight (MW), partitimoefficient (Log P) and aqueous
solubility, alongside their intrinsic anti-inflamrway potencies, i.e., relative affinity to
the GR binding and relative potency of proinflamomatNF<B repression [Edsbacker
et al, 2006, Hogger and Rohdewald, 1993, Hochhaus, 200#klev et al, 2004,
Roumestaret al, 2003 and Jafudt al, 2000]. It is clear from Table 1.1 that ICSs diffe

in physicochemical properties and intrinsic potesciet a general notion exists in that
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the intrinsic anti-inflammatory potency increasaghvincreasing lipophilicity (i.e., Log
P) [Edsbacker et al, 2006togger and Rohdewald, 1993; Hochhaus, 2004]. Tlkag m
be logical from the pH-partition hypothesis for gsuexhibiting their pharmacological
actions within cells, like the ICSs. However, ag fipophilicity increases, aqueous
solubility decreases. In fact, the more widely uBeSis like fluticasone propionate (FP)
and beclomethasone dipropionate (BDP) have onl &t 0.13 pg/mL of the aqueous
solubility (Table 1.1), respectively. Hence, givireir typical single inhaled doses of
40-200 pg and their maximum 20 % of successfulvdgji to the lung [Byron and
Patton, 1994], 8-40 ug of FP or BDP would be exgktd land on the lung lining fluid
as solid or semi-solid aerosols from their dosagen$ of pMDIs and/or DPIs. In an
ideal case scenario, where these ICS aerosolsronmyffaleposit throughout the entire
lung mucosal surface with a total lung lining flwdlume of 10-30 mL [Widdicombe,
1997], the ICS concentration would be approximatél3-4.0 pg/mL, assuming
spontaneous and total dissolution. Obviously, sachcentrations far exceed their
solubility and therefore, it is likely that substiah portions of the deposited FP and
BDP doses remain to be dissolved on the cell sarf@ithout being taken up by the
cells. In contrast, this would not be the caseafdéairly soluble ICS like triamcinolone
acetonide (TA). Its single dose from pMDI is 200, japd again with 20 % of lung
delivery and 10-30 mL of the lining fluid volumeATconcentrations on the lung
mucosal surface would reach 1.3-4.0 pg/mL. Suclteatnations are much lower than
21 pg/mL corresponding to its aqueous solubilitg &ence, an ICS, like TA could be

dissolved in the lung lining fluid fairly promptfpllowing deposition.
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Supportive evidence on this potentially solubilitypited lung disposition for
certain aerosol drugs exists in the literature,igeanimals. Carboxylic acid of methyl
sulfinyl xanthone was administered to the rat lusg suspension, and its lung
disappearance profile was compared with that ofsdadium salt given as solution
[Chowhan and Amaro, 1976]. The slower and biphhsig disappearance profile was
shown for the suspension administration, compavete faster and monophasic profile
for the solution counterpart. This slower and bgbarofile for the suspension was
attributed to a need for xanthone dissolution witihie airways prior to lung absorption,
suggesting, for the first time, that dissolutionulchb control the kinetics of lung
disposition. Likewise, a study with guinea pigs dastrated that a 6.5-fold increased
solubility of the poorly soluble fluorescein (acit3.5 pg/mL of aqueous solubility) by
amorphous incorporation within the respirable-staerospheres resulted in near 2-fold
increased lung absorption following powder aerosdiministration to the lung
[Sakagamiet al, 2001]. This rather implied that, a limited 46 %dvailability for the
poorly soluble fluorescein, despite its small malac weight (i.e., 332 Da), was likely
caused by its slower dissolution within the airwafsthe guinea pigs. However, a
counterargument also exists, primarily from a psarthat inhaled aerosol particles are
so small in size that their dissolution rate shdaddrapid by virtue of their large surface
area per unit weight. A stimulus article recentlybjished by the USP ad hoc Panel
[Gray et al, 2008] followed this premise, since no compellexgdence for dissolution
rate-controlled kinetics of lung disposition haveeb indicated in the human clinical

literature. Accordingly, this debate that addressed knowledge about this important
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biopharmaceutical phenomenon for inhaled therapguitie., aerosol dissolution on the
lung mucosal surface, is still in infancy, evenugb logically, it relates to the kinetics

of lung disposition and possibly, the manifestatditocal pharmacological actions.

The USP ad hoc Panel was initially briefed to skwka need of compendial
dissolution testing system, specifically for aetadmigs from inhaler products [Gray
al, 2008]. While the USP currently lacks such anldisthed system to determine the
kinetics of dissolution for aerosol particles, atcum-made flow-through system similar
to the USP Dissolution Testing Apparatus 4.2 [U3B)3b] was used for determining
the dissolution profiles of selected ICS aerosatigas collected on the membrane
filters, generated from their commercial pMDIs ddBIs [Davies and Feddah, 2003].
The aerosol collection on membrane filters wasiedrout at the exit of the USP
induction port coupled with the Andersen cascadeaictor (ACI), a compendial
apparatus to determine aerodynamic particle sisgilolitions for inhaler products.
Such filters carrying ICS particles were subjededlissolution profile testing in the
flow-through system using simulated lung liningidlat a flow rate of 0.7 mL/min.
This approach was surely innovative in that the #&8sols generated from the inhaler
products were directly tested for dissolution, fioe first time. Nevertheless, because
the ICS aerosols were collected by filtration a éxit of the USP induction port prior
to the entry to the ACI, their sizes remained unkmdikely inconsistent between the
ICSs products. Moreover, the use of the flow-thfowgystem would create rather

favorable flow dynamics for dissolution into an iomted fluid volume, while the real
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lung lining fluid is largely stationary and limitesh volume. Hence, it would be

preferable to develop a dissolution testing metfuwdnhaler products, which enables
determination of the dissolution profiles for defih and respirable-size aerosol
particles into a limited volume of stationary fluithis being more analogous to aerosol

particle dissolution on the lung mucosal surfad®¥ang deposition.

Aerosol particles of ICS deposit and dissolve oa ltmg’s mucosal surfaces
prior to drug uptake by the cells. Subsequentlg thugs may exert their anti-
inflammatory actions and be absorbed through thie it#o the systemic circulation, as
described in Figure 1.1; local lung metabolism naso occur for certain ICSs.
However, these cellular events have never beeressfidly studied for ICSs generated
from inhaler products other than perhaps, in huoiigancal trials. Small rodents such as
rats, guinea pigs or mice are too small to recdiymcal aerosol ICS doses by
inhalation, especially those directly generatednfiohaler products [Sakagami, 2006].
Likewise, cultured lung cell systems have been ldpesl, although these were usually
submerged in culture media, precluding direct axadsaerosol ICSs generated from
the inhaler products to the cell surfaces. In toistext, however, evidence has emerged
that certain cultured lung cell systems can be grexpas monolayers with their apical
mucosal surfaces covered with a limited volumehef ¢ell lining fluid [Forbes 2000;
Meaneyet al, 2002; Sakagami, 2006; Ehrhagedtal, 2002; Borchareet al, 2002]. Such
cultured lung cells are immortalized human bronicleiaithelial cell line of cancer-

origin, Calu-3, transformed human bronchial epitdieatell line of normal lung-origin,
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16HBE140-, and finally, primary cultured rat alvaokpithelial cells [Sakagami, 2006;

Forbes and Ehrhardt, 2004; Ehrhaetital, 2002a and b; Forbes B, 2000; Chetlal,
1989; Dobbs LG, 1990; Fargg al 2004; Elbertet al, 1999; Smith, 1977; Wang and
Zhang, 2004; Borcharet al, 2002; Fiegekt al, 2003; Coonet al, 2004; Graingeet

al, 2006a and b; Mathiast al, 2002]. These lung cells have been shown to form
monolayers under a culturing condition called ‘iaterface culture” (AIC) where the
cells were fed only with a culture media basoldlgiia the transwell system, while the
apical mucosal surface was left semi-dry [Fiegelal, 2003; Cooneyet al, 2004;
Graingeret al, 2006a and b; Mathiast al, 2002]. This culture method appeared to
facilitate the development of a well-differentiatearrier, compared to the conventional
medium-submerged culture [Adlet al, 1990]. The method also enabled direct mucosal
access of solutions, suspensions or aerosols hyewvif its semi-dry apical surface on
which there is only a limited volume of the linifigid [Fiegel et al, 2003; Cooneet

al, 2004; Graingeet al, 2006Db].

The Calu-3 cells available from the American Typédt@e Collection (ATCC)
have been the most studied in the literature, sthe& confluent monolayers grown
under the “air-interface culture” (AIC) were shownmform a sufficiently tight barrier
for diffusive permeation [Borcharet al 2002; Fiegekt al 2003; Cooneet al, 2004;
Graingeret al, 2006a and b; Mathiast al, 2002]. These monolayers appeared to be
capable of maintaining a semi-dry mucosal surfaitereby offering a unique
opportunity for direct deposition of solid or liguaerosols. The first attempt to do this

was made using a multi-stage liquid impinger (M$Ld) compendial apparatus to
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determine particle size distribution of inhaler gwots [Fiegelet al, 2003]. The
transwell insert of the Calu-3 monolayer grown unithe “air-interface culture” (AIC)
was placed under the second stage nozzle in thel MiBLaerosol deposition of
poly(lactic-co-glycolic)acid microparticles. The IG&8 monolayers were shown to
tolerate this microparticle deposition, as evidehog their unaltered permeability for a
marker solute and unchanged electrophysiologicarastteristics. Another attempt
followed using a viable cascade impactor (VCI) [@Gepet al, 2004]. These authors
placed transwell inserts just below its Stage 4<fdil pum aerosol deposition onto the
semi-dry mucosal surface of the Calu-3 monolaydrsortunately, in both of those
studies, the lining fluid volume of the monolayensaas undetermined, thereby
precluding determination of solute permeabilityeatierosol deposition on the mucosal
surface. Even so, both attempts proved that the-8ahonolayers can be incorporated
into a cascade impactor direct aerosol particleogiéipn in defined sizes on the semi-
dry mucosal surface on the monolayer, while maigi the intact characteristics of
the barrier. Such systems would provide a uniqueodpnity to study cellular lung
disposition processes as a cascade, similar tottatrring in human lung after aerosol
inhalation.

Meanwhile, cellular pharmacological assessmenntfiaflammatory effects of
ICSs has so far largely disregarded the effecthaf aerosol deposition onto the lung’s
mucosal cell barrier in a limited volume of linifigid. In fact, the anti-inflammatory
potencies shown in Table 1.1 were obtained usirgctlapplication of ICS solutions to

non-confluent medium-submerged lung cells to deteenthe potency of the anti-



14

inflammatory response in incubation. The measuréntemmonly has employed
immunoassays with the isolated nuclear fractionthad cells, e.g., enzyme linked
immunosorbent assay (ELISA) for the proinflammatdW«B [Baldwin, 1996].
Alternatively, reporter gene assays with the celsisfected with an inducible NB-
dependent reporter gene, such as luciferase [Baldi@96; Roumestant al, 2003;
Jafuelet al, 2000] have been performed. Provided that ICSstekheir actions by
repression of the cellular transcription factorkeliNFB, these approaches seem
reasonable, yet most disregard aerosol depositmh lacal disposition, because of
experimental difficulties. As a result, it has besrggested that their results were an
over-simplification of in vivo or clinical eventsyhich may explain certain literature
with their puzzling anti-inflammatory potencies gbdickeret al 2006]. It has been
well accepted that the local ICS disposition forogel drugs should overall define its
cellular pharmacodynamic effects following aerodeposition [Edsbéckest al, 2006;

2008].

It should be clear now that there is a strong deirdevelop useful models to
address certain important biopharmaceutical presegertaining to lung disposition
preferably without using animals and humans. Theanmgdes of important
biopharmaceutical processes include dissolution the mucosal fluids for efficient
cellular uptake/absorption as well as manifestabbriocal pharmacological actions
following aerosol drug deposition. Hence, this drsstion project was designed to first

determine the kinetics of dissolution for the IGS8asols generated from inhalers and
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then, to assess their importance on lung disposéia local anti-inflammatory effects.
Two novel and unique in vitro systems were develojgeachieve these objectives: an
in vitro dissolution testing system and an in vi€alu-3 cell monolayer system, both
coupled with accurate and precise ICS aerosol diepo$rom the inhaler products. The
project revolved around the central hypothesis thaig cellular disposition and
pharmacology of certain aerosol ICSs are kineycalte-determined by dissolution on
the lung surface following aerosol depositidiirst, a simple system was developed,
capable of assessing the dissolution kinetics @8 herosol particles generated from
commercial inhaler products. This identified IC8swWhich dissolution was most likely
rate-determining. Air-interface cultured Calu-3 rotayers with a semi-dry mucosal
surface were then developed and validated, the#lsring an opportunity to directly
deposit ICS aerosol particles on their surface wmed-defined and well-characterized
deposition system. This system was used to asa@ssftammatory effects, in relation
to dissolution, using the Calu-3 monolayers tractsi@ with a NikB-dependent reporter

gene.



CHAPTER 2

HYPOTHESES

The goal of this dissertation project was to deteenthe kinetics of dissolution
for aerosol particles of inhaled corticosteroidS$§) generated from inhaler products
and to assess their importance on lung disposémahlocal anti-inflammatory actions.
Overall, it was hypothesized that lung cellulampdisition and pharmacology of certain
aerosol ICSs were kinetically rate-determined bytiga dissolution into a limited
volume of lung mucosal lining fluid. Specificallihe project first aimed to develop an
in vitro dissolution testing system to determine Kmnetics of dissolution for ICSs of a
defined-size into a limited volume of fluid uponrasol deposition from inhaler
products. Then, the project proceeded to developnanitro lung epithelial cell
monolayer system enabling deposition of a defined-saerosol, followed by
assessment of the effects of dissolution on cellulgtake and anti-inflammatory

actions. Accordingly, the project was designecest the following six hypotheses:

a. Aerosol particles of ICSs generated from inhaleydpcts can be accurately and

precisely collected on membrane filters in a defise in the Andersen cascade

16
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impactor (ACI), such that their kinetics of dissodn in a limited volume of fluid

can be determined in a transwell system.

. The kinetics of dissolution for different aeros@lSs differ substantially, depending
upon not only ICS solubility, but also aerosol massticle size and/or formulation

and dosage form.

. A unique lung epithelial cell monolayer of Calu-8ncbe formed with its apical
mucosal surface left semi-dry with a limited voluwfethe cell lining fluid that can
be successfully as an epithelial barrier for usepulmonary biopharmaceutics

research.

. Confluent Calu-3 cell monolayers can be transfeetgd a measurable biomarker
for inflammation, nuclear factor kappa B (W) -dependent reporter gene of

luciferase (pNKB-Luc), for use in anti-inflammatory assessmera@fosol ICSs.

. Aerosol particles of ICSs in defined-size rangesnfiinhalers can be accurately and
precisely deposited on the apical surface of thei-Gacell monolayers using the
ACI in a modified configuration, in order to determa their mucosal disposition,

cellular uptake and anti-inflammatory effects.
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f. Cellular uptake of certain aerosol ICSs can betldally rate-limited because of
mucosal dissolution, thereby, resulting in compsedi anti-inflammatory
responses; thus signifying that their intrinsic ewollar potencies of anti-
inflammation in the literature overrate their paties following aerosol deposition

in the lung.

In Chapter 3, a new in vitro dissolution testirygtem for aerosol ICSs from inhaler
products will be described alongside system devetoyg and validation. In Chapter 4,
lung epithelial cell monolayers of Calu-3 grown andhe air-interface culture (AIC)
will be described alongside the characterizatioaragpithelial barrier suitable for direct
aerosol deposition. In Chapter 5, aerosol ICS dgpodrom inhalers onto the semi-dry,
transfected Calu-3 monolayers and its anti-inflat@meaction assessment via the K-
activity measured by luciferase will be describ€de results are interpreted in the light
of knowledge gained on ICS dissolution and cellulptake from previous chapters.
Chapter 6 will summarize the findings of this drsasgon project and draw general

conclusions.



CHAPTER 3

KINETIC ASSESSMENT OF AEROSOL PARTICLE
DISSOLUTION FOR TESTING COMMERCIAL INHALER
PRODUCTS

3.1 INTRODUCTION

Inhaled dosage forms deliver their active pharmacauingredients (APIs),
along with formulation excipients, onto the lungfaae in a solid or semi-solid form,
except in case of solution nebulization. Hencdpdysof their biopharmaceutics should
at least consider API dissolution into a limiteduroe (e.g., 10-30 mL) of lung lining
fluid prior to subsequent cellular uptake or abtsorp[Hochhaust al, 1997; Edsbéacker
et al, 2006]. In this context, evidence exists in theréture that aerosol particles
generated from inhalers can contain formulationip&nts that potentially alter their
surface properties and/or form different statesrgétallinity due to their formulation
and aerosol generation processes [Dalby and Bw@®3; Thoma®t al, 2005]. While
these may alter the kinetics of dissolution of Ads themselves, it is also possible that
certain APIs and their aerosol particles may suffem dissolution rate-determined

uptake within the lung [Wurster and Taylor, 1968k&jamiet al, 2002].
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Given this logical involvement and possible impoda of the dissolution
kinetics of inhaled therapeutics in lung biopharewdcs, Davies and Feddah [Davies
and Feddah, 2003] developed a unique in vitro ntetitodetermine the dissolution
profiles of inhaled corticosteroid (ICS) particlgsnerated from commercial pMDIs and
DPIs. The aerosol collection on membrane filters warried out at the exit of the USP
induction port using the Andersen cascade impg&@i), a compendial apparatus to
determine aerodynamic particle size distributiols fhaler products. This was
followed by their dissolution profile determinatiamsing a custom-designed flow-
through system, similar to the USP Dissolution ihgstApparatus 4.2 [United States
Pharmacopoeia, 2003b]. This approach was innovativehat the ICS aerosols
generated from the inhaler products were direabted for dissolution, for the first
time. Nevertheless, because ICS aerosols werectadldoy filtration at the exit of the
USP induction port prior to the entry to the AQigeir sizes remained unknown and
likely inconsistent between the products. In additithe use of the flow-through system
would create rather favorable flow dynamics with anlimited volume of fluid
available for dissolution. In contrast, the lungrig fluid in human is only 10-30 mL in
total volume [Widdicombe, 1997], which would limihe dissolution capacity for
deposited drugs, while the flow dynamics are reddy stationary. Hence, it would be
ideal that a dissolution method for inhaler produehables the kinetic assessment of
dissolution for defined- and respirable-size adr@soticles into a limited volume of

stationary fluid, analogous to aerosol particlesdigtion on the surface of the lung.
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Accordingly, this chapter attempted to develop agué dissolution testing
method for aerosol particles generated from comialenthaler products, focused on
collection of defined-size aerosols to be testeddissolution in a limited volume of
stationary fluid. It employed aerosol impaction eithe filter membranes placed on
Stage 2 and Stage 4 of the ACI from an airflow cdt28.3 L/min, so that particles with
4.7-5.8 and 2.1-3.3 um of aerodynamic diametepe@svely, could be accurately and
precisely collected in an amount between 0.6 an8 [1§. These filter membranes were
then placed in the transwell inserts where seqaleenents of particle dissolution on the
donor side and permeation across the transwelpp@ting membrane were monitored
following addition of a limited volume (40 pL) ofigsolution fluid. A total of 5 ICSs
and 7 commercial inhalers that were pMDIs or DPé&ewused to collect a variety of
drug deposits on the filter membranes. These vested to pursue the hypothesis that
the kinetics of dissolution for aerosol particleayndepend on not only the reported
aqueous solubility of each API but also the drugod& mass, aerosol size and

formulation and most notably, differ across APIs.

3.2 MATERIALS AND METHODS

3.2.1 COMMERCIAL INHALER PRODUCTS
All commercial inhaler products used in this studgre obtained from their

vendors through the VCU Health System Pharmacyleratl lists 7 ICSs inhaler
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products for 5 ICSs along with their physicochermfeatures. They were packaged in
either pMDIs or DPIs. The ICSs differed with redpéc their reported aqueous
solubilities. Formulations were non-aqueous suspaasand solutions and powder with
several different excipients. These products alfflerdd in their metered doses. All
products were used prior to their labeled expiriedaxcept for Vancefil pMDI that
was used as an expired product, as it was withdfeanm the market in 2002. Vancétil
pMDI was used 5 years after the expiry date, yet@ligible degradation of API, BDP,
was evidenced by the absence of any chromatogrdglection of any peaks other than

those of the API from the samples taken from tialers (data not shown).



Table 3.1 Inhaled corticosteroids (ICSs) and their commerialaler products tested in t study

Inhaler Dosage Molecular  Aqueous  Formulation* Metered
Product: Drug Formg Weight Solubility Dose
[Da] [Hg/mL]® [Lg]
AEROBID Flunisolide (FL) pMDI 434 140 FL suspended in CFC- 250
11, -12 and -114 with
sorbitan trioleate
AZMACORT?® Triamcinolone  pMDI 434 21 TA suspended in CFC- 200
Acetonide (TA) 12 and 1% alcohol
PULMICORT Budesonide DPI 431 16 BD only 200
TURBUHALER (BD)
FLOVENT HFA Fluticasone pMDI 501 0.14 FP suspended in HFA- 44 and
Propionate (FP) 134a 220
FLOVENT FP DPI 501 0.14 FP and Lactose 200 50
DISKUS
VANCERIL Beclomethasone pMDI 521 0.13 BDP suspended in CFC- 100
Dipropionate 11, and -12 with oleic
(BDP) acid
QVAR BDP pMDI 521 0.13 BDP dissolved in HFA- 40

134a and ethanol

1The names of all products are registered trademarks
2pMDI: pressurized metered dose inhaler, DPI: dryqber inhaler
8 Data were taken from Hogget al, 1993
4 Prescription information

5 Used without the built-in spacer.

€c
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3.2.2 ICS AEROSOL PARTICLE COLLECTION ON FILTERS BY IMPATOON

Figure 3.1 schematically shows collection of IC&aels onto membrane filters
by impaction in defined aerodynamic diameter rangés4.7-5.8 and 2.1-3.3 um
following generation from each of the inhaler produlisted in Table 3.1. An 8-stage,
non-viable Andersen cascade impactor (ACI MarkTiermo Electron Corporation,
Franklin, MA) with stainless steel collection platevas used, coupled with the USP
induction port and the mouthpiece adaptor tailotedeach inhaler. These were
assembled, together with a pump (General Electom@any, Fort Wayne, IN), which
was adjusted to operate at 28.3 L/min of airfloweraDuring this ACI assembly,
however, the stainless steel collection plates tages 2 and Stage 4, which are
calibrated to collect aerosol particles at 4.7-2u8& 2.1-3.3 pum in aerodynamic
diameters, respectively, at 28.3 L/min [United &aPharmacopoeia], were turned
upside down. This allowed 6 polyvinylidene difludei (PVDF) filter membranes (25
mm in diameter; 0.22 pm DurapdteMillipore Corporation, Billerica, MA) to be
placed at each of these stages, as shown in FBlirenote that the nozzle-to-filter
distance was unaltered from those in the convealtjaralibrated ACI configuration.
Following assembly, ICS aerosols were collectedtloese PVDF filter membranes
following their generation from each of pMDIs andPB by using an appropriate
number of actuations into the impactor with airfleet to 28.3 L/min. The required
number of actuations was chosen to enable collectidhe target ICS aerosol deposit
on each filter in a range of 0.6-19.8 pg. This Wwased on preliminary experiments

where ICS collections were made over the entirénlsts steel plates (80 mm in
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diameter; 50.2 cf) in order to predict the deposition mass on eaembrane filter (25

mm in diameter; 4.9 cfhby and its normalization based on its reducetectibn area.



Inhaler

5 cn? PVDF filter membranes

Jet flow
4.7-5.8um

2.1-3.3uym

28.3 L/mi Impaction plate

Andersen cascade impactor stainless steel collection plate

Figure 3.1 A schematic ofCS aerosol particle collection in the defined agraamic diameter rang
using the Andersen cascade impactor (ACIl). Whigel@S aerosols were cetited at bot
Stage 2 and Stage 4, only Stage 4 is shown madrabeve for the collection of the 2.1-
3.3 um ICS aerosols on 6 polyvinylidene difluor{e®/DF) filter membranes placed on-
reversed stainless steel collection plate. Depbsitag is shan diagrammatically as sol
black triangles.

9¢
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3.2.3 DISSOLUTION AND PERMEATION PROFILES OF ICS AEROSOL

PARTICLES

Following ICS aerosol collection, the ACI was dsa®bled. Each of the filter
membranes with 0.6-19.8 pg ICS deposit was plaeatth the deposited drug face
down, onto the donor compartment of the transwedlerts with semi-permeable
polyester membrane (25 mm in diameter; 0.4 um petgport (Corning Costar;
Cambridge, MA), as shown in Figure 3.2. The ing&s then returned to the transwell
base containing 1.4 mL of phosphate-buffered sa(lRBS; pH 7.4) or distilled,
deionized water (DDW; pH 7.0). PBS (pH 7.4) wasduk®w FL, TA and BUD; DDW
(pH 7.0) was chosen for FP and BDP as their masstriggmetry analysis disfavored
PBS. Immediately, ICS dissolution and transwell rbeane (polyester) permeation
were initiated by adding 0.04 mL of PBS or DDW otite donor side and monitored
over time (for 5-10 h) at 37 °C and near 100 %tradahumidity inside an incubator
(Model 5410; NAPCO, Precision Scientific, Inc., Cago, IL) by taking 0.5 mL
samples from the receptor compartment at differtiame intervals. The receptor
compartment was replenished each post-sampling @&hmL fresh and pre-warmed
PBS or DDW to maintain its volume at 1.4 mL. At teed of each experiment, the
donor compartment was thoroughly washed with 1.0aanixture of 60% CECN and
40% DDW to recover the ICS remaining to be disstlaed permeated. All samples
were analyzed for ICS quantification by the valathtanalytical methods described
below (Table 3.2), such that the profiles of disfoh and permeation were obtained, as

described in 3.2.6.
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3.24 TRANSWELL MEMBRANE PERMEATION PROFILES OF ICS

FOLLOWING SOLUTION APPLICATION

For FL and TA, the permeation profiles across thendwell (polyester)
membranes unaffected by dissolution were also mhted by direct solution
application at 25 and 10 pg/mL, respectively. fl4 of the ICS solution was applied
to the donor side of the transwell inserts andrthermeation to the receptor side with
1.4 mL of PBS was monitored by sampling 0.5 mL atious times and analyzed, as

described below.
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A

—— Transwell insert

0.04 mL PBS or DDW

PVDF filter membrane
with ICSs, faced down

DONOR

Polyester transwell
membrane

1.4 mL PBS or DDW

RECEPTOR |

Figure 3.2 A schematic of transwell system to determine diggm and permeation of
the ICS aerosol particles (represented by triamgutaps) collected on the
PVDF filter membranes in the ACI. The filter memteawas placed face
down on the transwell's supporting membrane. ICSsalution and

permeation was initiated by adding 0.04 mL PBS @D on the donor
side.



30
3.2.5 DRUG ANALYSIS

Analytical standards of FL, TA, BD, FP and BDP, HPQrade CHCN and
CH3OH and ammonium formate (NHCO,) were obtained from Sigma-Aldrich (St.
Louis, MO). Each of the ICSs in PBS, DDW or 60%4CN/ 40% DDW samples were
analyzed by the methods developed and validatédurse, as summarized in Table 3.2.

FL, TA and BD were analyzed by high performanceiitiqgchromatography
(HPLC) coupled with UV detection at 236 nm (Wat€aporation, Milford, MA). The
mobile phase comprised of 60 % ¢HN and 40 % DDW at a flow rate of 1 mL/min.
The samples (100 pL) diluted with 60/40 £HN/DDW were injected onto a
Spherisorb ODS-2 column (4.6 mm in diameter and @50 in length, 5um; Alltech
Associates Inc., Deerfield, IL), and FL, TA and Bi2re typically eluted at 3, 5 and 8
min, respectively. Each of the analyses was fulljidated with respect to (a) the
linearity (*>0.999) of the peak area vs. concentration overahge of 0.05 to 5 pg/mL
and (b) the limit of quantitation (LOQ) of the agsd 50 ng/mL (Table 3.2).

FP was analyzed by HPLC, coupled with tandem mpsst®metry (MS/MS),
modified from Krishnaswamyet al [Krishnaswamyet al, 2000]. The mobile phase
comprised of 50 % CCN and 50 % DDW containing 0.1 % NHCO, at a flow rate
of 0.3 mL/min. The samples (50 pL) were injectetbca Gemini $Cig 110 A column
(4.6 mm x 50 mm, 5 um) and detected using a trpladruple mass spectrometer
(Quattro-LC, Waters, Milford, MA) with electrospragnization (ESI) in a positive ion
mode. The MS-MS signals were tuned and optimizealitth a constant infusion of 1.0

pa/mL FP solution in CEOH at 1.0 mL/min delivered with an infusion pumpafiard
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Syringe Pump, Harvard Apparatus, Holliston, MA).ghlpurity nitrogen (National

Welders; Richmond, VA) was used as a collision Jd® optimization concluded that
the source and the ESI probe temperatures be 4et0atC and 400 °C, respectively,
with the corona and cone voltages at 4.0 kV an@ k¥. The assay was used under
those conditions and mass resolution was set atmass and hence, the m/z transition
from 501.44 (MH]J to 313.21 was monitored. FP was shown to be elate8 min,
which was analyzed using MASSLYNX software. Thelgsia was fully validated with
respect to (a) the linearity’40.999) of the peak area vs. concentration overahge

of 3-100 ng/mL and (b) the LOQ at 3.0 ng/mL (Tabl2).

BDP was analyzed by the HPLC-MS/MS method developedhe VCU
Bioanalytical Core Laboratory using the Waters @oatlicro (Waters, Milford, MA)
mass spectrometer with atmospheric pressure cheiaigaation (APCI) in a positive
ion mode. The samples (50 uL) were injected on#pdax Eclipse XDB-C8 (4.6 X
50mm, 3.5um) at a flow rate of 0.6 mL/min. The nelphase was a gradient of DDW
and CHOH in the presence of 2 mM NHCO, (A and B, respectively). The gradient
was set from Ato B at 0% B (0.01 min), 50% B (th#), 80% B (6.0 min), 90% B (7.0
min), 50% B (7.1 min) and 0% B (10.0 min), contedllwith a Shimadzu 10-AVP
(Columbia, MD) system. The probe temperature was ae350 °C, while the
declustering potential, entrance potential, callisenergy and collision energy potential
were set at 76 V, 10 V, 23 V and 20 V, respectivélye m/z transition from 521.4
(MH)" to 319.4 was monitored. BDP was eluted in a 10namtime. Data analysis was

performed using the MASSLYNX software. The analygias fully validated with
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respect to the linearity%0.999) of the peak area vs. concentration overahge of 1-

100 ng/mL along with the LOQ at 1.0 ng/mL (Tabl2)3.

3.2.6 PROFILE ANALYSIS

Cumulative ICS mass dissolved and permeated itogbeptor compartment at
a given sampling time was calculated from the pcbaddé the sample concentration and
the volume (1.4 mL) of the receptor plus that & doncentrations in previously taken
samples and their volumes (0.5 mL). Initial ICS mdgposited on each of the filter
membranes were determined from the sum of the 1@Ssas recovered from the donor
and receptor compartments by the end of the expetimThe dissolution and
permeation profile of each transwell was describsd% ICS mass dissolved and
permeated into the receptor compartment over in@& mass deposit as a function of
time and then, expressed as mean % profiles witipleastandard deviation (SD) from
triplicate experimentsas shown in Figures 3.3 through 3.8. Apparent lifalftty 5) was
calculated from each profile via linear interpadatiof the time points that bracketed the
50 % point of ICS mass dissolved and permeatedamtean % profiles, except for FP

and BDP, in which thet values were determined by profile extrapolation.



Table 3.2 Inhaled corticosteroids (ICSs) and tranalytical methds use in this study

Separation
Drug Analysis Column Mobile Phase Flowrate  Detection LOQ!
[mL/min] [ng/mL]
Flunisolide (FL) HPLC-UV Spherisorb ODS, 60% CH,CN and 40% HO 1.0 236 nm 50
2-5um,
Length: 250 mm,
ID: 4.6 mm
Triamcinolone HPLC-UV  Spherisorb ODS, 60% CHCN and 40% HO 1.0 236 nm 50
acetonide (TA) 2-5um,
Length: 250 mm,
ID: 4.6 mm
Budesonide (BD) HPLC-UV Spherisorb ODS, 60% CH,CN and 40% HO 1.0 236 nm 50
2-5um,
Length: 250 mm,
ID: 4.6 mm
Fluticasone HPLC- Gemini §C,110 A, 50% CHCN and 50% 5D 0.3 ESPE, m/z 3.0
propionate (FP) MS/MS? 5um, containing 0.1% NEHCO, 501.44—313.21
Length: 50 mm,
ID: 2.0 mm
Beclomethasone HPLC- Zorbax Eclipse XDB- Gradient of 2 mM NEHCO, 0.6 APCI*, m/z 1.0
dipropionate MS/MS C8,3.5um, in H,O0 and 2mM NHHCO, 521.4—319.4
(BDP) Length: 50 mm, in CH,OH (details in text
ID: 4.6 mm below)

! Limit of quantitation
2 Krishnaswamyet al, 2000

® Electrospray ionization
* Atmospheric pressure chemical ionization

€e



34
3.3 RESULTS

3.3.1 ICS AEROSOL PARTICLE COLLECTION ON FILTERS BY IMPATOON

Table 3.3 summarizes the ICS mass deposits callamtethe 5.0 chPVDF
filler membranes placed on Stage 2 and Stage HeoACI following various numbers
of actuations or doses from each of the pMDIs orsQisted in this study (Table 3.1).
These various actuations or doses were selectetthasdhe ICS mass deposits on the
filter membranes were best comparable at ~2 (1.64200and otherwise, adequately
varied within or across the ICSs and inhaler preglu€his was aimed to assess the
kinetics of dissolution and permeation, in relationthe specific ICS in question, its
solubility, dose, formulation and dosage form, taglied and discussed below. Clearly,
the required numbers of actuations or doses teewelthe ~2 ug deposit at each stage
were different between the ICSs and products, duthé differences in the metered
dose (Table 3.1) and aerodynamic particle sizeiligion. Overall however, the ACI
deposition system shown in Figure 3.1 enabled thes8 and 2.1-3.3 um ICS aerosol
deposition on the filter membranes fairly reprotliciwith < 23 % of relative standard

deviation (%RSD).
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Table 3.3ICS mass deposits collected on the 5.6 BMDF filter membranes placed on
Stage 2 and Stage 4 of the ACI following variousnbers of actuations or
doses from each of the pMDIs or DPIs. Data reptas@an+SD (n=3).

Mass deposit on the filter

(H9)
Inhaler product Number of
(Metered dose) Drug actuations Stage 2 Stage 4
AEROBID (pMDI) FL 1 0.7+0.1 2.3+0.1
(250 ug) 5 6.2+1.0 109+05
10 91+17 188=%1.1
AZMACORT (pMDI) TA 1 1.1+0.1 0.4+0.03
(200 po) 5 7.7+14 25+0.3
10 14.0+1.0 4.7+0.2
PULMICORT TURBUHALER BD 1 N.A. 0.8 +0.04
(DPI) 5 1.5+0.2 1.7+0.1
(200 ng) 10 1.9+0.1 2.9+0.2
FLOVENT HFA (pMDI) FP 5 1.8+0.1 4.8+09
(44 and 220 pg) 5 16.4+37 19.8+0.8
FLOVENT DISKUS FP 22 2.2+0.3 24+0.4
(DPI)
(50 png)
VANCERIL (pMDI) BDP 7 1.3+0.1 1.6+0.2
(100 ng)
QVAR (pMDI) BDP 14 0.6+0.1 1.6+0.1
(40 pg)

N.A. Not applicable
_44ug metered dose
220pg metered dose
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3.3.2 DISSOLUTION AND PERMEATION PROFILES OF ICS AEROSOLS

3.3.2.1Flunisolide (FL) from AEROBIS pMDI

Figure 3.3-a shows the cumulative % mass of FLotlresl and permeated into
the receptor compartment over time for the aerosolected on Stage 2 of the ACI
(4.7-5.8 um in aerodynamic diameter) from AEROBIEMDI after 0.7, 6.2 and 9.1 pg
of the mass deposit per filter membrane. Theseilgsofeflected the kinetics of FL
aerosol dissolution into the 40 pL buffer fluid éme donor side and subsequent
permeation through the transwell polyester membrdfech of the profiles was
kinetically apparent first-order, which reached meamplete> 91 % dissolution and
permeation in 5 h. However, none of the profilescheed a complete 100 % speculating
possible adsorption of the drug particles to thelrbghobic PVDF membrane or
substantially decreased concentration gradierB8dt, between the donor and receptor
compartments. Across 0.7-9.1 ug of the FL depasitder Stage 2 collection, the
profiles were shown to be indistinguishable (p>0ANOVA) with their apparent half-
life (tos) of 0.88+£0.22 h (across mass deposits, mean=SB). WNote however that, in
theory, 40 pL of the donor fluid should have ex@zkthe capacity to dissolve the entire
6.2 and 9.1 ug of the FL deposits, due to the aggsolubility of 140 pg/ml (Table
3.1). Therefore, compared to its permeation, Fisaigion into the 40 pL donor fluid
appeared to be faster and thus, not rate-deternkinetically; otherwise, the excessive
mass of the FL particles over the dissolution capam the donor side would have

slowed down the kinetics at 6.2 and 9.1 pg.
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Figure 3.3-b shows the profiles of dissolution gmefrmeation for the FL
aerosols collected on Stage 4 of the ACI (2.1-318ip diameter) at 2.3, 10.9 and 18.8
Hlg. Despite a difference in size, the profile & @g remained effectively consistent
with the profiles for the 4.7-5.8 um aerosols (Fe3.3-a; p>0.05, ANOVA), which
resulted in the comparablgstvalue of 0.67+0.06 h. This was presumably bec#use
40 pL donor buffer fluid could afford dissolvingetlentire 2.3 pg of the FL deposit, yet
the dissolution kinetics were not substantially roy@d by the smaller aerosol size. In
contrast, however, at much higher mass deposit)®f and 18.8 pg, the kinetics of
dissolution and permeation became progressivelyesigFigure 3.3-b). This could be
attributed to the far excessively increased FLiglag remaining to be dissolved on the
donor side even for this smaller size of the higtdyuble FL. Nevertheless, the rather
slow kinetics for the smaller 2.1-3.3 um aerosol$G9 pg, compared to those for the
4.7-5.8 um aerosols at a comparable 9.1 ug, wereentain, leaving a speculation that
the profiles were not a reflection of individualrpele dissolution, but dissolution from

the heaps comprised of the different size particles
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Figure 3.3 Cumulative % mass of FL dissolved and permeatéd the receptor
compartment as a function of time for the aerosolkected on (a) Stage 2
and (b) Stage 4 of the ACI (4.7-5.8 um and 2.14828 in aerodynamic
diameter, respectively) from AEROBIDpMDI at various mass deposits.
Data represent mean+SD (n=3). The profiles showf@)rare statistically
indistinguishable (p>0.05 by ANOVA) across the Fpdsits.
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3.3.2.2Triamcinolone acetonide (TA) from AZMACORTpMDI

Figure 3.4 shows the profiles of dissolution andvpstion for the TA aerosols
collected on Stage 2 (4.7-5.8 ym) at 1.1, 7.7 & ftg and on Stage 4 (2.1-3.3 um) at
2.5 g, generated from AZMACORTpMDI. All the profiles were kinetically apparent
first-order like FL, yet approaching different agyiotes between 78-90 % in 5 h,
depending on the mass deposit and size. Indediheirwith the rank of the solubility
(Table 3.1), the kinetics of dissolution and pertimeafor the TA aerosols appeared to
be slower than those for the FL aerosols (Figur8saBd 3.4, respectively); thgst
values of 1.03-2.10 h for the TA aerosols, wereraVereater than those for the FL
aerosols (an averagegktivalue of 0.88 h). Notably, the kinetics for th@-%.8 um TA
aerosols were shown to slow down with increasirgrttass deposits from 1.1 to 14.0
Kg. At all of these deposits, TA could not be digsd entirely in the 40 pL donor fluid
for dissolution, in theory, based on its solubility21 pug/mL (Table 3.1). It was likely
therefore that dissolution of the TA aerosol p#&tcbecause kinetically significant,
relative to the transwell membrane permeation. Masle, the profile for the 2.1-3.3
pum TA aerosols at 2.5 pg was intermediate betwbenptofiles for the 4.7-5.8 pm
aerosols at 1.1 and 7.7 ug (Figure 3.4). Hence, Hik, the kinetics of dissolution for

this less soluble TA was unlikely to be improvedthg smaller size.
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Figure 3.4 Cumulative % mass of TA dissolved and permeatdd the receptor
compartment as a function of time for the aerosolicted on the Stage 2
at 1.1, 7.7 and 14.0 ug and on the Stage 4 at@ib {he ACI (4.7-5.8 um
and 2.1-3.3 pm in aerodynamic diameter, respegjivefrom
AZMACORT" pMDI. Data represent mean+SD (n=3).
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3.3.2.3Budesonide (BD) from PULMICORTTURBUHALER DPI

Figure 3.5 shows the profiles of dissolution andngmation for the BD aerosols
collected on Stage 2 (4.7-5.8 um) at 1.9 pug an8tage 4 (2.1-3.3 um) at 0.8 and 1.7
1g, generated from PULMICORT TURBUHALERDPI. Again, the apparent first-
order profiles reached different asymptotes at £84/in 5 h, the values being lowered
further than those seen for FL and TA (Figures &8 3.4). This implied that the
kinetics of BD dissolution were slower than those TA and indeed, the § values at
the comparable mass deposits of 1.9 and 1.1 pderStage 2 were 3.90+0.87 and
1.05+0.16 h, respectively. By virtue of their etigely same molecular weights, i.e.,
431 and 434 Da (Table 3.1), diffusive permeatioros the transwell membranes for
BD and TA should be similar. Hence, this profiléfelience between the BD and TA
aerosols was likely caused by differences in tteisolution kinetics, even though their
reported aqueous solubilities were almost comparabll6 and 21 pg/mL, respectively
(Table 3.1). This arguably addressed that the kirethavior of certain aerosol particle
dissolution was not solely in accord with the edpilim data of the aqueous solubility.
Meanwhile, unlike FL or TA, the smaller 2.1-3.3 |BD aerosols collected on Stage 4
appeared to show faster dissolution and permeétam the larger 4.7-5.8 um aerosols
collected on Stage 2, upon the comparable 1.7 @hgid mass deposits (Figure 3.5);
likewise, the §s values were 1.76+£0.05 and 3.90+0.87 h, respegtiv@hce again,
given the same rate of the transwell membrane parare for BD, this could be
attributed to a larger surface area per unit weighio for the smaller aerosols, finally

accelerating their dissolution rates, as have dfieen the cases for the dissolution of
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certain rather larger particles (Martin and Bustatea 1993a). Nevertheless, the
different observation of this aerosol size dependeon the kinetics of dissolution
between the BD and TA aerosols, despite their coatpa solubility, remained to be
substantiated, including the exact controlling nastm of dissolution for the aerosol

particles collected in the form of cone-shaped keap
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Figure 3.5 Cumulative % mass of BD dissolved and permeateéd the receptor
compartment as a function of time for the aerosolkected on Stage 2 at
1.9 pg and on the Stage 4 at 0.8 and 1.7 pg (8.j#H.and 2.1-3.3 pm in
aerodynamic diameters, respectively) in the ACIlnegated from
PULMICORT TURBUHALER DPI. Data represent mean+SD (n=3).
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3.3.2.4Fluticasone propionate (FP) from FLOVENT HEAMDI and DISKUS DPI

Figure 3.6 shows the profiles of dissolution andrgtion for the FP aerosols
collected on Stage 2 (4.7-5.8 pm) at 1.8 and 16.ftgm FLOVENT HFA’ pMDI and
at 2.2 pg from DISKUS DPI. The profiles reached onky 6.0 % of dissolution and
permeation even by 10 h in an apparently zero-daddtion, demonstrating the slowest
kinetics among the ICSs tested in this study inclgdBDP described below. While
being consistent with FP’s lowest aqueous solybalft0.14 pg/mL (Table 3.1), this did
not allow the § 5 determination except by linear extrapolation, imch case, &k value
would be 141.6£60 h. Notably, the profiles of tHe &erosols collected on Stage 2 from
FLOVENT” pMDI and DISKUS' DPI at the comparable mass deposits of 1.8 and 2.2
lg, respectively, were not statistically differgpt-0.05, ANOVA), despite apparent
differences after 4 h. This suggested that theotliien kinetics of the different sized
FP aerosols generated from these 2 different inhpleducts were equivalent,
providing the same rate of the transwell membragrenpation. Nevertheless, like TA
and BD, the kinetics of FP dissolution and pernogatontinued to be dependent upon
the deposited masses and slowed down at the higipersit amounts of 16.4 pg (Figure

3.6).
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Figure 3.6 Cumulative % mass of FP dissolved and permeateal time receptor
compartment as a function of time for the aerosolkected on Stage 2 of
the ACI (4.7-5.8 um in aerodynamic diameter) at dn@l 16.4 g from
FLOVENT HFA” pMDI and at 2.2 pg from DISKUS DPI. Data
represent mean+SD (n=3).
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3.3.2.5Beclomethasone dipropionate (BDP) from VANCER#nd QVAR’ pMDlIs

Figure 3.7 shows the profiles of dissolution andmpation for the BDP
aerosols collected on Stage 4 (2.1-3.3 pm) at §.6rm VANCERIL"” and QVAR'
pMDils. Like FP, the profiles appeared to be zemearyet reaching a much higher 12
% and 16 % of dissolution and permeation in 10 éspite the identical reported
aqueous solubility of 0.13 pg/ml (Table 3.1). Givkle comparable rate of diffusive
permeation across the transwell membrane by votubeir similar molecular weights
(i.e., 521 and 445 Da, respectively), this implikdt either or both of the BDP and FP
profiles resulted from changes in the dissolutiorekics induced by formulation effects
when compared to those for the pure crystallineeneds with 0.13 and 0.14 pg/mL of
solubility, respectively. In this context, it wastiguing that the BDP aerosols from
QVAR" showed significantly faster dissolution and pertioga than those from
VANCERIL" (p=0.013, ANOVA). Indeed, this faster kinetics fhe QVAR’ aerosols
appeared to result from the rapid dissolution mfirst 1 h where the rate was 5.0+£0.8
%/h as compared to 2.3+0.0 %/h for the VANCERHerosols. Then, the profiles in the
subsequent periods (i.ex1h) appeared to parallel those for VANCERLltheir linear
slopes, 1.1+0.03 and 1.1+0.04 %/h, respectivelygwesignificantly different (p>0.05,
unpaired Student’'s t-test). While remaining spdoeda as discussed below, these
different kinetics between the QVARand VANCERIL® aerosols were most likely
caused by differences in their formulations (Tablg) and the resultant solid aerosol

particles following propellant evaporation.
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Figure 3.7 Cumulative % mass of BDP dissolved and permeatéal the receptor
compartment as a function of time for the aerosoltected on Stage 4 of
the ACI (2.1-3.3 pm in aerodynamic diameter) at 1ug from
VANCERIL” and QVAR' pMDIs. Data represent mean+SD (n=3). The
dissolution and permeation profile of QVARs significantly faster than
that of VANCERIL” (p=0.013, ANOVA).
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3.4 DISCUSSION

The assessment of dissolution of aerosol partigieserated from commercial
inhalers was possible in this simple system. The&ueness of this method was
primarily the experimental conditions employed tody the dissolution kinetics. The
most important aspect was the use of a stationarg £nvironment in which the
dissolution of aerosol particles in the limited wole of the fluid (40 pL) was studied.
This condition was designed to be semi-quantititie@alogous to humans, where the
total lung fluid volume has been predicted to be3Q0mL over 100r of the lung
surface [Widdicombe, 1997]. Moreover, the use d@tighary conditions was also
analogous to that in the respiratory tract. Herlois, new system was more relevant,
with respect to the flow dynamics for aerosol mdetidynamics than the prior attempt
[Davies and Feddah, 2003], in which a flow-throwgiparatus was used. This present
method also enabled the collection of aerosols spexific range, generated from the
inhalers. This allowed the determination of thduahce of particle size on the rate of
dissolution, as attempted for the FL, TA and BDtipkes generated from respective
inhaler products. In this sense, the previous aitefbavies and Feddah, 2003]
collected the aerosol particles that escaped the bt port, such that their particle
sizes were largely unknown. In contrast, a possiiphtation exists in this system
developed in this chapter by the use of PBS and DidVits dissolution media. Such
solvent may not be the best mimics for the lunglfiuindeed, surfactants present in the
lung like dipalmitoyl-Le-phosphatidylcholine (DPCC) have been shown toemaite

kinetics of dissolution of some ICSs, especiallg thore lipophilic FP by the previous
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attempt [Davies and Feddah, 2003]. However, thegntestudy did not attempt the

influence of such a surfactant on the dissolutibripmphilic ICSs due to analytical
limitations.

Figure 3.8 summarizes the profiles of dissolutiod gpermeation for 5 ICS
aerosol particles in the size-range 2.1-3.3 umize §Stage 4 collection) following
collection of comparable ~2 (1.6-2.9) ug depositsegated from 5 inhaler products.
Because their molecular weights are similar (431-b&; Table 3.1), the kinetics of
diffusive permeation should be consistent. This wadeed supported in part by
apparently same profiles for FL and TA upon th€ind. solution applications (data not
shown); in fact, when 40 puL aqueous solutions ofaRd TA were applied to the donor
compartment of the transwell system at a conceotrabf 25 and 10 pg/mL
respectively, theirgts values 0.17+0.06 and 0.16£0.04h were consistenth bf which
were much shorter than those for their aerosola/sho Figures 3.3 and 3.4. Therefore,
it was likely that the profile differences for tleeS5 ICSs aerosols in Figure 3.8 were
primarily caused by the differences in their kingtof dissolution into 40 pL of the
donor fluid in the transwell. Overall, the kinetic$ dissolution for the 2.1-3.3 um
aerosol particles was shown to differ substantiadfween the ICSs, but conform to the
rank order of their agueous solubilities. Howerch reported solubility values were
not the only factor defining the kinetic profileBairs of ICSs with similar solubilities
still produced different profiles such as TA and BDFP and BDP (Figure 3.8). This
was presumably because some of the ICS aerosoklesrigenerated from the

respective inhaler products resulting from certaelranges caused by, for example,



50

formulation excipients, particle wettability andA@S crystallinity. In this context, our
satellite experiments showed that 1 % ethanol exidinto the 40 pL donor fluid did
not accelerate the profile for BD, compared to tise of the 40 pL fluid (data not
shown). Hence, the faster kinetics for TA over BDFigure 3.8 were apparently not
due to co-solvent effects by ethanol [Kibbe, 2008],formulation excipient in
Azmacorf (TA; Table 3.1). However, it was reasonably pdsstb speculate that TA
and BD possess different wettabilities and/or tiAeparticles generated from the MDI
containing 1 % ethanol were altered, fully or intp@ their crystallinity, which may
have contributed to these different profiles; imtrast, it was highly unlikely that BD
formulated as the pure drug and generated fromiRé had altered crystallinity
induced by formulation. A similar observation waes for the BDP aerosol particles
that exhibited faster dissolution than FP (Figur8),3despite their reported similar
solubilities (~0.14 pg/mL, Table 3.1). In this casédias been reported that BDP forms
solvate crystals in the presence of both CFC and Hfepellants like Vanceffl and
Qvar®, respectively (Dalbet al, 1993), while FP particles generated from the Dete
most likely crystalline. Thus, it appeared that BieP aerosols were more prone to
have crystallinity changes than the FP aerosolswv@&m the BDP aerosols, an inter-
product difference was observed. The aerosols gagtefrom Qvat, a solution of BDP
in HFA propellant with ethanol, showed faster disgon kinetics than the aerosols
from Vancerif, a suspension of probably crystalline BDP in CF@pgllants
suspended with the aid of dissolved oleic acid Fgg3.7). Such a difference could

partly be attributed to the clathrate crystal fotiora of BDP (Dalbyet al, 1993) upon
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interaction with both CFC and HFA propellants, whicould alter the apparent

solubility to varying extents. Incidentally, Freildaet al 2005 observed different
pulmonary absorption of BDP delivered by two diéier HFA-propelled aerosols
(Sanasthmd¥Becloforte™ and VentoldiYQvar). They confirmed that the BDP
particles delivered by Ventol&itQvar™ were significantly smaller and displayedéas
dissolution in human bronchial fluid, compared tbe tparticles delivered by
SanasthmdXBecloforte™. Their work also illustrated certairystallinity changes for
the BDP particles, resulting in the different dission kinetics. While these issues
should be further clarified, it is clear that ti&Sl aerosol particles generated from the
inhaler products should be the subject matterHi dissolution testing rather than the
pure ICS drugs themselves.

Currently, the USP standards for product perforreasicinhaled dosage forms
require the testing for delivered dose and aeroahymaarticle size distribution yet have
not included the testing of dissolution. [Unite@t8s Pharmacopoeia, Chapter <601>]
This is primarily because drug delivery to, andioagl deposition within, the lung are
considered to far outweigh aerosol particle digsmiuin controlling the effective dose
and its therapeutic effect. Indeed, their literatweview failed to locate substantial
concerns about the issue of dissolution for inhalestapeutics with respect to their
pharmacokinetics or clinical performance amongcineently approved products [Gray
et al 2008]. In contrast, such data were availablehm ltterature for animal testing.
Chowhan and Amaro, 1976, demonstrated a substgntialayed disappearance of

methyl sulfinyl xanthone, from the rat lung, whé tmolecule was administered as its
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carboxylic acid suspension, compared to its sodsath given as a solution. This was
attributed to dissolution effects, when the acidswaployed in suspension. Likewise,
sustained dissolution or release from the respralde microspheres led to prolonged
durations in pharmacokinetics and/or pharmacodyoamifollowing aerosol

administration to the lung in several studies uslogs, rats and guinea pigs [Sakagami
et al, 2002 and 2005]. However, no such modified digsmiuor release products have
been so far clinically marketed for inhalation usénumans. The performance tests for
the currently marketed oral inhaled dosage formsetthus, concerned only the lung
delivery and regional deposition. e.g., deliveraxsed and aerodynamic particle size
distribution [FDA, Guidance for industry; meteredse inhaler and dry powder inhaler,
1998], and their dissolution testing is not consdecritical. However, this in vitro

dissolution testing of aerosol particles suggestieat this process may be rate

determined for some highly lipophilic ICSs like FP.
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Figure 3.8 Cumulative % mass of 5 ICSs dissolved and perrdeate the receptor
compartment as a function of time for the aerosolkected on the Stage 4
(2.1-3.3 pm in aerodynamic diameter) of the ACInirdheir inhaler
products at the best comparable ~2 (1.6-2.9) pg ndag®sits. Data
represent mean+SD.



54
3.5 SUMMARY & CONCLUSIONS

A unique dissolution testing method was developad defined-size aerosol
particles generated from commercial inhaler proglwdt various ICSs with different
physicochemical properties. Upon defined size aérparticle collection in the ACI,
dissolution took place in a limited volume (40 pdf) stationary fluid, followed by
membrane permeation to determine their transfegtiarprofiles. This was an attempt
to determine the rate of dissolution in the limitedume of the fluid like aerosols in the
lung mucosal surface, while also controlling theoael size and mass deposit, in order
to identify their effects on the kinetics of aerbdssolution and permeation. Overall,
the kinetics of dissolution differed substantidigtween the ICSs but conformed to the
rank order of their reported aqueous solubilittdswever, solubility values alone were
not the only factor that influenced dissolution dtigs, as the profiles for ICSs with
similar solubility were sometimes different, suck 8A and BD or FP and BDP.
Moreover, certain ICSs, especially those with a keubility, showed substantially
slower profiles with an increase in the aerosoé sind mass deposit. While the exact
causes of these differences and changes remaieedlapve, it became clear that ICS
aerosol particles delivered by inhaler productsukhde tested for dissolution rather
than the pure drugs.

Specifically, it was of interest that this non-laigical system of dissolution and
permeation identified exceptionally slow dissolatikinetics for the least soluble ICS,
fluticasone propionate (FP). Only 3 % of the 2.4degosited mass was shown to be

dissolved in 10 h, which was quite a contrast ®88 % in 5 h for the readily soluble
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ICS, triamcinolone acetonide (TA), as shown in Feg3.8. This raised a question
concerning whether the cellular anti-inflammatoggivaty of FP could be dissolution
rate-determined and thus, compromised by this séwent though the “intrinsic”
molecular anti-inflammatory activity of FP has begimown to be the most potent

among these drugs.



CHAPTER 4

DEVELOPMENT AND CHARACTERIZATION OF THE AIR-
INTERFACE CULTURED CALU-3 CELL MONOLAYERS

4.1 INTRODUCTION

Lung cellular disposition of inhaled therapeutissai complex cascade of their
aerosol deposition onto, and dissolution into, lthieg fluid, followed by their cellular
uptake and/or absorption, as described in Figute[Hdsbackert al, 2006]. In this
context, none of the available in vitro lung celltare models have been applicable due
to their culture being necessary in media-submepgeditions and hence, resulting in
an inability of aerosol deposition on their surfadéhile this has demanded the use of
less favorable and more complex models with animatsumans in this research arena,
evidence has recently emerged in the cell culeckrtiques suggesting that certain lung
epithelial cells can be grown without apical cutumedia [Sakagami, 2006]. A
continuous cell line of human bronchial epithekarcinoma, Calu-3, is one of such
unique cells that grow to form the monolayers uniher culture leaving their apical
surface semi-dry [Borchamt al, 2002; Fiegekt al, 2003; Cooneet al, 2004; Grainger

et al 2006a and b; Mathiast al, 2006]. In fact, these monolayers appeared to e m
56
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differentiated, with cilia and a thicker mucosaynaared to those grown under the
conventional submerged culture [Grainget al 2006a]. Nevertheless, their
characterization in the literature has been cordednas also discussed in this chapter,
due to a lack of universal validation to ensure ttmnsistent formation of the
sufficiently restrictive monolayers. This culturitgchnique is termed as an air interface
culture (AIC) where the culture medium has accesthé Calu-3 cells only from the
basolateral side.

In this chapter, Calu-3 monolayers grown underAle were assessed if they
indeed formed sufficiently “tight” diffusive barmefor their use in pulmonary
biopharmaceutics, while maintaining their semi-anycosal surface with a limited
volume of the lining fluid. Various culturing cortiins were tested with respect to the
restrictive barrier formation for the selection tbe most suitable monolayers. Then,
they were further characterized by scanning eleanecroscopy (SEM), transepithelial
resistance (TEER) and permeability of various maadlites. The lining fluid volume
on the apical (mucosal) surface of the monolayaas also determined using a tracer
dilution technique. This enabled the developmentsafficiently restrictive lung
epithelial cell monolayers enabling direct aerodeposition to study a cascade of

aerosol dissolution and cellular uptake and/or giigm in the in vitro system.
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4.2 MATERIALS AND METHODS

4.2.1 CALU-3 CELL CULTURE AND MONOLAYER FORMATION

Calu-3 cells were obtained at passage 19 from theergan Type Culture
Collection (ATCC; Rockville, MD) and propagated timee 25 or 75 chculture flasks
(Corning Costar; Cambridge, MA), prior to use aduog to the supplier's protocol
[Product Information Sheet, ATCC]. For propagatitie cells were seeded at 0.1 %10
cells/cnf in the flasks and cultured in 8 or 20 mL of thegiea Minimum Essential
Medium (EMEM; ATCC, Rockville, MD; Table A.1) supghented with 10% (v/v)
fetal bovine serum (Invitrogen, Carlsbad, CA) ar¥d v/v) penicillin-streptomycin
(Sigma-Aldrich; St. Louis, MO). They were maintaihender the humidified 95% (v/v)
air and 5% (v/v) C@at 37 °C in the incubator (Model 5410, NAPCO; Mille, NJ)
connected to a C{yas cylinder (National Welders; Richmond, VA). Thwture media
was changed every other day, during which the grelvth was monitored under the
microscope (Nikon-TMS phase contrast microscopeggenSystems Inc.; Columbia,
MD). Typically, the cells reached the confluence By days, such that they were
passaged in a new flask or frozen for the cell bstakage following trypsin-EDTA
(Sigma-Aldrich) treatment. The standard operatimgcedures for cell propagation,
passage and banking are described in detail in AgipeA.

For experimentation, the Calu-3 cells between gps24 and 42 were used.
They were seeded onto 1.13 or 4.5°aear polyester transwell filter inserts (Corning

Costar) at a density of 0.1 or 0.5 R1lls/cnf and cultured for 24 h with the media
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filled in both apical and basolateral compartmesftshe transwells at 0.5 and 1.5 mL
for the 1.13 crhtranswells and 1.5 and 2.6 mL for the 4.5 ¢ranswells, respectively.

At 24 h after the seeding, the apical medium wamoked, commencing the air-
interface culture (AIC) where the cells were fedyowith 0.5 and 1.4 mL of the

basolateral medium, respectively, in the 1.13 aBctcdf transwells, as shown in Figure
4.1. The medium was replaced everyday, during wthehcell growth was monitored
under the microscope. In some experiments, tratsdiail electrical resistance (TEER)
was measured everyday using an Epithelial Voltohtem¢éeEVOM) and STX or

Endohm electrodes (World Precision InstrumentsaSs#da, FL), as described below.
Typically, the cells reached the confluent monotayby 7-10 days, irrespective of
different seeding densities (0.1 or 0.5%X@lIs/cnf) or transwell areas (1.13 or 4.5

cn?).
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— Apical compartment: Air

Calu-3 Cells— \ '\ '\ '\ '

Basolateral compartment: 0.5 or
1.4 mL of the cell medium

Figure 4.1 Air-interface culture (AIC) of the Calu-3 cells ithe transwell. The
basolateral volumes of the culture medium wereah® 1.4 mL for the
1.13 and 4.5 cftranswells, respectively. The Calu-3 cells arenshas
the confluent monolayer, typically observed by 7e&ys in culture.

4.2.2 BARRIER ASSESSMENT FOR THE CALU-3 CELL MONOLAYERS

4.2.2.1SCANNING ELECTRON MICROSCOPY (SEM)

On day 7-10, upon confirmation of the monolayer fe@mnce under the
microscope, the surface morphology was assessee@r utid scanning electron
microscope (SEM; JSM-820, JEOL, Peabody, MA). Was carried out at the electron
microscopy facility of the VCU Department of AnatgnThe monolayers grown on the
transwell inserts were fixed in 2.5% glutaraldehy(f®&gma-Aldrich) in 0.1 M
cacodylate buffer (Invitrogen) overnight, followeay repeated rinse with 0.1 M
cacodylate buffer. The monolayers were then fixéth & mL of 1% osmium tetroxide
(Invitrogen), applied apically, on ice for 1 h atheen, rinsed several times with the

cacodylate buffer. The monolayers and supportinghbranes were carefully removed
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from the transwell insert and subjected to a seriegaded ethanol bathes (70 %, 80 %
and 90 % for 5-10 min each and 3 times of 100 %lfdmin each) for dehydration.
They were placed in hexamethyldisilazane reagetgc{i&n Microscopy Sciences,
Hatfield, MA) and finally mounted on the stubs ugidouble sticky tape. Following
gold coating using a sputter coater (EMS-550 Sp@tater, EMS, Harfield, MA) with

a thickness of 10 A, the sections were observeeutie SEM (JSM-820 JOEL, USA

Inc., Peabody, MA).

4.2.2.2TEER MEASUREMENT

TEER was measured with an EVOM and STX or Endohenteddes during the
culture to assess the monolayer confluence andnegh. For each measurement, the
cells were first equilibrated with appropriate voles of the culture media for 15 min;
the volumes were 0.5 and 1.5 mL for the 1.13 tianswells and 1.5 and 2.6 mL for the
4.5 cnf transwells, respectively, on the apical and basmh compartments. Then,
TEER was measured using chopstick STX electrodeshf 1.13 crhtranswells and
Endohm electrodes for the 4.5 Ttranswells, according to the supplier's protoddie
observed resistance values were corrected by stibgathe resistance of the
transwell’'s membrane, obtained from the cell-fremswells and then, converted to the
TEER values with the area-normalization via muitiglion, i.e., 1.13 and 4.5 ém

these were then expressedrsnt.
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4.2.2.3PERMEABILITY DETERMINATION

On day 7-10 upon the visual confluence and sufiitye high TEER
development, the permeability of the Calu-3 moneftaywas determined for various
solutes to assess their barrier nature. Table idt4 ¥ model solutes tested in this
assessment along with their molecular weights amalyical methods validated in-
house previously. These solutes were all hydrophyiet different in molecular weights
ranging from 376 to 150k Da. For the permeabilitgtedmination, the Calu-3
monolayers were first equilibrated for 90 min i tincubator with 1.5 and 2.6 mL for
4.5 cnf and 0.5 and 1.5 mL for 1.13 érranswells, respectively, of the Krebs-Ringer
buffer (KRB, pH 7.4) in the apical and basolatezampartments. The KRB solution
consisted of 15.0 mM HEPES (N-[2-hydroxy-ethyl|pi@Ene-N’-[2-ethanesulfonic
acid]), 116.4 mM NacCl, 5.4 mM KClI, 0.78 mM NaPO,, 25.0 mM NaHCG@, 1.8 mM
CaCb, 0.81 mM MgSQ and 5.55 mM glucose, and freshly prepared befach study.
Then, the apical media was replaced with the KRBt®m containing certain known
concentrations (§ of each solute listed in Table 4.1, except f@uim. For insulin, the
Krebs—Henseleit buffer (pH 7.4) containing 4 % (Wdovine serum albumin was used
to avoid insulin’s adsorptive loss to the plastias, described previously [Paeg al,
2005]. The concentrations were chosen to monit@ permeation profiles and
therefore, 1Qug/mL for FNa, 1.0 mg/mL for 4.3 kDa F-PHEA, 1.0 il for insulin,
2.0 mg/mL for 8.4 kDa F-PHEA, 0.5 mg/mL for FD-100 mg/mL for FD-70 and 5.0
mg/mL for FD-150. At various time intervals (10,,3D, 90, 120, 150 and 180 min),

200 puL aliquots were withdrawn from the basolateral camiment; 20QuL of the fresh
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media was added each post-sampling. These samgles amalyzed by the method
shown in Table 4.1 to determine their concentratiorhe concentration at each time
point was converted to the solute mass permeatedhe basolateral compartment by
its product with the basolateral volume, i.e., &b or 1.5 mL. The cumulative solute
mass permeated into the basolateral compartmestiptuproduct of the concentrations
in previously taken samples and their volumes, @2 mL) was plotted as a function of
time so that the apparent permeability coeffici@hpy) was calculated from their initial

linear portions using Eq 4.1:

Ppp=3J/(A.Q) (E1)
where J is the initial solute mass for permeatibtaimed from the linear slope of the
cumulative mass permeates. time profiles, A is the area of the transwell msel.13
or 4.5 cn, and G is the initial concentration of each solute applte the apical
compartment. The linear portions of the profilesravensured with their regression
coefficients >0.95 under <5% permeation of the soundition. The supporting
membrane (polyester) of the transwell was showmeta negligible barrier for all tested
solutes, as evidenced by >100-fold highgy, Ralues, justifying the lack of necessity of

the correction.



Table 4.1 Model solutes used to determine the apparent ahilitg coefficients (Byp
across the Calu-3 monolayers and their moleculagivt® and analytical methods.

Analytical LOQ
Solute MW (Da) Method (ng/mL)  Accuracy® Precision Reference
FNa 376 Fluorimetry 1 3% 9% [1]
F-PHEA 4,3001 GPC-F? 100 10% 5% [1]
Insulin 5,800 ELISA* 100 11% 15% [2]
F-PHEA 8,400! GPC-F? 100 10% 5% [1]
FD-10 45001 GPC-F? 100 10% 5% [1]
FD-70 9,500! GPC-F? 100 10% 5% [1]
FD-150 150,000t GPC-F? 100 10% 50 1

FNa: sodium fluorescein; F-PHEA: fluorophore-laligp®ly-o,3-[N(2-hydroxyethyl)-D,L-aspartamide; FD: FITC-ldbd dextran

! Averaged weight-based molecular weight

?Fluorescence spectrometer (Model LS 50; Perkin Eltte, Norwalk, CT) with excitation and emissiomvelengths Xsxandiem)

of 490 and 520 nm, respectively

® Gel permeation chromatography coupled with fluceese detection (Model RF-535; Shimadzu Corporatigoto Japan) with

hex @andiem Of 486 and 516 nm, respectively

* Enzyme linked immunosorbent assay, ALPCO, WindHshh,
> Accuracy and precision defined by difference freominal concentration (DFN) and %RSD, respectively.

[1] Sakagami, 2000; [2] Pang, 2004

9
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4.2.2.4THE RENKIN FUNCTION'S APPROACH FOR THE MONOLAYER’S

DIFFUSIVE PORE SIZE ESTIMATION
The Ryppvalues for the 7 model solutes across the CalwBatayers were used
to estimate the diffusive pore size using the Reffilinction approach [Renkin, 1954].

The Renkin function, is the dimensiaslenolecular sieving function for the

cylindrical pore channels and described with ER: 4.

3 5
R (fi| = [1-]fh| 41-2.104|N +2.09F" -0.95" | ] (Eq.4.2)
' 'p 'p I '

where r is the solute radius ang is the pore radius of the barrier, i.e. Calu-3
monolayers. Meanwhile, the,f values were considered as a result from restricted
diffusion and/or steric hindrance and frictionasistance of the solutes and therefore,

described with this Renkin function, as shown in £§:

Papp=Di H F%% (Eq. 4.3)
L fo

where D is the diffusion coefficients of the soluteds the barrier porosity and L is the
barrier length. For each solute listed in Table, 4t diffusion coefficient ([) was
estimated from its molecular weight (MW) using Bg}, empirically derived by Seki
al, 2003.

log £-0.434 log MW - 4.059 (Eq. 4.4)
This further enabled the determination of the sohadius () using the Stokes-Einstein

equation, Eg. 4.5:
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D= KT (Eq. 4.5)
6]Hri

where k is the Boltzmann constant, T is the abedkiinperature anglis the viscosity
of the barrier (assumed to be equivalent to thataiér, 1 cP.

Accordingly, the values f% anglrecame floating unknown values for each
solute in Egs. 4.2 and 4.3, whichL were estimatedguthe mean £, values for the 7
solutes and their molecular weights using the MiofoExcel and its built-in Solver.
The spreadsheet was prepared, tabulating the viduéd,, D; and rfor each solute.
They were subjected to Solver’'s optimization todethe best estimates fo% and
r,, based upon the simplex, generalized reduced eraailgorithms [Fylstreet al,
1998]. In this algorithm, the estimates f% and p should yield the minimum sum of

squared differences between the predicted and iexpetal Ry, values.

4.2.3 CELL LINING FLUID VOLUME DETERMINATION

On Day 7-10 upon the visual confluence and suffitye high TEER
development, the Calu-3 monolayers were subjeaiethé determination of the cell
lining fluid volume using tracer dilution methodh&lamine B isothiocyanate-labeled,
7.0 kDa dextran (RD-7; Sigma-Aldrich) was used &saeer. Its 1.0 mL KRB solution
at 0.1 mg/mL was applied to the apical compartnaek thoroughly yet gently washed
by repeat pipetting action. Then, the apical soflutwas recovered and analyzed by

GPC coupled with fluorescence detection (Model BB;:3himadzu Corporation) with
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Ae=540 nm andier=573 nm. The GPC column was a SepafoRlEMA-Bio 40

column (8 x 250 mm, 10 um particle size; Tessek, [Rdague, Czech Republic) and the
mobile phase was 0.05 M PBS (pH 7.4) at 1.0 mL/mire analysis was validated with
the linear range over 50-120 pg/ml>>0.999), and<5.0 % of the precision (RSD:
relative standard deviation; n=3).

RD-7 concentration (&p) of the recovery samples from the monolayers was
decreased due to the additionally recovered volohtiee Calu-3 cell lining fluid (V).
Hence, the V& values were calculated from Eq. 4.6, assuming ralssice:

100pg/mLx 1.0 mL

VLF = - 10 ml_ (Eq 46)
Crp




68
4.3 RESULTS AND DISCUSSION

4.3.1 THE CULTURING CONDITIONS FOR THE HIGHLY RESTRICTIVE

CALU-3 MONOLAYERS

Irrespective of 0.1 or 0.5 x i@ells/cnf of the seeding density or the use of 1.13
or 4.5 cnf transwells, the Calu-3 cells grown under AIC fornmethfluent monolayers
by day 7-10 visually confirmed under the microscdpewever, as shown in Table 4.2,
the values of the steady state TEER agg fér FNa were shown to differ in different
culturing conditions. In the smaller transwellse(i.1.13 crf), the higher seeding
density of 0.5 x10cells/cnf resulted in the higher TEER and a lower FNg, Rvhich
indicated relatively restrictive monolayer formatioEven so, these values were
somewhat more variable, suggesting the formatiomatifer inconsistent monolayers
between the transwells, possibly associated wighfélhmation of cell multilayers and
stacking [Mathiaset al, 2002; Sambuyet al, 2005]. In contrast, in the 4.5 énthe
highly restrictive “tight” monolayers were reprodoly formed at a seeding density of
0.1 x 10 cells/cnd, yielding 1486+42)-cnt of TEER and 1.350.09 x T0cm/s of Ryp

for FNa.
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Table 4.2Values of the steady state TEER ang, For FNa obtained from the Calu-3
monolayers grown under AIC at various culturingditions.

Transwell area Seeding density TEER Papp for FNa~
(cm?) (x1CP cells/cnf) (Q-cnv) (x107 cm/s)
1.13 0.1 324 + 27 4.03+0.29
1.13 0.5 888 + 96 0.90 +£0.30
4.5 0.1 1486 + 42 1.35+0.09

" Data represent mean+SD from®

Table 4.3 summarizes the culturing conditions, TE&® FNa B, obtained
from the study, compared to those reported in iteeature, for the Calu-3 monolayers
grown under the AIC. It was evident that the litara employed different transwell
area, seeding density, coating, and day of useshmasulted in substantially variable
TEER ranging from 306 to 1488-cnf and Ry, for FNa from 1.0 to 2.2 x 1bcmis.
Moreover, the observation was inconsistent acrosditerature, thereby requiring the
condition optimization for each laboratory to yiddfficiently “tight” monolayers in a
reproducible fashion, like the present study. Iswatable that the Calu-3 monolayers
formed in the present study resulted in the high&gR at ~150®-cnf in the 4.5 crh
transwells without a use of coating upon a seediegsity of 0.1 x19 cells/cn.
However, as shown in Figure 4.2, the TEER developrteavards the steady state value
appeared to be dependent upon the passage. Ithwas shat the TEER development
took longer for the cells with a higher passageas Tas probably also the case for the
literature shown in Table 4.3 where the Calu-3sceith the higher passages, e.g. 38-56

and 36-41, resulted in a lower TEER by day 8 (#5énf) or a longer time period (17-
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19 days) to reach the steady state TEER [Fiegehl, 2003; Trehinet al, 2004,

respectively]. Similarly, the use of lower passageg. 20-40, resulted in higher TEER
of 1056-11282-cnt [Mathiaset al 2004]. Such passage effects have also been egport

for the human intestinal Caco-2 cell line [¥tal, 1997].



Table 4.3The Calu-3 monolayers grown under the AIC and tbelturing conditions reported in the literature.

Transwell Seeding
area density Transwell  Day of TEER Pappfor FNa .
[cm?] [x10%cm?] coating use [Q-cn¥] [x107/cm/s] Reference
4.5 0.1 None 8-10 1486+42 1.4+0.1 Table 4.2
4.5 0.1 None 8 750 2.2 Fiegel, 2003
4.2 1.0 Collagen 17-19 362 N.D Trehin, 2004
1.13 0.1 None 16 500 1.1 Ehrhardt, 2002
1.13 2.5 Collagen 8-16 800-1200 N.D Li, 2006
1.13 2.5 Collagen 14-21 550 1.0 Cooney, 2004
1.13 5.0 Collagen 8-16 1056-1126 1.5 Mathias, 2002
1.0 1.0 Vitrogen'™  16-18 350-400 N.D Meaney, 2002
1.0 5.0 Collagen 10-14 ~ 400 N.D Yang, 2004
0.33 5.0 None 11-13 306 1.5 Grainger, 2006

N.D. Not determined
* First authors are only shown.

TL
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Figure 4.2 TEER development of the Calu-3 cells during 20 dafythe air-interface
culture (AIC) in the 4.5 cftranswell upon a seeding density of 0.1 R 10
cells/cnf with the passages 22 and 40.
Data represent mean+SD from n=6.
The solid line indicates the steady state TEER eseas an average of the
TEER values for day 10-20 across the cells witlspgss 22 and 40.
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4.3.2 BARRIER ASSESSMENT OF THE CALU-3 MONOLAYERS GROWN

UNDER THE AIC

Figure 4.3 shows a scanning electron micrograptthef Calu-3 monolayers
grown under AIC in the 4.5 chiranswell upon a seeding density of 0.1  d@lls/cnf
and taken on day 10 following visual confluenceisTdondition was selected by virtue
of the highest TEER value for the monolayers raaglateady state reaching ~1.5 k
Q-cnf. The Calu-3 cell bodies are shown in its typidae=f 5-10 um with cilia on
their mucosal cell surface. The intercellular jumes are also shown surrounding the
cells. These were consistent with those reportetthenliterature [Mathiagt al 2002;
Graingeret al 2006], despite substantial differences in the RE&hd Ry, values as
described in Table 4.3.

In the literature, the submerged condition withhbtite apical and basolateral
sides receiving culture media was also shown tgui@ble for the growth of Calu-3
monolayers [Grainegt al, 2006]. However, their epithelial morphology wagaorted to
be different from the monolayers grown under th&€ Aés no ciliated structures or
mucus was observed [Grainger al, 2006]. The AIC culture has shown an enhanced
transport of Naacross the epithelium because of the greateradbikity of oxygen for
the cells [Johnsoat al, 1993]. Such factors can indirectly contributehe differences

in morphology observed under these conditions.
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Figure 4.3 A representative scanning electron micrograpthefCalu-3 cell monolayer
grown under the air-interface culture on day 10s§@ge-35) in the 4.5 ém
transwell, upon a seeding density of 0.1%aélIs/cnf. The bar indicates a
10 pum scale.
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Figure 4.4 shows the cumulative % mass permeatéa time basolateral
compartment vs. time profiles for 7 solutes testethis study across the air-interface
cultured Calu-3 cell monolayers. The maximum cutivda% mass permeated by 180
min was 0.4 %which justified the assumption of the sink condiBoacross these
solutes. With increasing the molecular weights bé tsolutes (Table 4.4), the
cumulative % mass permeated was decreased, whishinMine with their diffusive
permeation and the Fick’'s theory [Martin and Bustatae, 1993b]. Correspondingly,
the lag times of the profiles became more evidentttie macromolecules (e.g. FDs),
which required the linear steady slope calculafrom the data excluding those in the
lag phase. Table 4.4 summarizes thg, Ralues for the 7 solutes across the Calu-3
monolayers derived from the profiles shown in Fegdr4. The By values decreased
with increasing the molecular weights, as deducethfthe profiles shown in Figure
4.4. When thesegf), values were plotted as a function of MW in a latanic format,
an excellent linear correlation was observed faokites excluding FD-150, as shown
in Figure 4.5. This suggested that diffusive pertimneaof these 6 solutes was equally
restricted, while a further size exclusive steriandnance and frictional resistance
became effective for the largest molecule, FD-1Brfin and Bustamante, 1993b;
Renkin, 1954]. Indeed, the linear slope for theoktes in Figure 4.5 was -0.36+0.13
(r*=0.92), which was effectively consistent with -Q.88 theoretical slope value based
on the Stokes-Einstein assumption of diffusiontfar spherical molecules [Byraat al,
1994a]. Accordingly, all of the §, data shown in Table 4.4 were possible to estimate

the diffusive pore radiusdrby the Renkin function approach. The diffusivegadius
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of the Calu-3 monolayerspfrwas derived to be 13.2 nm, while the ratih, (the ratio
of the barrier porosity to barrier length) was Ord8*, as described in Table 4.5. This
derived p of 13.2 nm was close to the solute diameter forlBD, ~11.0 nm [Hastings

et al, 1992], which well explained the deviation fromdarity for the Figure 4.5.
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Figure 4.4 Cumulative % mass permeated into the basolateyalpartment for 7
solutes across the Calu-3 monolayers as a functibntime. The
monolayers were grown under the air-interface fdr08days in the 4.5
cn? transwells upon a seeding density of 0.Pxddlls/cnf. Data represent
meanzSD from n=4-6.
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Table 4.4 P,pp values for 7 model solutes across the Calu-3 nayeolgrown under
AIC (4.5 cnf transwell; 0.1 x 1Dcells/cnf of seeding density).

Solute MW Papp
(Da) (x107 cm/s)
FNa 376 1.35+0.10
F-PHEA 4,300 0.53 £0.11
Insulin 5,808 0.56 + 0.15
F-PHEA 8,400 0.35 +0.06
FD-10 9,500 0.55 +0.01
FD-70 50,700 0.20 + 0.04
FD-150 150,000 0.02 +0.01

"Data represent mean+SD from n=4-6
MW: molecular weight
Figure 4.5 also plotted the,fg values vs. the molecular weights of several

solutes tested with the Calu-3 monolayers in ttexdiure. In line with a much lower
TEER of 306Q-cnf, the Rpp Values by Graingeet al 2006 appeared to be higher
overall, while a deviation from the linearity becaravident at 70 kDa in molecular
weight. On the other hand, Mathias al, 2002 reported quite a different slope of the
linearity from the Calu-3 monolayers with fairlyghi TEER of ~110@-cnf. Table 4.5
summarizes the linear slopes obtained from Figubeadbngside theprvalues of the
Calu-3 monolayers across 3 institutions. The shufpde present study agreed with the
Stokes-Einstein relationship, while the remainimgp tslopes resulted in different
estimates. The pore radiug)(of the Calu-3 monolayers for the present studyg alase
to that reported by Grainget al, 11.0 nm, despite the differences in TEER andesop
This could also be attributed to the differenceponosity of the cell membranes @lso

calculated by Renkin function analysis) between woek of Graingeret al and the
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present study. Such inconsistencies also addreksedability of the data comparison
across the institutions, in Figure 4.5, for thendtdization of the Calu-3 monolayers,

emphasizing a need for this study for own labosagstablishment and validation.
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Figure 4.5 Pypp values across the air-interface cultured Calu-8atayersvs. molecular
weights of various hydrophilic solutes obtained three different

institutions.
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Table 4.5The linear slopes derived from the plots in Figére and pore radiuspfrof
the Calu-3 monolayers estimated using the Renkintion approach.

Mo
Slope (nm)
Present Study -0.36%0.13 13.2
Graingeret al, 2006 -1.22+0.06 11.0
Mathiaset al, 2002 -0.63+0.07 5.7

4.3.3 CELL LINING FLUID VOLUME OF THE CALU-3 MONOLAYERS

The tracer-dilution technique with RD-7 yielded B&12.1uL (mean+SD, n=3)
of the cell lining fluid for the apical surface thfe Calu-3 monolayers grown under AIC
on day 8-10 in the 4.5 c¢ntranswells upon a seeding density of 0.2xddlIs/cnf. The
high % CV of ~30 % on the fluid volume estimatiorultbbe because of biological or
analytical variability which may require furtherpeated determination to use this
volume with confidence. Nevertheless, this estinreds useful in approximation of the
lining fluid thickness, yielding 88.2+26.7 um. Anslar value of 90.9 um has been
recently reported with the similarly grown Calu-3omolayers yet in the 0.33 ém
transwells under the AIC [Grainget al, 2006b]. Therefore, this consistenogtween
institutions gave a strong support on the accuoacthe (¢ value, though with a high
variability. Even so, the ~90 um thickness of tmenliy fluid was much greater than 10-
23 um of the lining fluid thickness measured in titaeheo-bronchial regions in humans
[Widdicombe, 1997]. Hence, the Calu-3 monolayemsagr under the AIC still favored

the fluid capacity per unit surface area for digsoh of deposited aerosols on the lung



82

surface by a factor of 4-9. Hence, the semi-drgasurface of the Calu-3 monolayers
with sufficiently “tight” restriction to this diffasion would enable a valid argument for

aerosol dissolution, if some ICSs showed this pedte be rate-determined.

4.4 SUMMARY AND CONCLUSIONS

The air-interface culture of the human bronchiaitheghial cell line, Calu-3,
formed well-differentiated monolayers with a sugiatly “tight” barrier for restrictive
diffusion with a high TEER of ~1.5 R-cnf. The monolayers resembled the airway
luminal surface with respect to the presence o& @hd intercellular junctions and a
limited volume of the lining fluid. The intercellad junctions were shown to serve as
the restrictive diffusive barrier, which was capalf differentiating permeation of
various model solutes with varying MW. Nevertheles® cell passage and culturing
conditions were shown to affect such tight junctimnmation and thus, it became
essential to ensure the consistent formation oftthet” monolayers at each laboratory.
The present study concluded that the Calu-3 moeodagrown under the AIC in 4.5
cn? transwells upon a seeding density of 0.ddlIs/cnf was the most suitable model
by virtue of their restrictive barrier formationrfdiffusion while maintaining the semi-
dry mucosal cell surface with ~40 pL of the linidgid. This would provide the unique
opportunity to study aerosol particle depositioissdlution and uptake or absorption in
the in vitro system, the cascade of events thae ey been studied with animals or

humans.



CHAPTER 5

IN VITRO CELL MONOLAYER-BASED ANTI-INFLAMMATION
ASSESSMENT OF INHALED CORTICOSTEROIDS UPON
AEROSOL DEPOSITION

5.1 INTRODUCTION

In vitro cellular assessment of anti-inflammatorgtgncies and activities for
inhaled corticosteroids (ICSs) has conventionathp®yed application of ICS solution
to non-confluent lung cells in culture [Jafwtlal, 2000; Roumestaet al, 2003]. While
such a method has enabled the assessment of timiimsic” molecular anti-
inflammatory potencies, it has been criticized thatg organ-related issues such as
deposition, dissolution and cellular uptake, whdmmistered as ICS aerosols, are not
taken into account [Edsbéacketral, 2006; 2008]. As a result, these potencies haea be
suggested to overrate their in vivo or clinicaliantiammatory potencies and activities
upon inhalation [Edsbacket al, 2008]. In this context, in chapter 3, only 3 %20t ug

of the deposited mass of the least soluble IC$ic#sone propionate (FP), was shown

83
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to be dissolved in 10 h in the presence of thetéichid4O pL fluid (Figure 3.8). This

logically implied that 97 % of FP would be left ussblved and thus unavailable for its
anti-inflammatory action, when deposited on theglarmucosal surface with an equally
limited volume of the lining fluid. In contrast,£ug of the deposited mass of the
readily soluble triamcinolone acetonide (TA) showear complete 89 % dissolution in
the 40 pL fluid by 5 h (Figure 3.8). It was likethierefore that, compared to FP,
dissolution for TA aerosols, would not be problemé&tr cellular uptake and thus, anti-
inflammatory action. Even so, the conventional sssent has rated that FP is 10-fold
potent than TA in the “intrinsic” anti-inflammatopotency (Table 1.1).

The Calu-3 cell monolayers developed and charaetrin chapter 4 possess a
unique feature that their confluent mucosal sudaae left semi-dry with the limited
volume of the lining fluid. This would enable diteteposition of ICS aerosols on their
mucosal surfaces like the airways, provided thetrthccurate and precise deposition
system can be established. In contrast, the aseas&ithe cellular anti-inflammatory
activity via certain proinflammatory transcriptidactor markers faces an experimental
challenge. It has been well recognized that conflueonolayers like Calu-3 are quite
formidable for gene construct to be sufficientlgnsfected, and otherwise, the cellular
anti-inflammatory activity would not be measurafllileluehiet al 1999; Floreaet al,
2002; Diuchleret al, 2001]. Hence, it became quite essential to devéle effective
transfection method, specifically for the conflu€alu-3 monolayers, so that their anti-
inflammatory activity in response to the ICS aetaposition could be determined via

repression of the measurable proinflammatory tnaptsen factor marker.
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Accordingly, in this chapter, FP and TA were chosesnthe least and fairly
soluble ICSs, respectively, to determine theirudatl anti-inflammatory activities upon
aerosol deposition on the confluent Calu-3 monalaystem. Accurate and precise ICS
aerosol deposition system from the inhaler produets developed and validated using
the modified assembly of the Andersen cascade itap&&Cl). Then, the Calu-3 cell
monolayers were optimally transfected with a nucléector kappa B (pNkB; a
proinflammatory transcription factor) -dependentpaser plasmid of luciferase
(PNFkB-Luc) to determine its response following aeradeposition of FP and TA on
the monolayer surface. By so doing, the FP aeroselg identified to be kinetically
rate-limited by their mucosal dissolution, whichsulted in rather inefficient
manifestation of the anti-inflammatory action, cargd to the TA aerosols, despite the

10-fold potency in the “intrinsic” molecular actiyiin the literature.

5.2 THEORY: TRANSFECTION AND REPORTER GENE ASSAY

Generally, most cells including Calu-3 do not esgrebasal levels of
inflammatory markers that are measurable. Therefodgecomes necessary that such
measurable inflammatory markers be sufficientlyadticed into the cells, so that the
cellular anti-inflammatory potencies or activitie§ aerosol ICSs can be determined.
Reporter genes serve as such measurable markess, attached to another gene of
interest in the same plasmid construct, for iteien into the cells. This molecular

biology technique called transfection has beenemsingly employed to study the
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mechanisms by which transcription factors act totd eukaryotic gene expression.
NFkB is one of the proinflammatory transcription fastodirectly involved and
activated through the cascade of cellular inflamomafJafuelet al, 2000; Roumestaet

al, 2003]. However, preliminary attempts using spe@hzyme-linked immunosorbent
assay (ELISA) resulted in undetectable cellulakBifevels in the Calu-3 cells, thereby
requiring the transfection of a plasmid constructN&xB-dependent reporter gene of
luciferase enzyme (pNdB-Luc). In this chapter, this plasmid was transédcinto the
Calu-3 cell monolayers using a commercially avadatt, Effecten@ transfection kit
(Qiagen, Valencia, CA). While its details remaimgmietary, it has been described that
the plasmid is condensed by interaction with thedfer in the EC buffer system, both
of which are supplied in the kit to form a compleith the Effecten® reagent. The
technique appears to employ the negative-positiverge attraction for successful
insertion (i.e., transfection) of the plasmid-Effsw®® complex into the cells, rather than
liposome lipid formulation. A typical incubation & h in culture and then, the cells are
lysed to measure the luciferase (Luc) activity gatesl from the Luc reporter genes by
luminescence assay. In this assay, Luc catalysésolaminescent reaction of its
substrate, luciferin, in the presence of ATP,?Mgnd Q, emitting a flash of light
signals proportional to the NB activity. These light signals can be measuredgisi
luminometer [Kumaret al, 2003; Roumestamt al, 2003; Effecten® Transfection

Reagent Handbook 2002; Baldwin, 1996].



87
5.3 MATERIALS AND METHODS

5.3.1 CALU-3 CELL CULTURE AND MONOLAYER FORMATION

The Calu-3 cells (ATCC) were propagated, as desdrib Chapter 4 (as well as
Appendix A) and used between passages 27 and &f. monolayers were formed, as
also described in Chapter 4 (as well as AppendixBaiefly, the cells were seeded at a
density of 0.1 x1®cells/cnf in the 4.5 crh transwells (Corning Costar) and cultured
overnight under the medium-submerged condition Wighand 2.6 mL of the apical and
basolateral media, respectively. On day 2, theuoeiltvas changed to the air-interface
culture (AIC) where the cells were fed and growtyomith 1.4 mL of the basolateral
media, while their apical surface was left semi-driye basolateral media was changed
everyday, during which the cell growth was monitbtender the microscope until the
confluent monolayers were formed. The culture wasntained under the humidified
95% (v/v) air and 5% (v/v) CP at 37 °C in the incubator (NAPCO) throughout.
Whereas the monolayers were generally formed by8da¥, most of the experiments
described below (e.g., aerosol deposition assedsanelfor plasmid transfection) were

carried out on day 11-12 after their TEER valuesevemsured to exceed 700cnTt.

5.3.2 ICS AEROSOL DEPOSITION ON THE CALU-3 MONOLAYERS
Figure 5.1 schematically describes ICS aerosol slépo collection onto the
Calu-3 monolayers in a defined aerodynamic diametex3.3 um, generated from

commercially available inhaler products. The 8-stAmdersen cascade impactor (ACI
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Mark Il; Thermo Electron Corporation) was used tfog aerosol collection, yet under a
slightly different airtight assembly configuratidn,order to accommodate the transwell
inserts under Stage 4. That is, the ACI was assamiol a descending order of the
Stages 0, 1, 2, 3, 4 and the filter stage, followgdStages 5, 6 and 7, as shown in
Figure 5.1. For the<3.3 um aerosol collection, the 4.5 Tmanswell insert of the
confluent Calu-3 monolayer was placed on the fdtage under Stage 4, using a plastic
cup custom-made by the VCU Custom Design and Fatimit. The cup held 0.2 mL of
pre-warmed culture media, so that the basolateradpartment remained submerged,
while protecting the basolateral plastics from I€&&tamination. The impactor was
coupled with the USP induction port and the mowgbeiadaptor, and operable with the
pump (General Electric Company) adjusted at 2818iw/of airflow rate. In some
experiments, the ACI was assembled in a descermtaey of the Stages 0, 1, 2 and the
filter stage, followed by the Stages 3, 4, 5, 6 @ndn order to collect the5.8 um
aerosols under the Stage 2.

Fluticasone propionate (FP) aerosols were genefatedFlovent HFA 220pug
MDI (GlaxoSmithKline, Research Triangle Park, N@hile triamcinolone acetonide
(TA) aerosols were from Azmac8r200g MDI (Abbott, Abbott Park, lllinois); their
product details are shown in Table 3.1 in Chaptefti®y were actuated at various
times (e.g., 1, 3, 10 or 20 times for Flovent Frakd 25 times for Azmacdtt within a
period of 30 s under the airflow at 28.3 L/min &pdsit the target masses of each ICS.
For determination of ICS aerosol mass depositAtiEwas immediately disassembled,

and the Calu-3 monolayer surface was thoroughlyhe@svith 1.0 mL admixture of
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CH3CN and HO (60/40). The recovery solution was centrifuged2000g for 1 min

to remove the dislodged cells, and the supernatast analyzed by the HPLC-UV
method developed and validated in-house. The asatyaployed Spherisorb ODS-2
column (4.6 mm x 250 mm, @n; Alltech Associates Inc.) for separation at 1.10'mmn

of the mobile phase, GAEN/H,O (60/40), followed by detection at 236 nm (Waters
Corporation). It was fully validated for both FPdahA with respect to their calibration
linearity (#>0.999) over the range of 0.05 to 5 pg/mL and @@BNL as the limit of
guantification (LOQ). Meanwhile, for determinatiaf NFkB repression by the ICS
aerosols, this ICS aerosol deposition was carriatl to the Calu-3 monolayers

transfected with pNiEB-Luc, as described below.
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Figure 5.1 Defined-size aerosol deposition and collectiorirenCalu3 monolayers using the Andersen cast
impador (ACIl). The Stage 4 and filter stage are magdifto describe the placement of
transwell insert of the Calu-3 monolayer with atonsmade plastic cup containing 0.2 mL of
culture media. The transwell insert shown is placeder the Stage 4 to collect th8.3 pum
aerosols, while some experiments placed the inserter the Stage 2 for the€b.8 um aerosc
deposition

06



91
5.3.3 pNFB-Luc TRANSFECTION OF THE CALU-3 MONOLAYERS

Transfection of the Calu-3 monolayers required eshae optimization
attempts of the protocol, referenced to the tranife kit [Effecten® Transfection
Reagent Handbook, Qiagen, Valencia, CA 2002] ireotd maximize the retention of
the NRB-dependent plasmid construct of the luciferase FgNLuc) in the
monolayers. The pN&B-Luc contains the reporter gene of luciferase erewith 5
tandem repeats of the binding sites for the pramfhatory transcription factor, NB,
which was obtained from Stratagene (La Jolla, Q&) kater, custom-made at the VCU
Molecular Biology Core Facility. The transfectiorasvcarried out using the Effecténe
transfection kit (Qiagen) with the best quantityntmnation of pNkB-Luc and the kit's
reagents (Effectene, Enhancer and Buffer EC), opéichin the preliminary attempts.
The optimization studies concluded that, for the et transwells, the best retention
and expression of pNB-Luc was obtained by the use of 0.8 ug gRH.uc incubated
for 10 min with 100 pL Buffer EC and 6.4 uL Enhandellowed by another 10 min
incubation with 8 puL Effectene. This master-mixudmn was finally diluted to 1.5 mL
with the culture media and added to the apicalaserfof the transwells and incubated
for 24 h with 2.6 mL of the basolateral media (iumder the medium-submerged
condition), yet following 15 min apical pretreatmenwith 2.5 mM
ethyleneglycotetraacetic acid (EGTA, Sigma-Aldriainphosphate-buffered saline (pH
7.2; PBS, Gibco Invitrogen, Carlsbad, CA). For the activity measurement, the Calu-
3 cell monolayer surface was rinsed thoroughly WiBS, followed by cell harvest with

200 pL of the lysis reagent (Promega, Madison, WhHe lysed cell samples were
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centrifuged at 12,009 for 30 min, and their 20 puL supernatants were norealsfor

luminescence using the 20/20 luminometer (Turn@sstems, Sunnyvale, VA). The
NF«B activity was obtained as the Luc activity in tiedative light unit (RLU), which
was then normalized by unit mg protein determinidtiie bicinchoninic assay (BCA

protein assay kit, Thermo Fisher Scientific, Roc#fdL) of the lysed samples.

5.3.4 TNFa-INDUCED NRB ACTIVITY REPRESSION IN THE CALU-3

MONOLAYERS UPON ICS AEROSOL DEPOSITION

On day 11-12 post-seeding, pkB-Luc transfection of the confluent Calu-3
monolayers with TEERs 700Q[6m?was carried out for 24 h, as described above. This
was followed by 4 h incubation under the air-irded culture by removing the apical
solution, in order to restore the semi-dry apicaicosal surface temporarily disturbed
by the transfection. Then, the transfected Calughatayers in the transwell inserts
were placed within the ACI where FP or TA aerosebre deposited from Flovent
HFA® and Azmacoft, respectively, as described above. The transwskrts were
returned to their base plate, and the monolayere w8mulated with 60 ng/mL of
human tumor necrosis factar{TNFa; BD Bioscience, San Jose, CA) for 6 h in the
incubator. Before each experiment, the BN§olution was prepared freshly from 10
pg/mL stock solution of serum-free Eagles Minimuraséntial Medium (EMEM;
ATCC, Rockville, MD), and its 0.04 and 1.4 mL prega in the culture media were
applied to both the apical and basolateral companrts) respectively. In addition, the

basolateral media contained 0.14 ug/mL FP and 2miudA (saturated solubility of
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FP and TA) in the FlovefitHFA and Azmacoftstudies, respectively, in order to avoid
ICS permeation into the basolateral compartmenshtiuld be noted however that
neither of this 0.14 pg/mL FP nor 21 pg/mL TA ie thasolateral compartment exerted
any repression of this TNFinduced NKkB activity by itself. At 6 h of this aerosol ICS

and TNF incubation, the monolayers were harvested with |20®f the lysis reagent

(Promega), and the lysed samples were subjectatietduminescence and protein
determinations, as described above. In some expatanthe monolayer surfaces were
washed with 1.0 mL admixture of GEIN and HO (60/40), at 6 h to determine the FP
and TA masses remaining for dissolution and upbakthe analytical method described

above.

5.3.5 TNFa-INDUCED NRB ACTIVITY REPRESSION IN THE CALU-3

MONOLAYERS UPON ICS SOLUTION OR SUSPENSION APPLICKON

On day 11-12 post-seeding, the 24 h gRftuc transfection was carried out to
the confluent Calu-3 monolayers, followed by thie lhcubation under the air-interface
culture to restore the semi-dry apical mucosalesérf as described above. FP (Sigma-
Aldrich; St. Louis, MO) solution was prepared at dég/ml (30 uM) from serial dilution
of 1 mg/mL stock solution in N, N-dimethylformamid®MF, Acros Organics, NJ,
New Jersey) with the culture media. This appeacethaintain the formulation of FP
solution, by virtue of the presence of <1% v/v DM#eanwhile, FP suspension was
also prepared at 15 pg/ml, yet from FP powder tyexided into, and diluted with, the

culture media; its visual observation confirmed thespension. For determination of
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true concentration with respect to dissolved FResehsolution and suspension were
filtered using a syringe filter (0.45 um, Fisheiedtific, Pittsburg, PA) and the filtrate
was analyzed by the validated HPLC-UV method dbsdriabove. The pNdB-Luc
transfected Calu-3 monolayers in the transwellrisseere apically incubated for 6 h
with 1.5 mL of the FP solution or suspension, dyinvhich the monolayers were also
stimulated by the apical and basolateral media @@mg/mL of TNk, the volume of
the basolateral media was 2.6 mL. At 6 h of thi$ léhd TN incubation, both the
apical and basolateral surfaces of the monolayere thoroughly washed with PBS
and then, harvested with 200 pL of the lysis reaffefromega). The lysed samples were
subjected to the luminescence and protein detetiomg as described above. In some
experiments, the apical solution (1.5 mL) was reced and the monolayer surfaces
were washed with 1.0 mL admixture of €EN and HO (60/40). This ~2.5 mL
recovery samples was further mixed with 10 mL o #dmixture to dissolve all
suspended FP. This enabled the determination oh&$3 remaining for dissolution and

uptake at 6 h by the analytical method describedab
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5.4 RESULTS

5.4.1 ICS AEROSOL DEPOSITION ON THE CALU-3 MONOLAYERS

The Calu-3 monolayers were well tolerated to 30 the airflow at 28.3 L/min
in the ACI, evidenced by insignificant < 5% changeshe TEER values post-airflow
exposure. The microscopic observation of the momolsurfaces also confirmed no
appreciable morphological changes. Accordingly, [&@ah.2 shows the FP and TA
aerosol masses collected on the Calu-3 cell moamdayn the 4.5 chriranswells placed
under Stage 4 and Stage 2 of the ACI, generatead ¥arious actuations of the Flovént
HFA and Azmacoft MDIs. For both FP and TA, the aerosol mass depesire shown
to be reproducible, suggesting that the systemritbestin Figure 5.1 enabled accurate
and precise collection of the ICS aerosols on th®I-B monolayers. With increasing
the number of actuations, the aerosol deposits ak® increased for FP, somewhat
proportionally. They were ranged from 0.06 to Qu@Punder the Stage 4 and thgs.3
pm in the aerodynamic diameter. Provided that ti@ske-3 cell monolayers grown
under the air-interface culture were shown to naamtheir lining fluid volume at 39.7
ML, as determined in Chapter 4, these FP mass ilepazild result in 1.5-22.7 pg/mL
(3.0-45.3 uM) of the theoretical concentrationsugomplete dissolution. Obviously,
such concentrations were not possible, since FiRie@us solubility was reported to be
only 0.14 ug/mL (0.28 uM; Table 3.1 in Chapterl8yvas most likely therefore that the
majority of the deposited FP masses remained aids®lved on the Calu-3 monolayer

surface without efficient intracellular uptake. Medile, even with 25 actuations, only



96

0.10 pg of the TA aerosols was deposited on theu-Gamonolayers from the
Azmacorf MDI, when the transwell inserts were placed urttier Stage 4 of the ACI
(Table 5.1). This deposit was much smaller thanftioan the Floverit HFA, given that
the latter MDI enabled much greater 0.90 ug deposith the fewer 20 actuations
(Table 5.1). Because both MDIs metered almost edgmt ICS masses (220 and 200
lg, respectively; Table 3.1), this lower TA depagibn Stage 4 collection suggested
that a smaller fraction of the 3.3 um aerosols was generated from the Azm@cort
compared to the FlovéhtHFA. Instead, when collected under Stage<B8 pm), a
much greater 0.52 ug of the TA aerosols was deggbsih the Calu-3 cell monolayers
upon identical 25 actuations (Table 5.2). Hence, Azmacor? appeared to generate
relatively larger size ICS aerosols, compared ® Ftoven? HFA. Because of this
difference in their generated aerosol size distigoy an equivalent ICS mass of 0.10
g was deposited under the Stage 4 following 3aictos of the Flovent HFAand 25
actuations of the Azmac6ttLikewise, an equivalent mass of ~0.5 pg was dégmsi
following 10 actuations of the FlovéhHFA and 25 actuations of the Azma&oreven
though their aerosol sizes were different3.3 and< 5.8 um, respectively, due to the
need for using different collection stages. It Wastly calculated that 0.10 and 0.52 pg
of the TA aerosols deposited on the Calu-3 monetaysuld result in 2.5 and 13.1
pg/mL (5.0 and 26.2 uM) of the theoretical concatins upon complete dissolution in
the 39.7 pL of the lining fluid, respectively. Tlewere clearly possible, given 21

pg/mL of the TA’s agueous solubility. Hence, alltbé TA aerosol deposits in these
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experiments were likely to undergo fairly fast asainplete dissolution on the Calu-3

monolayer surface.

Table 5.1 Fluticasone propionate (FP) and triamcinolone aude (TA) aerosol
masses collected on the 4.5 “crtranswell inserts with the Calu-3
monolayers placed under Stage 4 or 2 of ACI, geedrrom various
actuations of the FloveAHFA 220 pg and AzmacSt200 pg MDls.

ICS Number of Stage for Mass (1g)
actuations collection (meanzSD, n=3)

FP 1 4 0.06 £ 0.02
FP 3 4 0.10 £ 0.02
FP 10 4 0.55 +£0.02
FP 20 4 0.90 £ 0.03
TA 25 4 0.10 £0.03
TA 25 2 0.52 £ 0.03

5.4.2 pNFB-Luc TRANSFECTION AND TNk INDUCTION IN CALU-3

MONOLAYERS

Figure 5.2 shows the luciferase (Luc) activity mgad as the RLU per mg
protein, for the Calu-3 monolayers transfected withFB-Luc with or without 6 h
stimulation of 60 ng/mL TNé& in 2 representative experiments carried out on 2
different days. By virtue of successful transfegtithe Luc activity was shown to be
measurable in both experiments, yielding 2.4+0.6°x4nd 1.6+0.3 x10 RLU/mg
protein. Moreover, these values were significaritigreased to 9.5+0.3 x1Cand
5.1+0.9 x10 RLU/mg protein by the TNé& stimulation (p<0.05; unpaired t-test),

respectively, which demonstrated successful indactiof the proinflammatory
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transcriptional response in these confluent Cafne®olayers. However, the RLU/mg
protein values in the same treatments were differien different experiments,
presumably due to variable nature of the transiacefficiency. Accordingly, these
values were unable to be compiled directly acrbesekperiments and this necessitated
taking these transfection efficiency differencegath experiment into account. In this
context, Table 5.2 shows the fold-induction of RidJ/mg protein values by the TNF
stimulation, relative to the transfection controle., the transfected Calu-3 cell
monolayers without TNé stimulation, obtained in each of 4 experimentseskhfold
induction values were shown to be more consistembsa the experiments and
therefore, used for the data analysis from multgtperiments. As a result the TWF
stimulation was shown to cause 3.97+1.07-fold iaseein the Luc activity, compared

to the transfection control.
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Figure 5.2 Luciferace (Luc) activity expressed as RLU/mg pnotwith or without 6 h
stimulation of 60 ng/mL TNé& in the pNKkB-Luc transfected Calu-3
monolayers from 2 independent experiments. Dataesgmt meantSD
from n=3. * indicates the significant increase lo¢ t_uc activity compared
to the transfection control (p<0.05; t-test).
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Table 5.2 Fold-induction of the RLU/mg protein values by thé&lFo stimulation,
relative to the transfection control, i.e., thensfected Calu-3 cells without
the TNFu stimulation, in each transwell carried out oneliént days.

Fold-Induction

Expt# 1 4.55 Expt# 2 3.02 Expt# 3 4.84 Expt# 4 3.92
4.10 2.76 3.29 3.32
3.44 3.88 6.59

Mean+SD (n=11): 3.97+1.07

5.4.3 TNFo-INDUCED NRB ACTIVITY REPRESSION IN THE CALU-3

MONOLAYERS UPON ICS AEROSOL DEPOSITION

Figure 5.3 shows the fold-induction of the Luc wtyi representing the NéB
activity in the Calu-3 monolayers in response toiotss mass deposits of the ICS
aerosols upon TNEstimulation. As concluded above, the TdNtimulation resulted in
3.97+£1.07-fold increase in the NB activity, compared to the transfection control,
demonstrating significant inflammatory responsehia Calu-3 monolayers. This 3.97-
fold induction of the NkB activity was shown to be repressed by4Be3 um aerosol
deposition of FP generated from the FloVeltFA in an apparently dose-related
manner. Indeed, 35.7+6.3 % repression observed9ét |0g of the FP aerosols was
statistically significant (p<0.05, ANOVA), while sbh a mass deposition required 20
actuations of the FloveRtHFA; a lower 15.5+2.2 % repression for the 0.55FRydid
not reach statistical significance. Unfortunateurther increased mass deposition was

not attempted, since the maximum 30 s of the awilo the ACI would not allow over
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25 actuations. Meanwhile, as shown in Figure 513, imsignificant 10.4+2.6 %
repression was observed at 0.52 pg of the TA akrgemerated and deposited from 25
actuations of the Azmac6tt Though insignificant, this was quite of interéisat the
equivalent mass deposits of FP and TA (i.e., ~0.5 negulted in comparable %
repression in the N&B activity of the Calu-3 monolayers (i.e., 15.3 ahd.4 %,
respectively), despite a 10-fold higher “intrinsigiolecular anti-inflammatory potency
for FP over TA, based on their cellular ®B- activity repression upon solution
application [Jafueét al, 2000].

Table 5.3 shows the FP and TA mass and % takethébyalu-3 cells in 6 h
following aerosol deposition and incubation alodgsPo NKB repression obtained
above. The ICS masses were calculated from therediftes between the aerosol mass
deposit and the mass recovered from the Calu-Zbpiaface at 6 h. Notably, even
following 6 h incubation, only 42.2+24.7 ng and P&22.2 ng of the FP were taken by
the Calu-3 monolayers upon 0.90 and 0.55 pg ofsaémeposition. This represented
4.7 and 5.6 % of the mass deposits, and therafes, 95 % of the FP deposit remained
on the cell surface and was uninvolved in thexBlFepression in these transfected
Calu-3 monolayers (Figure 5.3). This was presumahlg to FP’s least aqueous
solubility of 0.14 pg/mL, in line with ~4-5 % of dislution and permeation for FP in
6 h in the dissolution testing system describechiapter 3 (Figure 3.6). In contrast, the
TA aerosols appeared to undergo much greater elludar uptake for 6 h, and
demonstrated that 170.7+40.6 ng or 32.6+7.8 % ®0th2 ug deposit was taken by the

Calu-3 cell monolayers (Table 5.3). It was likehetefore that the higher aqueous
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solubility of TA (21 pg/mL; Table 5.3) enabled fastand greater ICS aerosol

dissolution on the Calu-3 cell monolayers and hemgeater cellular uptake upon
aerosol deposition. In this sense, comparable 45¢610.4 % repression in the B~

activity of the Calu-3 monolayers for the FP and &érosols were still reasonable
attributed to the greater TA mass taken by thescehich compensated its 10-fold

lower intrinsic potency of the NdB activity, compared to the FP aerosols.
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Figure 5.3 Fold-induction of the Luc activity representingethNFB activity of the
transfected Calu-3 monolayers in response to varkela and TA aerosol
deposition from FlovefitHFA and Azmacoft MDlIs, respectively, with or
without 6 h stimulation of 60 ng/mL TNf- Data represent mean=SD from
n=10 for the control, n=11 for the TNFStimulated group and n=6 for the
FP and TA tested groups. * indicates the significketrease in the NB-
Luc activity by the FP aerosols, compared to thd=d Ntimulated group
(p<0.05; t-test).
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Table 5.3FP and TA mass and % taken by the Calu-3 mondagdiowing aerosol
deposition at various masses from the FloVeé#A 220 pug and Azmac6tt
200 pg MDils after 6 h incubation, alongside %adBFactivity repression.

Aerosol Cellular ICS % Mass
Deposit* Mass at 6 h®  taken by % Repression®
ICS [ug] [ng] the cells®  of NFkB activity
FP 0.90 42.2 +24.7 56+4.2 35.7+6.3
0.55 9.1+222 4.7+2.7 155+2.2
TA 0.52 170.7+40.6 32.6+7.8 10.4+£2.6

! Data: mean: derived from Table 5.1

2 (Cellular ICS mass) = (Aerosol deposit) — (ICS sascovered from the Calu-3 cell
surface at 6 h). Data: mearSD (n=3).

3 (Cellular ICS mass)/ (Aerosol deposit) x 100. Dateant SD (n=3).

“ Data: mean+SD

5.4.4 TNFo-INDUCED NRKB ACTIVITY REPRESSION IN THE CALU-3
MONOLAYERS UPON ICS SOLUTION OR SUSPENSION APPLICKON
Figure 5.4 shows the fold-induction of the Luc waityi representing the N&B

activity in the Calu-3 monolayers in response toutmL FP solution and suspension

application upon TNé& stimulation. Despite their preparation at the tb&ocal 15

pg/mL, these solution and suspension were showsomtain 11.2 and 0.4 pg/mL of

dissolved FP from the filtrate analysis, respedyivand thus, considered to be 74.7 %
solution and 97.3 % suspension. The 3.97-fold iidomf the NkB activity by TNFu
was shown to be clearly repressed by these solaiwh suspension, yielding only
1.18+0.22 and 1.75+0.18 (n=4) of the fold-inductioespectively. These represented
significant 94.0£17.8 % and 74.6x7.5 % repressix0(05, ANOVA) of the TNE-

induced NKkB activity and suggested that the solution appbecataused a greater
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repression than the suspension counterpart, eveuglhboth were applied at the
identical total FP concentration, 15 pug/mL.

Table 5.4 shows the FP mass and % taken by the3edlls in 6 h following
15 pg/mL solution and suspension application armzubation alongside % NiB
repression obtained above. The masses were caduiam the differences between
the mass applied at the beginning of the experijreand the mass recovered from the
Calu-3 apical surface at 6 h. It was evident tloatthis 6 h incubation, much greater
8.0£0.7 and 0.7+0.2 pg of FP in the solution anspsuasion, respectively, were taken
by the Calu-3 monolayers which represented 39.3 &nd% of the total FP mass
applied at the beginning of the study. It was cliat when suspension was applied,
~4 % was taken by the cells at 6 h, which was coaiparto the uptake by cells
following aerosol deposition (Table 5.3). Hence, d&fpeared to suffer from extremely
poor dissolution kinetics resulting in an inefficterepression of the NdB activity.
Nevertheless, 74.6 % repression of thexBIRactivity was seen following suspension
application, much greater than 35.7 % followingoget deposition (Table 5.3), simply
because of the larger FP uptake by the cells duhags h incubation (0.7 pg vs. 0.04
K1g). In contrast, the solution application of FPswet affected by these protracted
dissolution kinetics and resulted in a much hidghecellular uptake (39.3 %, Table 5.4)
and a near complete (94 %) repression of th@B\E&ctivity. Again, this was purely

based on 8.0 ug taken by the cells for the 6 haatan.
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Figure 5.4 Fold-induction of the Luc activity representingethNFB activity of the
transfected Calu-3 monolayers in response to 1mud#P solution and
suspension application, with 6 h stimulation of 8§/mL TNFu. Data
represent meantSD from n=10 for the control, n=bt the TNk
stimulated group and n=4 for the FP tested groupsndicates the
significant decrease in the NB-Luc activity by the FP application
compared to the TNEstimulated group (p<0.05; ANOVA).
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Table 5.4 FP mass and % taken up by the Calu-3 monolay¢es &fh following
15 pug/mL solution or suspension application andiliation, alongside %
NF«kB activity repression.

Cellular ICS % Mass % Repression’

Solution/ Applied Mass! Massat6 Y  taken by of NFkB
Suspension [ug] [ug] the cells® activity
Solution 20.0 8.0+0.7 39.3+2.9 94.0
Suspension 21.7 0.7+0.2 3.4+0.9 74.6

! Data: mean: derived by analyzing the applied smi{guspension

2 (Cellular FP mass) = (Applied Mass) — (FP masever=d from the Calu-3 cell surface at
6 h). Data: meat SD (n=3).

3 (Cellular FP mass)/ (Applied Mass) x 100. Dataame SD (n=3).

* Data: mean: derived from Figure 5.4

5.5 DISCUSSION

The present study has successfully demonstratdadtiteaAndersen cascade
impactor (ACI) can be used to deposit ICS aeroadigles generated from commercial
inhaler products on the Calu-3 cell monolayersnraecurate and precise manner. The
monolayers were tolerant to such a deposition,exnddd by the intactness of the cell
barrier and the maintenance of physiological priper This gave the unique
opportunity to deposit ICS aerosol particles on sleeni-dry apical surface of these
monolayers to study the cascade of events thatraqmon aerosol deposition on the
lung surface. Classically, such a cascade of evantsiimonary biopharmaceutics has
employed only the active pharmaceutical ingredigABIs) of the inhaler products,
applied as solution on the cell surface, rathen tttee aerosols generated from the
inhalers. This was not a true reflection of in vieoclinical events, such that several

attempts have quite recently been made with the-@ahonolayers placed inside an
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impactor or impinger for direct aerosol depositidiegel et al, 2003; Coone\et al,
2004]. Even so, these attempts, though being irth@yadid not employ the aerosol
generated from the inhaler products, and hencege wemable to demonstrate their
usefulness for clarifying the cellular dispositi@amd pharmacological events upon
aerosol deposition.

The development of confluent Calu-3 monolayers esging measurable NB-
dependent luciferase as a biomarker for inflammatias truly challenging due to the
resistance of confluent monolayers towards genestonact uptake and its retention.
Recently, the efficiency of polyethylinimine in @aB monolayer transfection was
tested showing only ORLU/mg protein of the transfected gene expressiithout
causing a significant cell death [Floreaal, 2002]. Such poor transfection efficiency
was believed to be caused by the resistance offeyedhe mucin of the Calu-3
monolayers as well as by the differentiated natifirine monolayers. This resistance is
effectively absent in transfection of the non-coefit cells. The resistance to
transfection of the monolayers has also been regddr Caco-2 showing inefficient
uptake of gene constructs as early as 3 days pedirgy attributed to certain
biophysical processes occurring inside the celldughiet al 1999]. To increase the
efficiency of this transfection and hence, generesgion, the pretreatment of the Caco-
2 monolayers with a chelating agent such as EGTA slaown to be successful
[Artursson and Magnusson, 1990]. Its use was ralioed by providing a greater
cellular access for the gene construct entry bytorg temporary openings in their

Cd*-dependent intercellular junctions [Artursson andgdusson, 1990]. The EGTA
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exposure appears to be time-dependent at a giveceotration and less than 45 min
with 2.5 mM EGTA resulted in a temporary“Caleficit and thus, a reversible opening
of the tight junctions without losing the cell vilty. This was shown to increase the
transfection efficiency by 5 times in the Caco-2 o®wnolayers [Arturssoet al, 1990].
Accordingly, this project with the Calu-3 monolayesimilarly employed pretreatment
with 2.5 mM EGTA for 15 min so that successful sfattion with ~10 RLU/mg
protein in the NkB expression was achieved. Under this conditiom@onL of TNFu
for 6 h further increased the NB expression by ~4 times in a relatively reprodueibl
fashion in these transfected cells. It should kechthat this was the first success of the
monolayer transfection of a gene construct sufficenough to study either activation
or repression of inflammation.

Using the newly developed dissolution testing syster ICS aerosols, in
Chapter 3, the poorly soluble ICS FP showed conaside slow dissolution by 4 % of
the aerosol deposits for 6 h. This prompted a gquesthether FP suffers from this
dissolution problem, causing an inefficient anflammatory response. This was now
resolved and indeed, the anti-inflammatory respariske FP aerosols was shown to be
compromised due to slow dissolution and thus, redumtracellular uptake. This
explained that the “intrinsic” potency of FP towsittie NkB repression reported to be
10-times higher than the readily soluble TA [Jafeekll 2000] upon a similar mass
deposit at ~0.5 pg resulted in comparable antiHimfteatory effects. This effect of
dissolution on the apparent anti-inflammatory @8em the Calu-3 monolayers was

further substantiated when FP suspension and solwere applied to the transfected
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monolayers at equal ICS mass. A compromised responthe NIkB repression was
seen for the suspension, compared to that fordhsien, attributed to less FP taken by
the cells following suspension application.

It becomes clear that % B repression correlated with FP mass taken by the
cells. Hence, Figure 5.5 plots such % repressioiN#fa-dependent N&B activity as a
function of FP mass taken into the Calu-3 cellfofeing 6 h of incubation in all cases
of FP aerosols, suspension and solution. It weardhat, as the FP mass taken by the
cells increased, the % repression of thexBlRactivity increased. In this context,
Roumestaret al, 2003 employed non-confluent cultures of humarallar continuous
cell line, A549, and reported 0.1 x ¥OM (50 ng/mL) of EG value for the NKB
repression. This data is practically less meaningince FP was applied as solution
and its cellular uptake did not encounter resisgasiech as mucin and differentiated
nature of confluent cell monolayers. The preseuatlystyielded 120 ng FP for 50 %
repression of the NEB activity (Figure 5.5) inside the cells. Therefore became
apparent that the cell monolayers formed substdmaiaiers for FP internalization and
moreover, its dissolution upon aerosol depositimther reduced the efficiency. By this
even the local ICS exposure was considered to fedewiant to correlate the anti-
inflammatory response, but the ICS mass taken gy délls measurable in this

monolayer-based assessment.
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Figure 5.5% repression of the TNFnduced NkB activity as a function of FP mass
taken by the Calu-3 cells following 6 h of inculoatiupon FP aerosol,
suspension and solution applications. Mass takerhbycells are taken
from Tables 5.3 and 5.4. Data represent meantSPB {a=% repression
and n=3 for mass determination).
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5.6 SUMMARY AND CONCLUSIONS

The air-interface cultured Calu-3 monolayers wdeegd inside the Andersen
cascade impactor that enabled an accurate ands@rdeposition of defined-size ICS
aerosols generated from commercially available lethproducts. These monolayers
were transfected with the plasmid construct okRBelependent luciferase (KB-Luc),
so that sufficient expression of NBE could be measured by the Luc activity that was
induced by TNk stimulation. The FP aerosols deposited on the-sieynsurface of the
transfected Calu-3 monolayers repressed theBN\&ctivity in an apparently deposited
mass-related fashion. However, despite a 10-tingdseh potency of FP than TA, their
anti-inflammatory activities upon comparable masgasits in the transfected Calu-3
cell monolayers seemed almost equivalent. This-iafiimmatory response was
compromised for the FP aerosols, caused by thar gssolution on the cell surface
and lesser cellular uptake, compared to the mohebkso but less potent TA. This
finding was further corroborated from FP’s near ptate repression of the KB
activity by 94 % upon solution application at 15/mb, as opposed to only 74.6 %
following suspension application. These findingggasted that FP’s cellular uptake
was dissolution rate-limited following aerosol dspi@n, thereby resulting in an
inefficient response of its anti-inflammatory reape. Most importantly, it was shown
that regardless of dosage form or application thHecBN activity repression was
primarily determined by not only the ICS’s “intrins molecular potency but also the

intracellular mass taken by the cells.
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In summary, a novel and innovative confluent “mayer-based” system of
Calu-3 was successfully developed and used to a$sedCS disposition kinetics and
pharmacological actions upon aerosol depositioch&usystem will not only facilitate
our understanding of pulmonary biopharmaceuticsabgn serve as a research aid to
further study the kinetics and dynamics of inhaleerapeutics, in a setting that more

closely resembles in vivo or clinical conditions.



CHAPTER 6

SUMMARY AND GENERAL CONCLUSIONS

In this dissertation, the kinetics of dissolutiar fierosol particles of inhaled
corticosteroids (ICSs) generated from inhaler potgluwas determined and its
importance on their local disposition and antianfimatory actions was assessed, using
newly developed in vitro models allowing aerosolpas&tion. A novel in vitro
dissolution testing system was developed to endgl@etermination of the kinetics of
dissolution for ICS aerosol particles of definedesin a limited volume of fluid like that
in the lungs. Then, an in vitro lung epitheliallaabnolayer system of Calu-3 cells was
developed, again enabling defined-size ICS aemspbsition, such that the importance
of the dissolution kinetics on the ICS’s cellulgstake and anti-inflammatory actions
could be assessed. Using this system, lung celldiaposition of ICSs were
systematically studied following a cascade of adraeposition, dissolution, cellular

uptake and local pharmacological actions.
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The novel dissolution profile testing system emplbys ICSs, i.e., flunisolide
(FL), triamcinolone acetonide (TA), budesonide (BBJticasone propionate (FP) and
beclomethasone dipropionate (BDP) that differeghgsicochemical properties (Table
3.1), following their collection from marketed ilbes on membrane filters placed
inside the Andersen cascade impactor (ACI). Thid A€position system enabled 0.7-
19.8 ug of ICS aerosol mass to be collected remibbuin 4.7-5.8 or 2.1-3.3 um
ranges of aerodynamic diameters with a relativedsted deviatiorx 23 % (Table 3.3).
The incorporation of this filter with the ICS aeobgarticles into a transwell with a
limited 40 pL of stationary aqueous fluid on itsndo side enabled dissolution and
transwell membrane permeation of each drug to beiest. This closely represented
ICS dissolution on the lung’s mucosal surface imhos upon aerosol deposition from
typical inhaled products. When 5 ICSs were compatethe most comparable mass
deposit of ~2 (1.6-2.9) pg, the kinetics of distiolu differed substantially between the
ICSs while conforming overall to the rank ordertbéir agueous solubilities (Figure
3.8). However, kinetics of dissolution sometimeféetied from those expected based on
solubility, as the profiles for the ICSs with siarilsolubility showed differences. For
example, TA and BD with comparable aqueous solybialues of 21 and 16 pg/mL,
respectively, showed significantly different disgan profiles with apparent half-lives
of 1.05£0.16 and 3.90+£0.87 h, respectively. SirhjlaFP and BDP studied with
comparable mass deposits of ~2 ug, and despiteasiamjueous solubility values of
0.14 and 0.13 pg/mL, respectively, showed substiintdifferent dissolution and

permeation in 10 h for <6 % and ~15 %, respectivéloreover, this profile
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interpretation and profile deduction became mormpaated, as the profiles were
shown to be dependent upon the aerosol size, negsitl as well as formulation and
dosage forms. Hence, it became clear that the #2&al particles from inhalers should
be tested for dissolution rather than the ICSs Hedwes. Of notable interest was the
identification of exceptionally slow dissolutionrfthe least soluble ICS, FP compared
to the faster kinetics of the readily soluble 108, When compared at the same 2.4 ug
of the deposited aerosol mass, FP showed only &8é6ldtion and permeation in 10 h,
which was quite a contrast to 89 % seen in 5 A ffFigure 3.8). This finding raised a
guestion whether FP would suffer from compromisachl cellular anti-inflammatory
activity due to these slow dissolution kineticssgiee reports of its 10-fold greater
potency in “intrinsic” molecular activity towardsi@inflammation for FP compared to

TA (Jafuelet al, 2000).

The air-interface cultured monolayers of a humamnobhial epithelial cell line,
Calu-3, was then developed to assess the antmnik#ory activity of the ICS aerosols
upon deposition. It was shown that Calu-3 formedl-diéferentiated monolayers
yielding a sufficiently “tight” barrier with resttive diffusion for a variety of solutes
and ~1.5 kQ-cnf of transepithelial electric resistance (TEER, Fégd.2). Like the
airway luminal surface, these monolayers exhibitdh and intercellular junctions
when observed under scanning electron microscoigeird-4.3), while producing the
limited (39.7+12.1 pL) of apical cell lining fluidA variety of model solutes were tested

to characterize their restrictive diffusive barnmexture in accordance with the diffusion
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theory (Table 4.4). Notably such restrictive barriermation was shown to be
dependent upon the cell passage and culturing wonsli and hence, the study
concluded that the Calu-3 monolayers grown underAtC in the 4.5 crhtranswells
upon a seeding density of 0.1%X®lIs/cnf was the most suitable model by virtue of its
restrictive diffusive barrier formation and semydmucosal cell surface maintained
with about 40 pL of apical lining fluid. This deegiment of the in vitro lung cell
monolayer system provided the opportunity to stwBrosol particle dissolution,
cellular uptake and pharmacological actions togetfadlowing drug deposition, a

cascade of events that have only been studiedqugyiin whole animals or humans.

The validated AIC Calu-3 monolayers were incorpedainto a modified ACI
assembly that enabled 0.55+0.02 and 0.90+0.03 pdérPofaerosol deposition and
0.52+0.03 pg of the TA aerosols (Table 5.1), getledrdrom the respective inhaler
products to be deposited. The monolayers tolerdteddeposition conditions well, as
evidenced by insignificant changes in TEER. For dghosition of 0.55 and 0.90 ug far
exceeded the drug’s solubility (0.14 pg/mL) asswrentire dissolution in ~40 pL of
the Calu-3’s cell lining fluid (13.8-22.5 pg/mLn tontrast, 0.52 pg of the TA aerosols
could possibly be dissolved, given TA’s solubiliof 21 pg/mL. Accordingly, the
significance of dissolution kinetics for these aloparticles on cellular uptake and
anti-inflammatory actions was assessed under thedifduced inflammation in Calu-
3 monolayers transfected with KB (a pro-inflammatory transcription factor)

-dependent reporter plasmid of luciferase. Follgvexhaustive optimization of the
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transfection protocol, the Calu-3 monolayers wdrews to produce 3.97+1.07-fold
induced NKB activity (Table 5.2), representing cellular imfimation. FP and TA
aerosol deposition in the modified ACI assembly tbese transfected monolayers
showed anti-inflammatory effects in varying magdés following 6 h incubation.
Notably, a similar mass deposit of ~0.5 pg of bdthand TA aerosol particles resulted
in 15.5 % and 10.4 % repression of the TNRduced NKB activity despite FP’s
reported “intrinsic” molecular potency for antifafmmation being 10 times greater
than TA (Winkler et al, 2004). This apparently compromised anti-inflamonat
response of FP aerosols corresponded well with dnfy2.7 % (29.1 ng) cellular
uptake of the FP aerosols as opposed to 32.6+1B7/%ng) for TA. This showed that
the greater TA mass taken up by the cells compeddar its reported 10-fold lower
intrinsic potency of the NEB activity, compared to FP. Even so, the increasBd
aerosols at 0.90 pg successfully repressed theBNigtivity by 35.7 %, which resulted
from FP’s slightly higher cellular uptake of 42.g (Table 5.3). Taken together, the FP
aerosols exerted the compromised anti-inflammatacyivity, presumably due to
exceptionally slow dissolution. This was furthepparted, when FP directly applied as
solution at 15 pg/mL was shown to yield much higér% repression of the MB
activity, compared to 74.6 % for the suspensionliegjon at 15 pg/mL (Table 5.4).
The cellular uptake after 6 h was 39 % and 3.4 ¥hetotal mass applied, respectively,
corresponding well to the increased response ferditug observed for the FP solution.
Consequently, this also corroborated the notiohglwav dissolution of FP aerosols and

suspension reduced the cellular uptake and thusipromised anti-inflammatory
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response. In this context, the literature in thisaahas over-rated the local anti-
inflammatory actions of ICSs due to the use of s&mmwn-confluent cell-based assay
systems, disregarding the cascade of events tisat opon aerosol deposition. Finally
it was well-correlated that regardless of aerospasition or solution or suspension
application, intracellular FP masses defined thgmtade of the anti-inflammation,
e.g., NKKB repression seen with transfected Calu-3 monatayidrrough this project, it
was emphasized that exposure of the drugs in tigeWwas still not sufficient to deduce
clinical potencies of many ICSs. This lung “cell matayer’-based assessment system
coupled with aerosol deposition was shown to beeacellent research tool for
systematically studying lung biopharmaceutics ankarmacology for inhaled

therapeutics.
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APPENDIX Al

CALU-3 CELL CULTURE: STANDARD OPERATING
PROCEDURES

This Calu-3 cell culture was established and védidaby our laboratory to
ensure a continuous supply of the cells for theassan air-interface cultured Calu-3
monolayer system. The confluent Calu-3 cell monaisygrown under this air-interface
culture formed a tight barrier to diffusion, whtleeir apical (mucosal) surface remained
semi-dry with a limited ~40 pL of lining fluid; a®iswn in Chapter 4.

Accordingly, this dissertation project employed #ieinterface cultured Calu-3
monolayers to study the importance of dissolution dertain inhaled corticosteroid
(ICSs) aerosols on their surfaces on their cellulgtake and local pharmacological
actions. Overall, operating procedure of the CatelB culture has been of this adapted
from the recommendations by the American Type Cealt€ollection (ATCC,

Rockville, MD).
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A.1.1 CALU-3 CELL PROPAGATION

Calu-3 cells (Passage 29-36) were received asriroglts from ATCC. These
were slowly defrosted to 37 °C. The cell suspengig., 1 x 1bcells in 1 mL) was
transferred into a 50 mL centrifuge tube, and 8 oflLthe culture media, Eagles
Minimum Essential Medium (EMEM; ATCC, Rockville, MD Table A.1)
supplemented with 10% (v/v) fetal bovine serum (FBfitrogen, Carlsbad, CA) and
1% (v/v) penicillin-streptomycin (PS; Sigma-AldricBt. Louis, MO) was added in a
drop-wise fashion; this was to avoid cell damage wudrastic temperature and osmotic
pressure alterations. The cell suspension (i.eal.Y was centrifuged at 120 x g for 6
min at room temperature (25 °C) and the supernatamiining the cryo-preservative
agents was discarded. The cells were re-suspenidledhs pipetter with 10 mL of the
culture media and seeded into 25°a@mlture flask (Corning Costar; Cambridge, MA).
The flasks were maintained under the humidified 9480 air and 5% (v/v) C@at 37
°C in the incubator (Model 5410, NAPCO; MillivilleNJ) connected to a G(Oyas
cylinder (National Welders; Richmond, VA). The cul# media was changed every
other day, during which the cell growth was moratbunder the microscope (Nikon-
TMS phase contrast microscope, Image Systems Gatymbia, MD). Typically, the
cells reached the confluence by 5-7 days, suchthlegtwere passaged or frozen for the
cell bank storage following trypsin-EDTA (Sigma-Ailch) treatment, as described

below.
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Table A.1.1 Composition of Eagles Minimum Essential Mediumdi$ar Calu-3 cell

culture.

Concentration Concentration

Organic Salts (g/L) Vitamins (g/L)
CaCb (anhydrous) 0.20000 Choline Chloride 0.00100
MgSO, (anhydrous) 0.09767 Folic Acid 0.00100
KCI 0.40000 myo-Inositol 0.00200
NaHCGO 1.50000 Nicotinamide 0.00100
NaCl 6.80000 D-Pantothenic Acid ) g
(hemicalcium)
NaH,PO,-H,O 0.14000 Pyridoxine-HCI 0.00100
Amino Acids Conczng;atlon Riboflavin 0.00010
L-Alanine 0.00890 Thiamine-HCI 0.00100
L-Arginine-HCI 0.12640 Others Conczg;]lf;atlon
L-Asparagine-KHO 0.01500 D-Glucose 1.00000
L-Aspartic Acid 0.01330 Phenol Red, Na salt 0.01000
L-Cystine-2HCI 0.03120 Sodium Pyruvate 0.11000
L-Glutamic Acid 0.01470
Glycine 0.00750
L-Histidine-HCI-BHO 0.04190
L-Isolecine 0.05250
L-Leucine 0.05250
L-Lysine-HCI 0.07250
L-Methionine 0.01500
L-Phenylalanine 0.03250
L-Proline 0.01150
L-Serine 0.01050
L-Threonine 0.04760
L-Tryptophan 0.01000
L-Tyrosine-2Na-2bD 0.05190

L-Valine

0.04680
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The culture flasks were subcultured every 5-7 dégkowing visual
confirmation of 70-80 % confluence. The culture medwas removed from the flask,
and the cells were washed with pre-warmed phosghdtered saline (37 °C).
Subsequently, 2 mL of pre-warmed (37 °C) trypsinfBSigma, St. Louis, MO) was
applied to the cells for the 25 érflask, and the flask was gently rocked for 30 lse T
cells were incubated with trypsin-EDTA solutionthre incubator for 5-10 min at 37 °C.
Progress of trypsinization was periodically checkedler the microscope, while the
anchored cells were dislodged by banging the fl@sice the cells were detached from
the flask, 5 mL of the EMEM containing 10 % FBS dnélo PS was added for trypsin
neutralization. At this point, the cells were horangously suspended and therefore, 20
uL sample was taken for cell counting using the Newdn hemocytometer (Fisher
Scientific, Atlanta, GA). The rest of the cell sasgion was centrifuged at 120 x g for 6
min at room temperature. Following the cell yiektermination, the cells were seeded
at a density of 1x10cells/cnf into a new 25 or 75 chalong with 8 or 24 mL of the
culture media as a newly passaged culture flasgically, the cells were split into 1:2

to 1:3 at each passage.

A.1.2 CALU-3 CELL BANKING
Periodically, the cells were transferred into azéo stock to avoid wasteful
passage and to ensure a constant supply of celte ilaboratory. For this, two types of

the media were prepared; a freezing media was EMEpplemented with 10 % (v/v)
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FBS and 5 % (v/v) dimethyl sulfoxide (DMSO, ATCChike the process media was

EMEM supplemented with 10 % FBS (v/v) only. Cryatsb(Fisher-Scientific) were
appropriately labeled with cell line name, passagmcentration, date and operator.
The Calu-3 cells were trypsinized, as describedvabtdowever, recovered in the
freezing media. For cell banking, 1 mL of the cikpension at 1xf@&ells/mL was
aliquoted to each cryotube (Fisher-Scientific). Tdngotubes were then embedded in
cotton wool and placed in a polystyrene freezing {€isher-Scientific). The freezing
box was sealed with tape and placed at -80 °C #m2 this allowed the cells to cool
down slowly and gradually. The cryotubes were ttransferred in the liquid nitrogen

storage.
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APPENDIX A2

ORIGINAL DATASHEETS

TABLE OF CONTENTS:
* Chapter 3

o Table A.2.1: Cumulative mass and mass fraction otliss and
permeated into the receptor compartment as a matf time for FL
aerosols collected on Stage 2 following single stidterobid® MDI.

o Table A.2.2: Cumulative mass and mass fraction otliss and
permeated into the receptor compartment as a matf time for FL
aerosols collected on Stage 2 following 5 shotaabbid® MDI.

o Table A.2.3: Cumulative mass and mass fraction otliss and
permeated into the receptor compartment as a matf time for FL
aerosols collected on Stage 2 following 10 shotaeybbid® MDI.

o Table A.2.4: Cumulative mass and mass fraction otliss and
permeated into the receptor compartment as a matf time for FL

aerosols collected on Stage 4 following single stidterobid® MDI.
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Table A.2.5: Cumulative mass and mass fraction otlissl and
permeated into the receptor compartment as a matf time for FL
aerosols collected on Stage 4 following 5 shotaabbid® MDI.

Table A.2.6: Cumulative mass and mass fraction otlissl and
permeated into the receptor compartment as a matf time for FL
aerosols collected on Stage 4 following 10 shotaesbbid® MDI.

Table A.2.7: Cumulative mass and mass fraction otlissl and
permeated into the receptor compartment as a iimat time for TA
aerosols collected on Stage 2 following single stigt&zmacorf MDI.
Table A.2.8: Cumulative mass and mass fraction otlissl and
permeated into the receptor compartment as a imat time for TA
aerosols collected on Stage 2 following 5 shotaahacort® MDI.
Table A.2.9: Cumulative mass and mass fraction otlissl and
permeated into the receptor compartment as a imat time for TA
aerosols collected on Stage 2 following 10 shotaashacorf® MDI.
Table A.2.10: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imat time for TA
aerosols collected on Stage 4 following single stigt&zmacort® MDI.
Table A.2.11: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imatf time for TA

aerosols collected on Stage 4 following 5 shotaahacort® MDI.
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Table A.2.12: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imatf time for TA
aerosols collected on Stage 4 following 10 shotaashacorf® MDI.
Table A.2.13: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimatf time for BD
aerosols collected on Stage 2 following 5 sho®wficort® DPI.

Table A.2.14: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimaif time for BD
aerosols collected on Stage 2 following 10 sho®wfnicort® DPI.
Table A.2.15: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimatf time for BD
aerosols collected on Stage 4 following single stidulmicort® DPI.
Table A.2.16: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimatf time for BD
aerosols collected on Stage 4 following 5 sho®Bwficort® DPI.

Table A.2.17: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimaif time for BD
aerosols collected on Stage 4 following 10 sho®wfnicort® DPI.
Table A.2.18: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimadf time for FP
aerosols collected on Stage 2 following 5 shotSlofent HFA® (44 pg)

MDI.
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Table A.2.19: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimadf time for FP
aerosols collected on Stage 2 following 5 shot§lofent HFA® (220
1g) MDI.

Table A.2.20: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimadf time for FP
aerosols collected on Stage 4 following 5 shot§lofent HFA® (220
1g) MDI.

Table A.2.21: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a aimadf time for FP
aerosols collected on Stage 4 following 5 shot§lofent HFA® (220
1g) MDI.

Table A.2.22: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a iimadf time for FP
aerosols collected on Stage 2 following 22 shot$lofent Diskus®
DPI.

Table A.2.23: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a iimadf time for FP
aerosols collected on Stage 4 following 22 shot$lofent Diskus®

DPI.
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Table A.2.24: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imgi time for BDP
aerosols collected on Stage 2 following 14 sho®wdr® MDI.

Table A.2.25: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imgii time for BDP
aerosols collected on Stage 4 following 14 sho®wdr® MDI.

Table A.2.26: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imgii time for BDP
aerosols collected on Stage 2 following 7 shotgafceril® MDI.

Table A.2.27: Cumulative mass and mass fractiorsothed and
permeated into the receptor compartment as a imgi time for BDP

aerosols collected on Stage 4 following 7 shotgafceril® MDI.
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Table A.2.28: Cumulative FNa mass permeated acedsgterface
cultured Calu-3 monolayers grown in 1.13°ctranswells at a seeding
density of 0.1x10cells/cnd.

Table A.2.29: Cumulative FNa mass permeated acedsgterface
cultured Calu-3 monolayers grown in 1.13°ctranswells at a seeding
density of 0.5x10cells/cnd.

Table A.2.30: Cumulative FNa mass permeated acedssterface
cultured Calu-3 monolayers grown in 4.5 ctmanswells at a seeding

density of 0.1x10cells/cnd.
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Table A.2.31: Cumulative FD-10 mass permeated acewsinterface

cultured Calu-3 monolayers grown in 4.5 <cmanswells at a seeding
density of 0.1x10cells/cnf.

Table A.2.32: Cumulative FD-70 mass permeated acewsinterface

cultured Calu-3 monolayers grown in 4.5 <cmanswells at a seeding
density of 0.1x10cells/cnf.

Table A.2.33: Cumulative FD-150 mass permeatedsacair-interface

cultured Calu-3 monolayers grown in 4.5 <manswells at a seeding

density of 0.1x10cells/cnf.

 Chapter 5

0]

(0]

(0]

Table A.2.34: Data sheets to obtain fold-inducttdmF«B-activity with

or without 60 ng/mLTNE incubation for 6 h.

Table A.2.35: Data sheets to obtain fold-inducttdmF«B-activity with

60 ng/mMLTNFe and various ICS treatment (aerosol, solution or
suspension) incubation for 6 h.

Table A.2.36: Mass balance to calculate the cellufgiake of ICSs by
Calu-3 cells following various treatment incubasoat the start (t=0 h)

and at the end (t=6 h) of the experiment.
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Table A.2.1 Cumulative mass and mass fraction dissolved amthgmed into the

receptor compartment as a function of time for lekogols collected on
Stage 2 following single shot of Aerof§iVDI.

Inhaler Aerobid
Shots/Actuations 1
Stage 2
ICS Flunisolide (FL)
FL mass permeated
(ug) #1 #2 #3
Time (min)
15 0.18 0.13 0.15
30 0.22 0.27 0.28
45 0.27 0.35 0.35
60 0.32 0.38 0.41
90 0.39 0.49 0.52
120 0.45 0.51 0.55
150 0.48 0.57 0.57
180 0.51 0.61 0.60
240 0.53 0.64 0.64
300 0.57 0.66 0.66
Mass remaining on
filter (R) 0.04 0.05 0.04 Mean = SD RSD
Sum (P+R) 0.61 0.71 0.70 0.68 +0.05 7.35
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.29 0.18 0.22 0.23 0.06 0.93
30 0.36 0.37 0.40 0.38 0.02 0.91
45 0.44 0.49 0.51 0.48 0.03 0.92
60 0.51 0.53 0.59 055 0.04 0.92
90 0.63 0.68 0.74 0.69 0.06 0.p3
120 0.73 0.71 0.79 0.74 0.04 0.p3
150 0.78 0.80 0.82 0.80 0.02 0.p1
180 0.83 0.85 0.86 0.85 0.02 0.p1
240 0.86 0.90 0.92 0.89 0.03 0.p2
300 0.93 0.93 0.94 094 0.01 0.po
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Table A.2.2 Cumulative mass and mass fraction dissolved amthgmed into the
receptor compartment as a function of time for lekogols collected on
Stage 2 following 5 shots of AeroffidvDI.

Inhaler Aerobid
Shots/Actuations 5
Stage 2
ICS Flunisolide (FL)
FL mass permeated
(ua) #1 #2 #3
Time (min)
15 1.91 1.30 1.17
30 3.47 2.25 2.40
45 4.11 3.03 2.75
60 5.31 3.24 3.18
90 5.80 4.13 4.16
120 6.31 4.49 4.31
150 6.60 4.79 4.85
180 6.61 4.92 5.04
240 6.92 5.24 5.23
300 7.06 5.26 5.33
Mass remaining on
filter (R) 0.37 0.35 0.36 Mean+SD RSD
Sum (P+R) 7.43 5.61 569 6.24+1.03 16.51
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.26 0.23 0.20 0.23 0.03 0.92
30 0.47 0.40 0.42 0.43 0.03 0.92
45 0.55 0.54 0.48 0.53 0.04 0.92
60 0.71 0.58 0.56 0.62 0.08 0.95
90 0.78 0.74 0.73 0.75 0.03 0.92
120 0.85 0.80 0.76 0.80 0.05 0.p3
150 0.89 0.85 0.85 0.86 0.02 0.p1
180 0.89 0.88 0.89 0.88 0.01 0.po
240 0.93 0.93 0.92 0.93 0.01 0.po
300 0.95 0.94 0.94 0.94 0.01 0.po
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Table A.2.3 Cumulative mass and mass fraction dissolved amthgmed into the
receptor compartment as a function of time for lekogols collected on
Stage 2 following 10 shots of AerofSitDI.

Inhaler Aerobid
Shots/Actuations 10
Stage 2
ICS Flunisolide (FL)
FL mass permeated
(ng) #1 #2 #3
Time (min)
15 1.32 3.29 0.99
30 3.82 4.56 2.20
45 5.04 5.28 3.26
60 6.99 5.88 3.50
90 8.00 7.22 4.75
120 8.80 7.56 5.48
150 9.16 7.81 5.90
180 9.63 7.86 6.13
240 10.06 8.18 6.73
300 10.24 8.25 6.94
Mass remaining on
filter (R) 0.76 0.41 0.68 Mean £ SD
Sum (P+R) 11.00 8.66 7.62 9.09+1.73 19.03
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.12 0.38 0.13 0.21 0.15 0.98
30 0.35 0.53 0.29 0.39 0.12 0.97
45 0.46 0.61 0.43 0.50 0.10 0.96
60 0.64 0.68 0.46 0.59 0.12 0.97
90 0.73 0.83 0.62 0.73 0.11 0.96
120 0.80 0.87 0.72 0.80 0.08 0.p4
150 0.83 0.90 0.77 0.84 0.06 0.p4
180 0.88 0.91 0.81 0.86 0.05 0.p3
240 0.91 0.94 0.88 0.91 0.03 0.p2
300 0.93 0.95 0.91 0.93 0.02 0.p1




144

Table A.2.4 Cumulative mass and mass fraction dissolved amthemed into the
receptor compartment as a function of time for lekogols collected on
Stage 4 following single shot of Aerof§iVDI.

Inhaler Aerobid
Shots/Actuations 1
Stage 4
ICS Flunisolide (FL)
FL mass permeated
(L) #1 #2 #3
Time (min)
15 0.41 0.44 0.36
30 0.78 0.96 0.90
45 1.26 1.49 1.18
60 1.45 1.60 1.30
90 1.89 1.90 1.55
120 2.03 2.06 1.73
150 2.06 2.11 1.80
180 2.13 2.21 1.92
240 2.24 2.25 2.03
300 2.29 2.30 2.09
Mass remaining on
filter (R) 0.13 0.09 0.13 Mean+SD RSD
Sum (P+R) 2.42 2.39 222 2.34+0.11 4.70
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.17 0.19 0.16 0.17 0.01 0.91
30 0.32 0.40 0.41 0.38 0.05 0.93
45 0.52 0.62 0.53 0.56 0.06 0.93
60 0.60 0.67 0.58 0.62 0.05 0.93
90 0.78 0.79 0.70 0.76 0.05 0.93
120 0.84 0.86 0.78 0.83 0.04 0.p2
150 0.85 0.88 0.81 0.85 0.03 0.p2
180 0.88 0.92 0.87 0.89 0.03 0.p2
240 0.93 0.94 0.92 0.93 0.01 0.p1
300 0.95 0.96 0.94 0.95 0.01 0.p1
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Table A.2.5 Cumulative mass and mass fraction dissolved amthgmed into the
receptor compartment as a function of time for lekogols collected on
Stage 4 following 5 shots of AerolfidvDI.

Inhaler Aerobid
Shots/Actuations 5
Stage 4
ICS Flunisolide (FL)
FL mass permeated
(L) #1 #2 #3
Time (min)
15 1.62 0.70 0.74
30 3.11 251 3.00
45 4.18 3.32 4.19
60 5.50 4.33 5.01
90 7.72 6.69 6.93
120 8.79 7.56 8.14
150 9.46 8.17 9.10
180 9.97 8.90 9.77
240 10.47 9.59 10.37
300 10.64 9.76 10.51
Mass remaining on
filter (R) 0.65 0.65 0.60 Mean £ SD RSD
Sum (P+R) 11.29 10.41 11.11 10.93+0.47 4.30
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.14 0.07 0.07 0.09 0.04 0.93
30 0.28 0.24 0.27 0.26 0.02 0.91
45 0.37 0.32 0.38 0.36 0.03 0.92
60 0.49 0.42 0.45 0.45 0.04 0.92
90 0.68 0.64 0.62 0.65 0.03 0.92
120 0.78 0.73 0.73 0.75 0.03 0.p2
150 0.84 0.79 0.82 0.81 0.03 0.p2
180 0.88 0.86 0.88 0.87 0.01 0.p1
240 0.93 0.92 0.93 0.93 0.01 0.po
300 0.94 0.94 0.95 0.94 0.00 0.po
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Table A.2.6 Cumulative mass and mass fraction dissolved amthgmed into the
receptor compartment as a function of time for lekogols collected on
Stage 4 following 10 shots of Aerof§itDI.

Inhaler Aerobid

Shots/Actuations 10

Stage 4

ICS Flunisolide (FL)

FL mass permeated

(L) #1 #2 #3
Time (min)

15 1.90 0.91 1.14
30 5.05 2.56 3.48
45 6.14 4.27 6.34
60 10.03 5.69 7.02

90 13.47 10.53 11.18

120 15.83 11.24 13.36

150 16.59 14.31 13.81

180 17.68 14.95 15.46

240 18.50 16.12 16.35

300 18.77 16.40 17.47
Mass remaining on

filter (R) 1.09 1.21 1.40 Mean SD RSD
Sum (P+R) 19.86 17.61 18.87 18.78+1.13 6.02
Fraction FL
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.10 0.05 0.06 0.07 0.02 0.1
30 0.25 0.15 0.18 0.19 0.06 0.93
45 0.31 0.24 0.34 0.30 0.05 0.93
60 0.51 0.32 0.37 0.40 0.09 0.95
90 0.68 0.60 0.59 0.62 0.05 0.93
120 0.80 0.64 0.71 0.71 0.08 0.p5
150 0.84 0.81 0.73 0.79 0.05 0.p3
180 0.89 0.85 0.82 0.85 0.04 0.p2
240 0.93 0.92 0.87 0.90 0.03 0.p2
300 0.95 0.93 0.93 0.93 0.01 0.p1
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Table A.2.7 Cumulative mass and mass fraction dissolved amthgmed into the
receptor compartment as a function of time for Térogols collected on Stage 2
following single shot of AzmacdttMDI.

Inhaler Azmacort
Shots/Actuations 1
Stage 2
ICS Triamcinolone Acetonide (TA)
TA mass permeated
(1) #1 #2 #3
Time (min)
15 0.20 0.23 0.09
30 0.44 0.36 0.41
45 0.52 0.47 0.45
60 0.59 0.59 0.56
90 0.79 0.70 0.65
120 0.89 0.78 0.76
150 0.96 0.86 0.80
180 1.01 0.90 0.86
240 1.07 0.94 0.90
300 1.09 0.98 0.10
Mass remaining on
filter (R) 0.12 0.10 1.00 Mean+SD RSD
Sum (P+R) 1.21 1.08 1.00 1.09+0.11 10.09
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.16 0.22 0.09 0.16 0.07 0.4
30 0.36 0.33 0.33 0.34 0.02 0.1
45 0.43 0.43 0.41 0.43 0.01 0.1
60 0.49 0.55 0.45 0.50 0.05 0.93
90 0.65 0.65 0.56 0.62 0.05 0.93
120 0.73 0.73 0.66 0.71 0.04 0.p3
150 0.79 0.79 0.76 0.78 0.02 0.p1
180 0.83 0.83 0.81 0.82 0.01 0.p1
240 0.89 0.87 0.87 0.88 0.01 0.p1
300 0.90 0.91 0.90 0.90 0.00 0.po
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Table A.2.8 Cumulative mass and mass fraction dissolved andchgmed into the
receptor compartment as a function of time for Tekosols collected on
Stage 2 following 5 shots of Azmac8rMDlI.

Inhaler Azmacort
Shots/Actuations 5
Stage 2
ICS Triamcinolone Acetonide (TA)
TA mass
permeated (1g) #1 #2 #3
Time (min)
15 0.73 0.84 0.65
30 1.55 1.37 1.36
45 2.34 2.12 2.04
60 3.14 2.50 2.33
90 4.32 3.70 3.27
120 5.65 3.99 4.08
150 5.88 4.57 4.65
180 6.48 4.98 5.13
240 7.48 5.35 5.82
300 7.92 5.65 6.01
Mass remaining
on filter (R) 1.38 1.13 0.96 MeanzSD RSD
Sum (P+R) 9.30 6.78 6.97 7.68+1.40 18.23
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.08 0.12 0.09 0.10 0.02 0.1
30 0.17 0.20 0.19 0.19 0.02 0.1
45 0.25 0.31 0.29 0.29 0.03 0.92
60 0.34 0.37 0.33 0.35 0.02 0.1
90 0.46 0.55 0.47 0.49 0.05 0.93
120 0.61 0.59 0.59 0.59 0.01 0.p1
150 0.63 0.67 0.67 0.66 0.02 0.p1
180 0.70 0.73 0.74 0.72 0.02 0.p1
240 0.80 0.79 0.83 0.81 0.02 0.p1
300 0.85 0.83 0.86 0.85 0.01 0.p1
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Table A.2.9 Cumulative mass and mass fraction dissolved anthgsed into the
receptor compartment as a function of time for Tekosols collected on
Stage 2 following 10 shots of Azmac8mDI.

Inhaler Azmacort
Shots/Actuations 10
Stage 2
ICS Triamcinolone Acetonide (TA)
TA mass
permeated (ug) #1 #2 #3
Time (min)
15 0.88 0.89 0.91
30 1.95 1.94 2.17
45 3.31 3.11 2.85
60 3.95 4.07 3.65
90 5.26 5.91 5.44
120 6.89 6.87 6.49
150 7.77 7.57 7.34
180 8.53 8.78 8.15
240 9.75 9.39 9.07
300 10.91 10.15 10.18
Mass remaining
on filter (R) 412 3.72 2.83 Mean + SD RSD
Sum (P+R) 15.03 13.87 13.01 13.97+1.02 7.30
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.06 0.06 0.07 0.06 0.01 0.90
30 0.13 0.14 0.17 0.15 0.02 0.91
45 0.22 0.22 0.22 0.22 0.00 0.90
60 0.26 0.29 0.28 0.28 0.02 0.91
90 0.35 0.43 0.42 0.40 0.04 0.92
120 0.46 0.50 0.50 0.48 0.02 0.p1
150 0.52 0.55 0.56 0.54 0.02 0.p1
180 0.57 0.63 0.63 0.61 0.04 0.p2
240 0.65 0.68 0.70 0.67 0.02 0.p1
300 0.73 0.73 0.78 0.75 0.03 0.p2
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Table A.2.10Cumulative mass and mass fraction dissolved andgmed into the
receptor compartment as a function of time for BAogols collected on
Stage 4 following single shot of Azmac8mDI.

Inhaler Azmacort
Shots/Actuations 1
Stage 4
ICS Triamcinolone Acetonide (TA)
TA mass
permeated (1Q) #1 #2 #3
Time (min)
15 0.08 0.06 0.06
30 0.15 0.10 0.10
45 0.20 0.15 0.13
60 0.24 0.18 0.15
90 0.28 0.21 0.20
120 0.31 0.24 0.23
150 0.28 0.26 0.26
180 0.33 0.28 0.28
240 0.35 0.30 0.29
300 0.37 0.32 0.32
Mass remaining on
filter (R) 0.04 0.04 0.04 Mean+SD RSD
Sum (P+R) 0.41 0.36 0.36 0.37+0.03 8.11
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.20 0.17 0.18 0.18 0.02 0.1
30 0.37 0.29 0.28 0.31 0.05 0.93
45 0.50 0.41 0.36 0.42 0.07 0.4
60 0.59 0.49 0.43 0.50 0.08 0.95
90 0.68 0.59 0.55 0.61 0.07 0.4
120 0.76 0.66 0.63 0.68 0.06 0.p4
150 0.69 0.73 0.72 0.71 0.02 0.p1
180 0.81 0.77 0.79 0.79 0.02 0.p1
240 0.86 0.84 0.80 0.83 0.03 0.p2
300 0.90 0.89 0.89 0.89 0.01 0.po
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Table A.2.11 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ®ehosols collected on
Stage 4 following 5 shots of Azmac8rMDI.

Inhaler Azmacort
Shots/Actuations 5
Stage 4
ICS Triamcinolone Acetonide (TA)
TA mass
permeated (1g) #1 #2 #3
Time (min)
15 0.19 0.24 0.21
30 0.51 0.48 0.54
45 0.80 0.69 0.97
60 1.12 0.88 1.05
90 1.47 1.21 1.45
120 1.78 1.42 1.61
150 1.95 1.63 1.74
180 2.06 1.78 1.88
240 2.27 1.97 2.04
300 2.40 2.08 2.07
Mass remaining on
filter (R) 0.36 0.28 0.21 MeanzSD RSD
Sum (P+R) 2.76 2.36 228 2.47+0.26 10.53
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.07 0.10 0.09 0.09 0.02 0.1
30 0.19 0.20 0.24 0.21 0.03 0.92
45 0.29 0.29 0.43 0.34 0.08 0.95
60 0.41 0.37 0.46 0.41 0.04 0.92
90 0.53 0.51 0.63 0.56 0.07 0.4
120 0.64 0.60 0.70 0.65 0.05 0.p3
150 0.71 0.69 0.76 0.72 0.04 0.p2
180 0.75 0.75 0.82 0.77 0.04 0.p2
240 0.82 0.83 0.89 0.85 0.04 0.p2
300 0.87 0.88 0.91 0.89 0.02 0.p1




Table A.2.12Cumulative mass and mass fraction dissolved andgmed into the
receptor compartment as a function of time for BAogols collected on

Stage 4 following 10 shots of Azmac8mDI.
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Inhaler Azmacort
Shots/Actuations 10
Stage 4
ICS Triamcinolone Acetonide (TA)
TA mass
permeated (Q) #1 #2 #3
Time (min)
15 0.24 0.45 0.45
30 0.75 0.99 0.84
45 1.11 1.13 1.20
60 1.60 1.46 1.61
90 2.48 2.05 2.06
120 2.53 2.33 2.59
150 2.95 2.80 2.93
180 3.29 3.02 3.41
240 3.71 3.55 3.64
300 3.88 3.80 3.98
Mass remaining on
filter (R) 0.58 0.97 0.73 Mean+SD RSD
Sum (P+R) 4.46 4.77 471 4.67+0.17 3.64
Fraction TA
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.05 0.09 0.10 0.08 0.02 0.1
30 0.17 0.21 0.18 0.18 0.02 0.1
45 0.25 0.24 0.26 0.25 0.01 0.1
60 0.36 0.31 0.34 0.34 0.03 0.92
90 0.56 0.43 0.44 0.47 0.07 0.4
120 0.57 0.49 0.55 0.53 0.04 0.p2
150 0.66 0.59 0.62 0.62 0.04 0.p2
180 0.74 0.63 0.72 0.70 0.06 0.p3
240 0.83 0.74 0.77 0.78 0.04 0.p3
300 0.87 0.80 0.85 0.84 0.04 0.p2
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Table A.2.13 Cumulative mass and mass fraction dissolved amohgmed into the
receptor compartment as a function of time for BPogols collected on
Stage 2 following 5 shots of PulmicSrDPI.

Inhaler Pulmicort
Shots/Actuations 5
Stage 2
ICS Budesonide (BUD)
BUD mass
permeated (1Q) #1 #2 #3
Time (min)
15 0.19 0.15 0.17
30 0.25 0.28 0.19
45 0.30 0.33 0.24
60 0.38 0.41 0.30
90 0.49 0.52 0.49
120 0.52 0.57 0.59
150 0.57 0.59 0.64
180 0.59 0.62 0.70
240 0.64 0.66 0.75
300 0.66 0.68 0.80
360 0.68 0.71
420 0.78 0.73
Mass remaining
on filter (R) 0.29 0.38 0.58 Mean*SD RSD
Sum (P+R) 1.32 1.40 1.75 1.49%0.23 15.44
Fraction BUD
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.19 0.15 0.21 0.18 0.03 0.92
30 0.25 0.28 0.22 0.25 0.03 0.92
45 0.30 0.33 0.26 0.30 0.03 0.92
60 0.38 0.41 0.30 0.36 0.05 0.93
90 0.49 0.52 0.34 0.45 0.10 0.96
120 0.52 0.57 0.36 0.49 0.11 0.p6
150 0.57 0.59 0.51 0.56 0.04 0.p2
180 0.59 0.62 0.54 0.58 0.04 0.p2
240 0.64 0.66 0.60 0.63 0.03 0.p2
300 0.66 0.68 0.67 0.67 0.01 0.p1
360 0.68 0.71 0.70 0.02 0.q1
420 0.78 0.73 0.75 0.04 0.q2
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Table A.2.14 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for BdPogols collected on
Stage 2 following 10 shots of Pulmic8rbPI.

Inhaler Pulmicort
Shots/Actuations 10
Stage 2
ICS Budesonide (BUD)
BUD mass
permeated (ug) #1 #2 #3
Time (min)
15 0.18 0.19 0.21
30 0.29 0.36 0.26
45 0.41 0.41 0.38
60 0.49 0.58 0.49
90 0.63 0.76 0.60
120 0.75 0.83 0.66
150 0.81 0.90 0.72
180 0.88 0.97 0.78
240 0.94 1.04 0.85
300 1.03 1.10 1.04
360 1.07 1.15 1.08
420 1.13 1.18 1.12
Mass remaining
on filter (R) 0.82 0.73 0.73 Mean+SD RSD
Sum (P+R) 1.95 1.91 1.85 1.90+0.05 2.63
Fraction BUD
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.09 0.10 0.11 0.10 0.01 0.91
30 0.15 0.19 0.14 0.16 0.03 0.91
45 0.21 0.21 0.20 0.21 0.01 0.90
60 0.25 0.30 0.26 0.27 0.03 0.92
90 0.32 0.40 0.33 0.35 0.04 0.92
120 0.38 0.44 0.35 0.39 0.04 0.p2
150 0.42 0.47 0.39 0.43 0.04 0.p2
180 0.45 0.51 0.42 0.46 0.04 0.p3
240 0.48 0.54 0.46 0.50 0.04 0.p2
300 0.52 0.58 0.56 0.56 0.03 0.p2
360 0.55 0.60 0.59 0.58 0.03 0.p2
420 0.58 0.62 0.61 0.60 0.02 0.p1
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Table A.2.15 Cumulative mass and mass fraction dissolved amchgmed into the
receptor compartment as a function of time for BlPogols collected on
Stage 4 following single shot of Pulmic8rDPI.

Inhaler Pulmicort
Shots/Actuations 1
Stage 4
ICS Budesonide (BUD)
BUD mass
permeated (Q) #1 #2 #3
Time (min)
15 0.14 0.12 0.08
30 0.18 0.20 0.22
45 0.28 0.30 0.28
60 0.32 0.34 0.35
90 0.39 0.41 0.45
120 0.44 0.46 0.50
150 0.46 0.51 0.51
180 0.50 0.54 0.54
240 0.53 0.58 0.57
300 0.55 0.60 0.59
Mass remaining on
filter (R) 0.22 0.23 0.16 Mean SD RSD
Sum (P+R) 0.77 0.83 0.75 0.78+0.04 5.13
Fraction BUD
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.18 0.14 0.11 0.14 0.04 0.92
30 0.24 0.24 0.29 0.26 0.03 0.92
45 0.36 0.36 0.37 0.36 0.01 0.90
60 0.42 0.41 0.47 0.43 0.03 0.92
90 0.51 0.49 0.60 0.53 0.06 0.93
120 0.57 0.55 0.66 0.60 0.06 0.p3
150 0.60 0.61 0.68 0.63 0.04 0.p3
180 0.65 0.65 0.72 0.67 0.04 0.p2
240 0.69 0.69 0.76 0.72 0.04 0.p2
300 0.71 0.72 0.79 0.74 0.04 0.p2
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Table A.2.16 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for BlPogols collected on
Stage 4 following 5 shots of PulmicSrDPI.

Inhaler Pulmicort
Shots/Actuations 5
Stage 4
ICS Budesonide (BUD)
BUD mass
permeated (Q) #1 #2 #3
Time (min)
15 0.20 0.20 0.17
30 0.32 0.34 0.35
45 0.46 0.42 0.47
60 0.57 0.46 0.57
90 0.71 0.67 0.80
120 0.85 0.76 0.92
150 0.94 0.89 1.02
180 0.99 0.97 1.07
240 1.08 1.07 1.13
300 1.13 1.14 1.21
360 1.17 1.18 1.25
420 1.22 1.22 1.43
Mass remaining on
filter (R) 0.31 0.45 0.32 Mean+*SD RSD
Sum (P+R) 1.53 1.67 1.75 1.65+0.11 6.67
Fraction BUD
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.13 0.12 0.10 0.12 0.02 0.1
30 0.21 0.20 0.20 0.21 0.00 0.90
45 0.30 0.25 0.27 0.27 0.02 0.1
60 0.37 0.27 0.33 0.33 0.05 0.3
90 0.47 0.40 0.45 0.44 0.04 0.92
120 0.56 0.45 0.53 0.51 0.05 0.p3
150 0.61 0.53 0.58 0.58 0.04 0.p2
180 0.65 0.58 0.61 0.61 0.03 0.p2
240 0.71 0.64 0.65 0.66 0.04 0.p2
300 0.74 0.68 0.69 0.70 0.03 0.p2
360 0.77 0.70 0.71 0.73 0.04 0.p2
420 0.80 0.73 0.82 0.78 0.04 0.p3
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Table A.2.17 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for BdPogols collected on
Stage 4 following 10 shots of Pulmic8rbPI.

Inhaler Pulmicort
Shots/Actuations 10
Stage 4
ICS Budesonide (BUD)
BUD mass
permeated (Q) #1 #2 #3
Time (min)
15 0.27 0.31 0.20
30 0.43 0.43 0.32
45 0.57 0.60 0.47
60 0.66 0.78 0.65
90 0.96 0.97 0.89
120 1.07 1.21 1.01
150 1.27 1.38 1.25
180 1.37 1.49 1.36
240 1.55 1.71 1.64
300 1.70 1.86 1.74
360 1.79 1.98 1.87
420 1.87 2.04 1.99
Mass remaining on
filter (R) 0.87 0.72 1.05 MeanzSD RSD
Sum (P+R) 2.74 2.76 3.04 2.85+0.16 5.61
Fraction BUD
permeated #1 #2 #3 Mean SD SE
Time (min)
15 0.10 0.11 0.07 0.09 0.02 0.1
30 0.16 0.15 0.11 0.14 0.03 0.92
45 0.21 0.22 0.15 0.19 0.04 0.92
60 0.24 0.28 0.21 0.24 0.03 0.92
90 0.35 0.35 0.29 0.33 0.03 0.92
120 0.39 0.44 0.33 0.39 0.05 0.p3
150 0.46 0.50 0.41 0.46 0.04 0.p3
180 0.50 0.54 0.45 0.50 0.05 0.p3
240 0.56 0.62 0.54 0.57 0.04 0.p2
300 0.62 0.67 0.57 0.62 0.05 0.p3
360 0.65 0.72 0.62 0.66 0.05 0.p3
420 0.68 0.74 0.65 0.69 0.04 0.p2
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Table A.2.18 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 2 following 5 shots of Flovent H444 pg) MDI.

Inhaler Flovent HFA 44ug
Shots/Actuations 5
Stage 2
ICS Fluticasone Propionate (FP)
FP mass
permeated (ng) #1 #2 #3
Time (min)
30 3.92 3.92 3.92
60 14.73 7.46 7.57

90 27.88 14.64 12.43
120 35.53 20.64 22.33
150 44.48 27.17 26.16
180 54.07 32.52 28.03
240 73.38 37.76 39.96
300 84.62 49.82 46.39
360 99.41 61.84 51.17
420 107.62 69.66 55.50
480 120.05 72.67 67.53
540 129.60 79.88 72.01
600 138.18 90.95 82.89

Mass remaining

on filter (R) 1552.00 1764.79 1608.05 Mean+ SD RSD
1745.62
Sum (P+R) 1690.18 1855.74 1690.995.37 5.46
Fraction FP
permeated #1 #2 #3 Mean SD SE
Time (min)
30 0.00 0.00 0.00 0.00 0.00 0.90
60 0.01 0.00 0.00 0.01 0.00 0.90
90 0.02 0.01 0.01 0.01 0.01 0.90
120 0.02 0.01 0.01 0.02 0.01 0.po
150 0.03 0.01 0.02 0.02 0.01 0.po
180 0.03 0.02 0.02 0.02 0.01 0.po
240 0.04 0.02 0.02 0.03 0.01 0.p1
300 0.05 0.03 0.03 0.03 0.01 0.p1
360 0.06 0.03 0.03 0.04 0.02 0.p1
420 0.06 0.04 0.03 0.04 0.02 0.p1
480 0.07 0.04 0.04 0.05 0.02 0.p1
540 0.08 0.04 0.04 0.05 0.02 0.p1
600 0.08 0.05 0.05 0.06 0.02 0.p1
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Table A.2.19 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 2 following 5 shots of Flovent HEA220 pg) MDI.

Inhaler Flovent HFA 220ug
Shots/Actuations 5
Stage 2
ICS Fluticasone Propionate (FP)
FP mass
permeated (ng) #1 #2 #3
Time (min)
30 9.03 12.57 13.91

60 25.69 28.66 27.80

90 35.30 37.91 37.66
120 44.99 50.55 51.44
150 57.15 60.02 62.60
180 72.64 73.26 77.53
240 87.73 90.00 92.72
300 102.69 109.73 114.20
360 119.65 117.27 122.49
420 138.11 137.25 140.40
480 153.07 153.86 151.00
540 165.03 163.74 163.46
600 182.72 176.78 183.51

Mass remaining

on filter (R) 12888.96 15500.58 20106.48 Mean+ SD RSD
Sum (P+R) 13071.68 15677.36 20289.99 16346.34 5.365 22.36
Fraction FP
permeated #1 #2 #3 Mean SD SE
Time (min)
30 6.9E-04 8.0E-04 6.9E-04 0.00 0.00 0j00
60 2.0E-03 1.8E-03 1.4E-03 0.00 0.00 0j00
90 2.7E-03 2.4E-03 1.9E-03 0.00 0.00 0j00
120 3.4E-03 3.2E-03 2.5E-03 0.00 0.00 00
150 4.4E-03 3.8E-03 3.1E-03 0.00 0.00 00
180 5.6E-03 4.7E-03 3.8E-03 0.00 0.00 00
240 6.7E-03 5.7E-03  4.6E-03 0.01 0.00 00
300 7.9E-03 7.0E-03 5.6E-03 0.01 0.00 00
360 9.2E-03 7.5E-03 6.0E-03 0.01 0.00 00
420 1.1E-02 8.8E-03 6.9E-03 0.01 0.00 00
480 1.2E-02 9.8E-03 7.4E-03 0.01 0.00 00
540 1.3E-02 1.0E-02 8.1E-03 0.01 0.00 00

600 1.4E-02 1.1E-02 9.0E-03 0.01 0.00 00
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Table A.2.20 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 4 following 5 shots of Flovent H444 pg) MDI.

Inhaler Flovent HFA 44ug

Shots/Actuations 5

Stage 4

ICS Fluticasone Propionate (FP)

FP mass permeated

(ng) #1 #2 #3
Time (min)

30 0.23 0.54 0.54
60 8.60 5.85 7.49
90 15.33 12.47 8.76

120 22.14 15.22 12.83
150 24.72 19.47 21.69
180 30.23 26.92 22.17
240 43.34 32.76 33.32
300 49.22 44.30 36.60
360 60.27 50.00 43.67
420 70.19 61.89 44.89
480 75.20 71.38 57.04
540 85.02 73.79 65.60
600 96.16 86.66 73.69
Mass remaining on

filter (R) 3679.00 5408.02 5105.24 MeanSD RSD
Sum (P+R) 3775.16 5494.68 5178.93 4816.26 +915.33.00

Fraction FP

permeated #1 #2 #3 Mean SD SH

Time (min)
30 0.00 0.00 0.00 0.00 0.00 0.90
60 0.00 0.00 0.00 0.00 0.00 0.90
90 0.00 0.00 0.00 0.00 0.00 0.90
120 0.01 0.00 0.00 0.00 0.00 o0.po
150 0.01 0.00 0.00 0.00 0.00 0.p0
180 0.01 0.00 0.00 0.01 0.00 0.po0
240 0.01 0.01 0.01 0.01 0.00 0.po0
300 0.01 0.01 0.01 0.01 0.00 0.p0
360 0.02 0.01 0.01 0.01 0.00 0.po
420 0.02 0.01 0.01 0.01 0.01 o0.po
480 0.02 0.01 0.01 0.01 0.00 0.po
540 0.02 0.01 0.01 0.02 0.01 o0.po
600 0.03 0.02 0.01 0.02 0.01 0.p0
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Table A.2.21 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 4 following 5 shots of Flovent HEA220 pg) MDI.

Inhaler Flovent HFA 22Qug
Shots/Actuations 5
Stage 4
ICS Fluticasone Propionate (FP)
FP mass
permeated (ng) #1 #2 #3
Time (min)
30 8.90 11.84 8.78

60 16.85 25.84 18.03

90 23.93 35.02 29.33
120 35.95 40.94 35.93
150 43.64 56.66 44.06
180 59.43 67.28 57.55
240 72.07 87.16 70.12
300 80.15 104.65 85.32
360 93.29 114.65 92.37
420 103.44 129.42 106.33
480 113.69 149.48 122.05
540 124.46 157.71 129.80
600 135.14 171.34 138.69

Mass remaining on

filter (R) 19000.34 19439.62 20548.10 Mean = SD RSD
Sum (P+R) 19135.48 19610.96 20686.79 19811.08 #7394 4.01
Fraction FP
permeated #1 #2 #3 Mean SD SE
Time (min)
30 4.7E-04 6.0E-04 4.2E-04 0.00 0.00 0Joo
60 8.8E-04 1.3E-03 8.7E-04 0.00 0.00 0Joo
90 1.3E-03 1.8E-03 1.4E-03 0.00 0.00 0Joo
120 1.9E-03 2.1E-03 1.7E-03 0.00 0.00 0]00
150 2.3E-03 2.9E-03 2.1E-03 0.00 0.00 0]00
180 3.1E-03 3.4E-03 2.8E-03 0.00 0.00 0]00
240 3.8E-03 4.4E-03 3.4E-03 0.00 0.00 0]00
300 4.2E-03 5.3E-03 4.1E-03 0.00 0.00 0]00
360 4.9E-03 5.8E-03 4.5E-03 0.01 0.00 0]00
420 5.4E-03 6.6E-03 5.1E-03 0.01 0.00 0]00
480 5.9E-03 7.6E-03 5.9E-03 0.01 0.00 0]00
540 6.5E-03 8.0E-03 6.3E-03 0.01 0.00 0]00

600 7.1E-03 8.7E-03 6.7E-03 0.01 0.00 0jo0
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Table A.2.22 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 2 following 22 shots of Flovent DiskU3PI.

Inhaler Flovent Diskus 5Qig
Shots/Actuations 22
Stage 2
ICS Fluticasone Propionate (FP)
FP mass
permeated (ng) #1 #2 #3
Time (min)
30 15.57 8.47 10.32
60 27.24 15.12 13.08
90 37.19 21.07 22.75
120 45.22 25.76 28.15
150 55.06 32.36 34.68
180 61.25 36.47 41.64
240 75.27 44.93 46.42
300 80.90 51.86 52.09
360 89.83 57.62 60.64
420 95.93 63.06 64.95
480 99.70 68.08 72.81
540 106.37 75.40 77.32
600 111.33 79.84 82.45
Mass remaining
onfilter (R) 1909.44 2427.05 1946.10 Mean + SD RSD
Sum (P+R) 2020.767 2506.894 2028.558 2185.41 #278. 12.74
Fraction FP
permeated #1 #2 #3 Mean SD SE
Time (min)
30 0.01 0.00 0.01 0.01 0.00 0.po
60 0.01 0.01 0.01 0.01 0.00 0.po
90 0.02 0.01 0.01 0.01 0.01 0.p0
120 0.02 0.01 0.01 0.02 0.01 0.p0
150 0.03 0.01 0.02 0.02 0.01 0.po
180 0.03 0.01 0.02 0.02 0.01 0.po
240 0.04 0.02 0.02 0.03 0.01 o.p1
300 0.04 0.02 0.03 0.03 0.01 o.p1
360 0.04 0.02 0.03 0.03 0.01 o.p1
420 0.05 0.03 0.03 0.03 0.01 o.p1
480 0.05 0.03 0.04 0.04 0.01 op1
540 0.05 0.03 0.04 0.04 0.01 op1
600 0.06 0.03 0.04 0.04 0.01 o0op1
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Table A.2.23 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for ERvsols collected on
Stage 4 following 22 shots of Flovent DiskU3PI.

Inhaler Flovent Diskus 5@ig
Shots/Actuations 22
Stage 4
ICS Fluticasone Propionate (FP)
FP mass
permeated (ng) #1 #2 #3
Time (min)
30 5.13 6.55 9.89
60 9.59 11.16 17.68
90 13.85 16.16 24.80
120 19.00 16.99 27.60
150 22.61 23.15 33.82
180 26.59 24.41 41.06
240 290.84 32.52 48.81
300 34.28 37.21 55.12
360 39.85 39.35 62.55
420 45.29 45.89 70.09
480 49.01 51.19 76.25
540 53.38 55.03 80.87
600 56.10 59.39 87.71
Mass remaining on
filter (R) 2063.86 2839.62 2183.18 Mean + SD RSD
Sum (P+R) 2119.962 2899.007 2270.897 2429.96 +1413. 17.00
Fraction FP
permeated #1 #2 #3 Mean SD  SH
Time (min)
30 0.00 0.00 0.00 0.00 0.00 0.90
60 0.00 0.00 0.01 0.01 0.00 0.90
90 0.01 0.01 0.01 0.01 0.00 0.90
120 0.01 0.01 0.01 0.01 0.00 o0.po
150 0.01 0.01 0.01 0.01 0.00 o0.po
180 0.01 0.01 0.02 0.01 0.00 o0.po
240 0.01 0.01 0.02 0.02 0.01 o0.po
300 0.02 0.01 0.02 0.02 0.01 o0.po
360 0.02 0.01 0.03 0.02 0.01 o0.po
420 0.02 0.02 0.03 0.02 0.01 o0.po
480 0.02 0.02 0.03 0.02 0.01 o0.po
540 0.03 0.02 0.04 0.03 0.01 o0.po
600 0.03 0.02 0.04 0.03 0.01 o0.p1
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Table A.2.24 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for B&#Posols collected
on Stage 2 following 14 shots of QVAVIDI.

Inhaler Qvar
Shots/Actuations 14
Stage 2
ICS Beclomethasone Dipropionate (BDP)
BDP mass
permeated (ng) #1 #2 #3
Time (min)
30 3.23 11.83 5.63
60 6.63 18.36 7.80
120 7.48 20.98 8.45
150 9.28 25.07 10.01
180 9.00 26.51 11.51

240 11.75 29.09 13.11
300 13.08 34.26 15.66
360 15.17 36.85 17.66
420 16.56 43.80 19.22
480 17.66 48.13 22.22
540 18.93 51.07 24.46
600 20.42 53.72 25.80
Mass remaining
on filter (R)  452.99 599.98 516.82 Mean + SD RSD

556.58 +
Sum (P+R) 473.41 653.70 542.61490.95 16.34

Fraction BDP

permeated #1 #2 #3 Mean SD SE

Time (min)
30 0.01 0.02 0.01 0.01 0.01 0.90
60 0.01 0.03 0.01 0.02 0.01 0.90
120 0.02 0.03 0.02 0.02 0.01 0.p1
150 0.02 0.04 0.02 0.03 0.01 0.p1
180 0.02 0.04 0.02 0.03 0.01 0.p1
240 0.02 0.04 0.02 0.03 0.01 0.p1
300 0.03 0.05 0.03 0.04 0.01 0.p1
360 0.03 0.06 0.03 0.04 0.01 0.p1
420 0.03 0.07 0.04 0.05 0.02 0.p1
480 0.04 0.07 0.04 0.05 0.02 0.p1
540 0.04 0.08 0.05 0.05 0.02 0.p1
600 0.04 0.08 0.05 0.06 0.02 0.p1
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Table A.2.25 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for B&#Posols collected
on Stage 4 following 14 shots of QVAVIDI.

Inhaler Qvarpug
Shots/Actuations 14
Stage 4
ICS Beclomethasone Dipropionate (BDP)
BDP mass
permeated (ng) #1 #2 #3
Time (min)

30 66.70 39.36 45.12

60 90.52 70.92 75.71
120 123.91 106.93 106.83
150 123.20 128.58 117.68
180 130.39 133.56 133.15
240 154.43 157.07 153.35
300 177.56 175.52 175.05
360 183.47 188.59 189.83
420 201.33 209.14 209.82
480 212.33 226.71 221.15
540 228.05 240.88 237.92
600 241.57 258.98 258.67

Mass remaining on
filter (R) 1275.10 1290.32 1434.51 Mean = SD RSD
Sum (P+R) 1516.668 1549.295 1693.179 1586.38 £293.95.92
Fraction BDP

permeated #1 #2 #3 Mean SD  SH

Time (min)
30 0.04 0.03 0.03 0.03 0.01 o0.p1
60 0.06 0.05 0.04 0.05 0.01 0.90
120 0.08 0.07 0.06 0.07 001 o.p1
150 0.08 0.08 0.07 0.08 0.01 o0.po
180 0.09 0.09 0.08 0.08 0.00 0.po
240 0.10 0.10 0.09 0.10 0.01 o0.po
300 0.12 0.11 0.10 0.11 0.01 o0.po
360 0.12 0.12 0.11 0.12 0.01 o0.po
420 0.13 0.13 0.12 0.13 0.01 o0.po
480 0.14 0.15 0.13 0.14 0.01 o0.po
540 0.15 0.16 0.14 0.15 0.01 o0.po
600 0.16 0.17 0.15 0.16 0.01 0.po
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Table A.2.26 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for B&#Posols collected
on Stage 2 following 7 shots of Vanc&MDI.

Inhaler Vanceril
Shots/Actuations 7
Stage 2
ICS Beclomethasone Dipropionate (BDP)
BDP mass
permeated (ng) #1 #2 #3
Time (min)

30 48.86 41.65 29.15
60 91.70 67.36 68.47
90 94.25 77.77 73.57
120 117.18 88.73 89.61
150 130.60 93.66 102.74
180 143.03 104.90 107.39
240 160.40 115.73 119.81
300 181.94 131.23 140.50
360 209.01 144.95 158.55
420 224.36 160.37 169.18
480 242.77 167.51 180.98
540 264.62 188.57 198.79
600 294.76 203.13 215.71
Mass remaining
onfilter (R) 1029.38 1009.70 1095.96 Mean + SD RSD
Sum (P+R) 1324.138 1212.828 1311.671 1282.88 1960.94.75
Fraction BDP

permeated #1 #2 #3 Mean SD SH
Time (min)
30 0.04 0.03 0.02 0.03 0.00 0.p0
60 0.07 0.06 0.05 0.06 0.01 o041
90 0.07 0.06 0.06 0.06 0.01 0.p0
120 0.09 0.07 0.07 0.08 0.01 o.p1
150 0.10 0.08 0.08 0.08 0.01 o.p1
180 0.11 0.09 0.08 0.09 0.01 o.p1
240 0.12 0.10 0.09 0.10 0.02 o.p1
300 0.14 0.11 0.11 0.12 0.02 o.p1
360 0.16 0.12 0.12 0.13 0.02 o.p1
420 0.17 0.13 0.13 0.14 0.02 o.p1
480 0.18 0.14 0.14 0.15 0.03 0.p2
540 0.20 0.16 0.15 0.17 0.03 0.p2
600 0.22 0.17 0.16 0.18 0.03 0.p2
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Table A.2.27 Cumulative mass and mass fraction dissolved amthgsed into the
receptor compartment as a function of time for B&#Posols collected
on Stage 4 following 7 shots of Vanc&MDI.

Inhaler Vanceril
Shots/Actuations 7
Stage 4
ICS Beclomethasone Dipropionate (BDP)
BDP mass
permeated (ng) #1 #2 #3
Time (min)

30 19.23 21.78 13.55

60 38.77 44.93 24.57

90 48.86 55.21 33.00

120 63.40 62.70 40.09

150 80.28 75.84 51.07

180 82.28 80.15 52.98

240 91.05 90.79 66.21

300 113.68 102.10 79.11

360 137.11 132.78 99.46

420 159.53 135.18 105.16

480 172.24 153.38 123.16

540 199.47 191.23 149.55

600 219.60 200.98 158.19

Mass remaining on
filter (R) 1507.47 1387.03 1226.21 Mean +SD RSD
Sum (P+R) 1727.071 1588.014 1384.397 1566.49 £3572. 11.00
Fraction BDP

permeated #1 #2 #3 Mean SD SE

Time (min)
30 0.01 0.01 0.01 0.01 0.00 0.90
60 0.02 0.03 0.02 0.02 0.01  0.90
90 0.03 0.03 0.02 0.03 0.01  0.90
120 0.04 0.04 0.03 0.04 0.01 0.po
150 0.05 0.05 0.04 0.04 0.01 0.po
180 0.05 0.05 0.04 0.05 0.01 0.po
240 0.05 0.06 0.05 0.05 0.00 0.po
300 0.07 0.06 0.06 0.06 0.00 0.po
360 0.08 0.08 0.07 0.08 0.01  0.po
420 0.09 0.09 0.08 0.08 0.01  0.po
480 0.10 0.10 0.09 0.10 0.01  0.po
540 0.12 0.12 0.11 0.11 0.01 0.po
600 0.13 0.13 0.11 0.12 0.01 0.po
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Table A.2.28 Cumulative FNa mass permeated across air-intertatired Calu-3

monolayers grown in 1.13 ériranswells at a seeding density of 0.1%10
cells/cnf.

Transwell: 12 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/ plate
Area 1.13 crh
Seeding
density  0.1x18cn?
Apical 0.5 mL
Basolateral 1.5mL
Solute
Apical 40 pg/mL Na-F in KRB
Basolateral KRB
#1 #2 #3 #4 #5 #6
CumFNa CumFNa CumFNa CumFNa CumFNa CumFNa Mean
Time(min) [ug] [nd] [ug] [ug] [ud] (1] [ug] SD
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O0joo
10 0.03 0.01 0.00 0.02 0.00 0.00 0.01 Qo1
30 0.04 0.03 0.02 0.04 0.02 0.02 0.03 Qo1
60 0.08 0.07 0.04 0.07 0.04 0.04 0.06 Q02
90 0.14 0.10 0.07 0.10 0.07 0.08 0.09 QO3
120 0.17 0.14 0.10 0.14 0.11 0.11 0.13 Qo3
150 0.21 0.17 0.14 0.18 0.15 0.14 0.17 QO3
180 0.23 0.20 0.16 0.21 0.18 0.17 0.19 Q03
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Table A.2.29 Cumulative FNa mass permeated across air-intertatired Calu-3

monolayers grown in 1.13 ériranswells at a seeding density of 0.5%10
cells/cnf.

Transwell: 12 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/ plate
Area 1.13 crh
Seeding
density 0.5x18cn?
Volume
Apical 0.5 mL
Basolateral 1.5mL
Solute
Apical 40 pg/mL Na-F in KRB
Basolateral KRB
#1 #2 #3 #4 #5
CumFNa CumFNa CumFNa CumFNa CumFNa Mean
Time(min) (1] [ug] [ug] [ug] (1] [ug] SD
0 0.00 0.00 0.00 0.00 0.00 0.00 0po
10 0.00 0.00 0.00 0.00 0.00 0.00 O0)o0
30 0.01 0.01 0.01 0.01 0.00 0.01 o0)o
60 0.02 0.02 0.01 0.02 0.02 0.02 0)o
90 0.02 0.03 0.02 0.03 0.04 0.03 o0p1
120 0.03 0.03 0.02 0.04 0.06 0.04 0Jo2
150 0.04 0.04 0.03 0.05 0.09 0.05 0Jo2
180 0.05 0.04 0.04 0.06 0.10 0.06 0Jo3
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Table A.2.30 Cumulative FNa mass permeated across air-intertatired Calu-3

monolayers grown in 4.5 cniranswells at a seeding density of 0.1%10
cells/cnf.

Transwell: 24 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/ plate
Area 4.5 crh
Seeding
density 0.1x18cn?
Volume
Apical 1.5mL
Basolateral 2.6 mL
Solute
Apical 10 pg/mL Na-F in KRB
Basolateral KRB
#1 #2 #3 #4 #5
CumFNa CumFNa CumFNa CumFNa CumFNa Mean
Time(min) (1] [ug] [ug] [ug] [ug] [Mg] SD
0 0.00 0.00 0.00 0.00 0.00 0.00 0po
10 0.00 0.00 0.00 0.00 0.00 0.00 0)o
30 0.00 0.00 0.00 0.01 0.00 0.00 0)o
60 0.01 0.00 0.00 0.02 0.01 0.01 0p1
90 0.01 0.01 0.01 0.03 0.02 0.02 0p1
120 0.03 0.02 0.02 0.04 0.03 0.03 001
150 0.04 0.03 0.03 0.05 0.04 0.04 001
180 0.06 0.04 0.05 0.06 0.06 0.05 001
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Table A.2.31 Cumulative FD-10 mass permeated across air-itertaltured Calu-3

monolayers grown in 4.5 cniranswells at a seeding density of 0.1%10
cells/cnf.

Transwell: 24 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/ plate
Area 4.5 crh
Seeding
density 0.1x18cn?
Volume
Apical 1.5mL
Basolateral 2.6 mL
Solute
Apical 500 pg/mL FD-10 in KRB
Basolateral KRB
#1 #2 #3
CumFD CumFD CumFD Mean
Time(min) [ug] [ug] [ug] [ug] Sb
0 0.00 0.00 0.00 0.00 0.00
30 0.23 0.07 0.28 0.19 0.11
60 0.41 0.28 0.75 0.48 0.24
90 0.66 0.48 0.85 0.66 0.19
120 0.84 0.68 1.42 0.98 0.39
150 1.14 0.90 1.61 1.22 0.36
180 1.31 1.08 2.11 1.50 0.54
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Table A.2.32 Cumulative FD-70 mass permeated across air-irteréltured Calu-3
monolayers grown in 4.5 cniranswells at a seeding density of 0.1%10

cells/cnf.
Transwell: 24 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/ plate
Area 4.5 crh
Seeding
density 0.1x18cn?
Volume
Apical 1.5mL
Basolateral 2.6 mL
Solute
Apical 1 mg/mL FD-70 in KRB
Basolateral KRB
#1 #2 #3 #4
CumFD CumFD CumFD CumFD Mean
Time(min) (1] [ug] [ug] [ug] (1] SD
0 0.00 0.00 0.00 0.00 0.00 0.90
30 0.07 0.02 0.11 0.00 0.05 0.95
60 0.13 0.13 0.29 0.14 0.17 0.98
90 0.34 0.25 0.32 0.28 0.30 0.94
120 0.41 0.47 0.36 0.48 0.43 0.p5
150 0.57 0.75 0.43 0.57 0.58 0.13
180 0.74 0.87 0.55 0.73 0.72 0.13
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Table A.2.33Cumulative FD-150 mass permeated across air-ater€ultured Calu-3

monolayers grown in 4.5 cniranswells at a seeding density of 0.1%10
cells/cnf.

Transwell: 24 mm diameter, 0.4 um poresize, PE bmane, PS plate,12 wells/
plate
Area 4.5 crh
Seeding
density 0.1x18cn?
Volume
Apical 1.5mL
Basolateral 2.6 mL
Solute
Apical 2 mg/mL FD-150 in KRB
Basolateral KRB
#1 #2 #3 #4
CumFD CumFD CumFD CumFD  Mean
Time(min) [ug] [ug] [ug] (ug] [ug] SD
0 0.00 0.00 0.00 0.00 0.00 0.90
30 0.00 0.00 0.01 0.01 0.01 0.90
60 0.04 0.01 0.04 0.08 0.04 0.93
90 0.07 0.02 0.22 0.09 0.10 0.98
120 0.10 0.04 0.33 0.16 0.16 0.3
150 0.14 0.07 0.57 0.21 0.25 0.p3
180 0.20 0.08 0.81 0.22 0.33 0.p3




174

Table A.2.34Data sheets to obtain fold-induction of dB-activity with or without 60
ng/mLTNFo incubation for 6 h. The concentration of protein dell
samples was calculated using the standard cuneddamin in the BCA.

Corrected Conc’ of Actual  RLU Protein

Average  protein Dilution Conc of per 20 in 20 RLU per mg Fold

Abs after by BCA Factor protein  uL cell WL Ofl of protein Induction

BCA (Mg/mL) (g/mL) sample ?Sg;pe

Control 0.43  1148.25 6.00 6889.50 44571  137.79 3030 1.30
0.50 1310.75 6.00 7864.50 27156  157.29 172649.25 .70|0
0.47  1346.00 6.00 8076.00 49210 161.52 304668.15 .29|1
0.59 1658.50 6.00 9951.00 42445  199.02 213270.02 .90}o
0.55 1549.75 6.00 9298.50 35477  185.97 190767.33 .81|0
0.52 1082.80 6.00 6496.80 17770  129.94 136759.64 .87|0
0.52 1079.80 6.00 6478.80 23016  129.58 177625.49 131
0.58 991.00 6.00 5946.00 62198  118.92 523023.88 86 0.
0.64  1091.83 6.00 6551.00 69477  131.02 530277.82 .87|0
0.53 906.83 6.00 5441.00 83715  108.82 769297.92 27 Q.
TNFo 0.50 1324.50 6.00 7947.00 98851  158.94 621939.10 .30|3

0.40 1073.25 6.00 6439.50 105538 128.79 819458.03 3.30
0.54  1528.50 6.00 9171.00 197242  183.42 1075357.10 4.55
0.53  1486.00 6.00 8916.00 172766  178.32 968853.75 4.10
0.51  1453.50 6.00 8721.00 141671 174.42 812240.57 3.44
0.66 1375.80 6.00 8254.80 78379  165.10 474748.03 .02|3
0.54 1121.80 6.00 6730.80 58456  134.62 43424259 .76|2
0.52 1086.80 6.00 6520.80 79451  130.42 609212.06 .88|3
0.64  1099.33 6.00 6596.00 387622 131.92 2938311.10 4.84
0.57 974.33 6.00 5846.00 278702 116.92 2383698.26 3.92
0.56 957.67 6.00 5746.00 460240 114.92 4004872.96 6.59

" Abs: Absorbance obtained at 262 nm.
Conc: Concentration.
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Table A.2.35Data sheets to obtain fold-induction of dB-activity with 60 ng/mLTNkR

and various ICS treatment (aerosol, solution opsnsion) incubation for

6 h. The concentration of protein in cell samples walculated using the
standard curve for albumin in the BCA.

&3 "
Corrected (C)Zfonc Actual RLU il;rggem
Average : Dilution Conc of per 20 RLU per mg Fold
Abs’ after protein Factor  protein pL cell uL of of protein Induction
BCA by BCA (ug/mL) sample sample
(Hg/mL) (1))
FP 0.55 pg (Flovent HFA 10 shots)
0.52 1481.00 6.00 8886.00 172492 177.72 970582.94 4.11
0.50 1423.50 6.00 8541.00 134321 170.82 786330.64 3.33
0.54 1526.00 6.00 9156.00 166023  183.12 906634.99 3.84
0.45 1194.50 6.00 7167.00 100853 143.34 703592.86 2.84
0.47 1237.00 6.00 7422.00 125850 148.44 847817.30 3.42
FP 0.90 pg (Flovent HFA 20 shots)
0.59 1642.25 6.00 9853.50 156411  197.07 793682.45 .36}3
0.58 1634.75 6.00 9808.50 167022  196.17 85141459 .60}3
0.61 1697.25 6.00 10183.50 142748  203.67 700878.87 2.97
0.51 1068.80 6.00 6412.80 45002  128.26 350876.37 23 2.
0.54 1133.80 6.00 6802.80 53325  136.06 391934.20 49 .
0.48 1001.80 6.00 6010.80 53129  120.22 441946.16 81 2.
TA 0.52 ug (Azmacort 25 shots)
0.51 1065.80 6.00 6394.80 60782  127.90 47524551 023
0.58 1205.80 6.00 7234.80 63479  144.70 438705.98 .79J2
0.51 1061.80 6.00 6370.80 54458  127.42 427403.15 722
0.53 918.50 6.00 5511.00 305237 110.22 2769343.13 4.56
0.59 1017.67 6.00 6106.00 319673 122.12 2617695.71 4.31
0.62 1062.67 6.00 6376.00 353347 127.52 2770914.37 4.56
FP Solution
0.53 1402.00 6.00 8412.00 40424  168.24 240275.80 970
0.41 1092.00 6.00 6552.00 45955  131.04 350694.44 4111
0.61 1958.33 6.00 11750.00 121649 235.00 517655.32 1.33
0.55 1750.00 6.00 10500.00 82674  210.00 393685.71 1.01
FP Suspension
0.44 1164.50 6.00 6987.00 69426  139.74 496822.67 .00J2
0.42 1124.50 6.00 6747.00 53893  134.94 39938491 611
0.53 1673.33 6.00 10040.00 129530 200.80 645069.72 1.65
0.54 1713.33 6.00 10280.00 140899 205.60 685306.42 1.75

" Abs: Absorbance obtained at 262 nm.

" Conc: Concentration.
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Table A.2.36 Mass balance to calculate the cellular uptake @sl®y Calu-3 cells
following various treatment incubations at the ts(gxO h) and at the end
(t=6 h) of the experiment. The mass was determimgdvashing the
surface of cells with 60/40 GE&N/H,O and these samples were analyzed
using validated HPLC methods for FP and TA.

Sample Time-point (h) Mass (ug)

TA aerosol following 25
shots of Azmacort

0 0.52

6 0.34

6 0.32

6 0.40
FP aerosol following 10
shots of Flovent HFA

0 0.52

6 0.50

6 0.51

6 0.47
FP aerosol following 20
shots of Flovent HFA

0 0.91

6 0.87

6 0.88

6 0.84
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