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ABSTRACT

On the one hand dissolution testing and in vitro/in vivo correlations are regularly
used or required by regulatory authorities for purposes such as quality testing or
bioequivalence studies in the field of solid orally administered drugs. On the other hand
dissolution testing for inhaled products regardless of bioequivalence testing or quality
assessment purposes is relatively new and a standardized and validated method or
guidance for regulatory use, as provided for solid oral formulations, is not available.

Working groups from the pharmaceutical industry such as e.g. the dissolution
working group of the International Pharmaceutical Aerosol Consortium on Regulation
and Science, the IPAC-RS, are dedicating their inter-company collaboration to provide a
better understanding of the current scientific knowledge and by that support the
discussion about the value and status of dissolution testing for inhaled products for all
parties involved.

The scientific interest in characterizing inhalation formulations through dissolution
testing is reflected by a growing number of publications which focus on the development
of different dissolution methods and techniques. These methods additionally promote
the scientific discussion and thus advance the understanding in this field besides the
IPAC-RS working group dedicated to the topic.

In the case of inhaled corticosteroids, a specific type of inhalation drugs, recent
publications focused on the dissolution behavior of this class of drugs when
administered by different delivery devices. Most published methods had the long-term
goal to develop a quality assessment tool for e.g. evaluating batch to batch variations
after production. These methods have employed different dissolution media and set-
ups with the attempt to develop standardized procedures and as a consequence the
employed approaches differ widely (from flow through to limited fluid capacity
arrangements),

Most approaches have in common that a suitable membrane or barrier has to be
identified which provides a sufficient separation between a donor compartment,
containing non-dissolved drug particles, and an acceptor (sampling) compartment which

only contains dissolved drug particles.



In this dissertation it is shown that the adaption of a dissolution method based on a
limited fluid capacity arrangement in Transwell® wells is suitable for testing three
different Inhaled Corticosteroids (ICS) and their respective dissolution when previously
being delivered from metered dose inhalers into an Andersen Cascade Impactor (AClI).
The ACI arrangement itself was controlled for humidity, flow rate and temperature and it
was shown that the final dissolution method works under sink conditions and is not
affected by membranes, that in other published methods represented the rate limiting
step (diffusion across commercially membranes can represent rate limiting step).

This dissertation focuses on the inhaled corticosteroid Ciclesonide (CIC) for which
on the one hand little data exists regarding its dissolution behavior and on the other
hand in vitro/in vivo relationships to CIC's pharmacokinetic behavior are limited. It was
also of interest to compare CIC's behavior to those of two other steroids, namely
Budesonide and Fluticasone propionate.

The development of the temperature and humidity controlled dissolution test
procedure for the three compounds included (1) the selection of the dissolution
apparatus including a suitable barrier and (2) the identification of a dissolution medium
(Sodium dodecyl sulfate, SDS). Results generated with the optimized procedure,
suggested that water solubility and dissolution testing without surfactant is not a good
predictor for the dissolution rate of the drug in lung surfactant and also indicated that the
dissolution medium needs to mimic the lung surfactant.

Ciclesonide which is one of the least water soluble drugs among the ICS was
found to exhibit a rather rapid dissolution profile once the surfactant in this case SDS in
the chosen concentration was added. Thus, the rank order obtained for water solubility
(Ciclesonide less than Fluticasone propionate less than Budesonide) contrasts with the
dissolution rate and solubility in the surfactant SDS (Ciclesonide about as soluble and
fast as Budesonide and both much more soluble and faster than Fluticasone
propionate).

However, the dissolution rates in vitro were shown to be a good indicator for
differences in the absorption rate after inhalation as the rate of absorption (mean
absorption time) obtained from pharmacokinetic studies agreed well with the in vitro

data when surfactant was used within the dissolution media. Thus, the developed



dissolution method in surfactant containing medium is a good predictor for in vivo
absorption rates of these ICS, assuming that the dissolution rate is the rate-limiting step.
It also suggests that the selected surfactant and the pulmonary surfactant present in the
lining fluid behave similarly regarding the dissolution of these ICS generated aerosols.
The data further suggest that an agreement of in vitro and in vivo absorption rates is a
strong indicator that the absorption for the investigated drugs is controlled by the

dissolution of the drugs.



ZUSAMMENFASSUNG

Im Rahmen dieser Dissertation wurde gezeigt, dass die hier entwickelte und
adaptierte Methode, basierend auf Transwell®-Wells mit kleinen Volumina, geeignet ist
3 inhalierbare Kortikosteroide (ICS), Budesonid, Fluticasonpropionat und Ciclesonid,
und ihre Dissolutionseigenschaften nach Ausbringung aus Inhalatoren in einen
Anderson Kaskaden-Impaktor (ACI) zu vermessen. Die Ausbringung der drei
verschiedenen marktiblichen Dosieraerosole erfolgte in einen Luftstrom, der einen
Volumenstrom, eine Luftfeuchtigkeit und Temperatur aufwies, wie es auch im
Menschen zu erwarten ist. Es wurde gezeigt, dass die adaptierte Dissolution-Methode
unter Sink-Bedingungen arbeitet und weiterhin, im Gegensatz zur literatur-bekannten
Methode, unbeeinflusst vom handelstiblichen Membranmaterial ist.

Neben Budesonid und Fluticasonpropionat fokussierte sich die Arbeit auf
Ciclesonid (CIC), zu welchem einerseits wenig 6ffentlich-zugéngliche Daten existieren
beziglich des Aufldsungsverhaltens und andererseits wenig bekannt ist Uber die
Verknupfung von in vitro/in vivo Daten zum pharmakokinetischen Verhalten von
Ciclesonid.

Die Entwicklung der bevorzugten Apparatur fur die drei Wirkstoffe beinhaltete (1)
die Auswahl und Anpassung des Aufbaus inklusive der geeigneten Barriere zwischen
Wirkstoff- und Medienseite und (2) die Festlegung eines geeigneten Tensids
(Natriumdodecylsulfat, SDS) und seiner Konzentration fir das Lésungsmedium. Die
Ergebnisse zeigen, dass die reine Wasserldslichkeit, d.h. ohne oberflachenaktive
Stoffe, keine gute Vorhersage fir das Aufldsungsverhalten von Ciclesonid in der Lunge,
d.h. in Anwesenheit von oberflaichenaktiven Stoffen liefert, und solche somit notwendig
sind, um das Lungenfluid und das Auflésungsgeschehen in der Lunge simulieren zu
kénnen.

Es konnte weiterhin gezeigt werden, dass die Dissolutions-Raten in vitro mit
oberflachenaktiven  Stoffen gut mit den  pharmakokinetischen  mittleren
Resorptionszeiten (MAT) in vivo Korrelieren, und es konnte gut zwischen den
verschiedenen ICS diskriminiert werden. Die Daten legen die Vermutung nah, dass die
Auflésung der zeitbestimmende Schritt bei der Resorption der Wirkstoffe in der Lunge

ist.



GENERAL INTRODUCTION, AIM OF THE STUDY AND INTRODUCTION TO ICS
DISSOLUTION TESTING: A LITERATURE REVIEW

Inhaled Corticosteroids in Asthma and COPD: An Overview

Inhaled corticosteroids (ICS) are the main anti-inflammatory therapy in persistent
asthma worldwide [1]. They are also used to treat other inflammatory based respiratory
diseases such as chronic obstructive pulmonary disease (COPD) [2]. Whereas Asthma
is characterized by a reversible complex inflammation of the lung involving e.g.
episodes of wheezing coughing and acute shortness of breath based on an allergic
reaction to an allergen [3], COPD is mainly characterized by its irreversible inflammatory
steadily progressing worsening of lung function manifested by more and more airflow
limitation [4]. In the case of COPD Figure 1 illustrates the illness in comparison to the

normal lung physiology in that region [4].

Normal Chranic Obstructive Pulmonery Disease

Disrupted alveolar
s

open by alvealar =~
attachmants

-..~ : _-l. -2 l-_' ul
inflammation and fibrosie
fobl iterative Bronchiolitis)

Figure 1: Comparison of normal and COPD affected airways [4]

The region which is portrait in Figure 1 is the peripheral or deeper region of the
airway and it can be seen that there is a limitation in opening as well as loss of alveolar

attachment. In the normal lung there is a wide opening of the airway and the location of
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this type of alveolar region can be seen in the magnification on the bottom of Figure 2

[5].

Figure 2: lllustration of different lung regions from bronchial tree to the alveoli [5]

Regarding medication for mild to moderate persistent asthma a low- to medium-
dosed ICS therapy is typically chosen as it is characterized by a positive benefit to risk
ratio in regard to side effects such as reduction in growth, glaucoma, cataracts,
osteoporosis or even fractures [2]. Currently there are a number of different ICS in
different devices and/or formulations together with different dose strengths on the
market [6]. In this respect there are two main categories of devices which are used to

deliver the aerosols to the desired site of action in the lung. One type of devices are
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Dry Powder Inhalers (DPI) which contain the active drug as a powder formulation alone
or are blended with carrier exipients such as lactose monohydrate or compounds like
e.g. Mannitol [7]. The other main type of pulmonary drug delivery devices are Metered
Dose Inhalers (MDI) which are powered by propellants such as Hydrofluroalkane (HFA)
which is the newer type of propellants or the older ones which are intended to be
phased out in the future (Chlorofluorocarbon (CFC) liquefied propellants) [7-9]. The
formulations within the MDI’'s can be micronized or micro-crystallized powders or e.g.
ethanol based solution formulations [10-12]. Table 1 provides an exemplified overview

of the performance of such devices and formulations regarding their lung deposition.

Table 1: Performance of selected ICS inhaler devices and formulations

Drug, Propellant, Device % deposited in the lung | % deposited in the lung of
of delivered dose metered dose

Ciclesonide; HFA, MDI [10] 52

Budesonide CFC, MDI [13] 16 15

Budesonide, Powder, -- 32

Turbohaler [13]

Fluticasone propionate, CFC, 25

MDI [14]

Fluticasone propionate, HFA, - 28

MDI [14]

Fluticasone propionate, -—- 16

Powder, Diskus® [14]

Apart from the mentioned MDI and DPI there are also nebulizers and the spring
driven, propellant free, soft mist inhaler Respimat®, which is a unique device in regard to
the underlying technology and performance [15, 16]; but Respimat® is not available
containing an ICS formulation.

Today the mode of action responsible for the anti-inflammatory effects of ICS in
asthma and COPD is very much understood [17, 18]. The ICS promoted by their high
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lipophilicity can cross the pulmonary cell membranes at the site of action very
effectively. It binds to the cytosolic glucocorticoid receptor. The activated ligand-
glucocorticoid complex can promote the modification of certain genes which leads to the
production of anti-inflammatory proteins. These can then provide the desired effect

against the inflammation itself.

Lung J:bsor::mon
deposition rom lung '
‘_* — Systemic
e Circulation
Mucociliary
clearance
Orally
Swallowed absor'bed
fraction fraction
al Trmgt P [ Liver SYSTEMIC
SIDE
Absorption EFFECTS
from gut
Clearance
First-pass
inactivation

Figure 3: General overview of the fate of ICS drug deposition [19]

The fate of an ICS drug particle after inhalation is depicted in Figure 3 [19]. Drug is
either deposited in the lung or swallowed after it was deposited in the oropharyngeal
region. If the drug is dissolving slowly at the site of action, a fraction of the deposited
mass in the upper part of the lung might be cleared by mucociliary clearance and then
swallowed [19].

Induction of the desired effects in the lung can only occur after dissolution. It is
important to realize that all pulmonary available drug (only drug that dissolved) will be

absorbed into the systemic circulation.



The non-inhaled fraction is swallowed after the inhalation maneuver. This fraction
then enters gastrointestinal (Gl) tract, is absorbed from the gut and can be inactivated
through first pass metabolism in the liver or GI membranes or enter the systemic
circulation. Unchanged absorbed drug can lead to possible side effects. This indicates
that systemic side effects can be induced from drug having been absorbed from the
lung and the Gl tract. Both fractions will be eliminated through systemic clearance. The
more efficient this clearance the smaller will be the systemic side effects [19].

The ICS themselves might be prodrugs that need to be metabolized to the active
drug at the site of action (e.g. Ciclesonide — Desisobutyryl Ciclesonide (Des-CIC)), but
represent generally active drug species that do not depend on metabolic activation (e.g.
Fluticasone propionate). The ICS are additionally often divided into first generation and
second generation corticosteroids whereas the newer inhaled corticosteroids such as
Fluticasone propionate, Mometasone furoate and Ciclesonide are described to possess
more favorable pharmacokinetic properties than the old ones (e.g. lower oral
bioavailability) (see Table 2) [6, 20].



Table 2: General overview of pharmacokinetic properties and their interdependence for
supporting efficacy, safety and airway selectivity of ICS [20]

Pharmacokinetic properties promoting safety and efficacy of inhaled corticosteroids. T, J=corresponds to improved, reduced or no influence,

respectively.

Parameter

Efficacy

Safety

Airway selectivity

Formulation

Prodrug structure

Pulmonary availability

Receptor affinity

Local esterification

Oral availability

Lipophilicity

Protein binding

Systemic clearance

Systemic half-life

Greater lung deposition with opti-
mal particle size

Increased efficacy if pulmonary re-
tention is improved. Reduced efficacy
if intact prodrug is systemically ab-
sorbed.

High availability results in increased
lung exposure

Increased anti-inflammatory activity
with strong receptor binding

Longer pulmonary retention pro-
longs efficacy

The orally available fraction will not
contribute to efficacy

Increase lung retention and duration
of action but also mucociliary
clearance

Conceptually only free drug is as-
sociated with effect: therefore efficacy
should decrease with increased pro-
tein binding

No effect on pulmonary efficacy of
rapid clearance

Prolongation of systemic half-life
unlikely to affect efficacy in the lung

Reduced incidence of local adverse
events when lung deposition is max-
imized

If prodrug completely activated.
safety will not be affected. Local
safety will be improved for prodrugs
which are not activated in oro-
pharyngeal area.

High availability increase systemic
exposure but reduce oral waist

Reduced receptor binding results in
lowered incidence of systemic ad-
verse effects

Little influence if hmited peripheral
esterification

If oral availability is significant, sys-
temic exposure and incidence of ad-
verse effects will increase

Increased systemic retention might
increase the risk of adverse events

(systemic effects associated with free
drug only)

Reduced potential for adverse effects
with rapid clearance

Lower systemic risk with reduced
elimination half-life

T with optimal particle size

T if pulmonary retention of active
metabolite is improved and/or
oropharyngeal activation is re-
duced

. for prodrugs which are system-
ically absorbed

= for a drug with no or little oral
availability

T for an orally available drug mol-
ecule

T if greater local than systemic
esterification

= or ldepending on relative degree
of lung and systemic retention

= (in the linear part of the dose-re-
sponse curve for efficacy and
safety)

T with increased clearance

T with shorter half-life

Strategies during recent drug development of new or improved ICS can be

summarized according to the outline below [19, 21, 22]:

e the optimization of targeting the site of action more efficiently to produce
the required pulmonary anti-inflammatory effects without causing unwanted
side effects

e the delivery of a high fraction of small particles in the inhalable range from
the inhaler device

e delivery as a prodrug with pulmonary on-site activation of the ICS to the

active drug
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a high affinity of the active drug to the glucocorticoid receptors in the lung

¢ a long pulmonary residence time together with reversible esterfication (see
Figure 4)

e alow oral bioavailability to reduce the systemic side effects

e a high systemic clearance of both drug and if applicable the prodrug.

T LUNG

ICS CS —Jp-ICS-ester —PICS )
\\\hamcsés‘;lcs.

Figure 4: ICS reversible esterfication process [19]

Although all marketed ICS are regarded as relatively safe and efficacious in low- to
medium-dosed applications especially Ciclesonide can be regarded as a corticosteroid
with many characteristics an “ideal ICS” should possess [2, 23-27].

In order to achieve these characteristics the Alvesco® HFA-MDI which contains
Ciclesonide produces a high fine particle fraction of this prodrug resulting in a lung
deposition by the inhaler of approximately 50% or more [10, 28]. The prodrug which is
deposited in the lung is mostly activated within the lung to the active metabolite Des-

Ciclesonide (see Figure 5).
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Figure 5: Ciclesonide activation to active metabolite Des-Ciclesonide with minor
adaptation from [29, 30]

After activation it exhibits a high affinity to the glucocorticoid receptor and is
described to have a long pulmonary residence time attributed to a reversible
esterfication trapped with fatty acid conjugates resulting in a possible depot-like effect of
the active drug Des-Ciclesonide at the site of action [26]. The initial drug’s, Ciclesonide,
low oral bioavailability coupled with a very high protein binding in plasma (only free drug
is able to induce effects) leads to a reduced risk of side effects for this ICS [31, 32]. In
addition Ciclesonide and Des-Ciclesonide, which enters the systemic circulation, is
rapidly cleared from the body [31].

Although different, Budesonide and Fluticasone propionate both also possess
beneficial pharmacokinetic properties in order to achieve a relatively safe risk to benefit
ratio. The two ICS are characterized by a low oral bioavailability and in connection with
improved delivery devices with higher inhalable fractions can further reduce the
likelihood of adverse events. This is due to the fact that even less of the drug is being
swallowed by the patient once the inhaler provides a more suitable pulmonary
deposition [33, 34].

Budesonide similar to Ciclesonide undergoes reversible esterfication within the
target organ resulting in the formation of intra-pulmonary depots [35]. This feature
represents one of the possible mechanisms to extend the residence time within the lung
and thus providing a prolongation for the desired anti-inflammatory effects of the inhaled
ICS at the site of action [35].
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In general the insight and scientific knowledge of the physiochemical properties,
pharmacokinetics, pharmacodynamics, delivery technologies and formulations of
marketed ICS is relatively comprehensive [1, 6, 24]. Critical issues related to the
efficacy and safety of ICS, such as the dose strengths and dosing regimens (once daily
vs. twice daily) for an optimal effect to side effect ratio can be found to be discussed by
different authors [1, 6, 24, 36].

One focus which has recently been addressed is the discussion of the implications
of the in vivo dissolution rate of ICS for pulmonary targeting [37-39]. This is additionally
characterized by the emergence of various proposals regarding in vitro dissolution
testing methods for this class of Asthma and COPD medications [40-43].
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Aim of the Study

Recent discussions in the pharmaceutical industry, regulatory authorities and
academia regarding the bioequivalence of inhaled dosage forms includes the discussion
about the effect of the dissolution rate of drug particles at the site of action within the
lung. In addition to other well established in vitro aerosol test methods such as particle
size characterization by cascade impactors and impingers or delivered dose (DD)
measurements by the help of sampling tubes, it is currently of interest to present and/or
develop a standardized dissolution test method for orally inhaled products.

In the light of the growing discussion of dissolution testing it is the aim of this study
to review and assess published dissolution test methods and to provide an improved
and cost effective alternative dissolution test which consequently is applied to a
selection of inhaled anti-inflammatory drugs namely Inhaled Corticosteroids. The
proposed research, therefore, includes the optimization of a dissolution test method.

As one important challenge within such in vitro approaches is the fact that the rate
limiting step is often not the dissolution process, but the diffusion of drug across
membranes or barriers that divide donor and receptor (sampling compartment) the
separation element used between donor and acceptor side and the choice of the
dissolution medium itself needed attention. It was also important to challenge the
developed dissolution model by testing its in vitro/in vivo predictability when applied to
pharmacokinetic studies and to relate all results to the physicochemical properties of the
selected ICS. Hopefully, this work will further increase our scientific understanding of

the fate of ICS at the site of action.
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Introduction to ICS Dissolution Testing: A Literature Review

The process of dissolution is characterized by a solid particle entering a solvent in
liquid phase. The kinetics of such a process is often described by a mass transfer

equation by Noyes-Whitney or Nernst-Brunner (Equation 1).

d Ds
Sl —(Cs — Ch) Equation 1
dat h

In this equation dm/dt represents the change or in other words the dissolution rate
in mass per time. Cb is the concentration of the dissolved solid in the bulk phase at the
respective time t. Cs resembles the saturation solubility of the solid within the bulk
phase of the solid particle. h is the thickness of the diffusion layer around the particles.
S represents the surface area which is exposed to the dissolution media and D is the
diffusion coefficient of the drug in the unstirred layer surrounding the particles.

Dissolution profiles are often used to visualize the kinetic process of dissolution
and also to compare different profiles. These profiles are obtained by sampling of bulk
phase from a dissolution system at respective time points which are usually analyzed by
HPLC. For solid oral dosage forms the apparatus in which such dissolution testing
takes place, for e.g. quality reasons, in the pharmaceutical industry is a paddle
apparatus (USP 2). For inhalation dosage forms there are a variety of adaptations of
dissolution test methods or new proposals which will be discussed further in this
chapter.

Over the last few years dissolution testing for inhaled substances has gained
interest within the respiratory research, development and regulatory science
communities. Different groups and teams are proposing dissolution test methods for
inhaled products [40, 41, 44]. It is has been stressed that these tests may facilitate the
general understanding of the processes occurring in the target organ and thus support

drug development and scientific understanding [40, 42, 45]. However, a standardized
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method which is accepted by all regulatory agencies worldwide and with which
dissolution kinetics can easily be assessed in vitro is still missing [41].

The regulatory authorities themselves are not in agreement when it comes to
dissolution testing of orally inhaled products. Agencies have not yet accepted or
provided any guidance on dissolution testing for inhaled products while information on
dose content uniformity testing, particle size distribution measurements up to
pharmacokinetic and pharmacodynamic studies are available and regulated [46-50].
Only acceptance criteria for dissolution testing for solid oral dosage forms for quality
testing or in vitro/in vivo correlations to achieve bioequivalence for two products are
regulated [51, 52].

The discussion in the pharmaceutical industry, academia and international
pharmaceutical working groups has gained considerable interest. This includes
discussions on the relevance of dissolution rate testing for Quality by Design (QbD)
considerations [53]. This must be interpreted in the light of the fact that QbD itself is an
initiative which was originally started by the authorities themselves as early as 2006
[54].

However, it is of scientific interest to provide more insight into the pulmonary
dissolution process as it is a physiologically influenced process that determines the
pulmonary absorption and residence time in the lung and as such affects the degree of
pulmonary targeting [19, 37]. A thorough understanding and assessment of this
process is important for the evaluation of generic and new inhalation products with
respect to its pharmacological profiles. A visualization of the processes in question can

be found in Figure 6.
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Figure 6: Schematic visualization of the fate of drug particles from deposition up to

systemic absorption [20]

For a brief description of the fate of an inhaled drug particle at the site of action it
can be said that the deposited particles (which might be generated from a solution
based MDI through evaporation of the propellant) have to dissolve prior to their uptake
into the pulmonary lining fluid (estimated 10-30 ml in humans) [20]. Only after
dissolution of solid particles into the lining fluid the particles can cross the membrane of
the lung epithelium to then exhibit the desired pharmacological effect (Figure 6).

This assumes that the dissolution process is fast enough before so called
mucociliary clearance in the upper airways can remove non-dissolved particles from the
target organ [55]. The process of mucociliary clearance is achieved by the mucociliary
transport of particles out of the lung in Figure 6. Once dissolved the particles can enter
the cell, be activated if necessary, enter the ester depot or directly induce the desired
effect after which the drug will be absorbed into the systemic circulation [20].

This short description from particle deposition to systemic uptake explains that
although the majority of processes prior to the deposition as well as the processes after
crossing the membrane of the lung epithelium are relatively well understood either by
aerosol generation technologies or e.g. pharmacokinetics, comparative data on the
dissolution of ICSs into the lining fluid plays an important role and should be thus

supported by in vitro assessments.
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Work has been published using a variety of different approaches and dissolution
media [40, 41, 43, 44]. A comprehensive overview and discussion of these approaches
has recently been provided by the IPAC-RS Dissolution Working Group [56]. They
concluded that dissolution testing is a valuable technique in the development of inhaled
dosage forms, but that a standardized method has not been proposed which can finally
serve as a standard for the industry [56]. In the interest of this dissertation a selection
of these dissolution publications will be discussed to provide a broader understanding of
the topic.

In 2001 Pham and Wiedman described the importance and relevance of
surfactants for dissolution processes within the lung by comparing Budesonide in
Survanta®, a bovine derived lung surfactant, with results obtained in saline and low
concentration sodium dodecyl sulfate (SDS) solution media [44]. They came to the
conclusion that surfactants regardless of their origin can enhance the rate of the
dissolution process and hence help to mimic the in vivo dissolution process more
realistically [44]. This finding is very important for all dissolution test methods which are
intended to be used to correlate results to the in vivo dissolution of drug particles at the
site of action as the lung itself provides surfactants within the lining fluid which
significantly influence the dissolution process [57].

In 2003 Davies and Feddah proposed a method for assessing the dissolution of
aerosolized Fluticasone propionate, Budesonide and Triamcinolone acetonide powder
formulations in a flow through cell after sampling the drug particles in an Andersen Mark
Il Cascade Impactor (ACI) (Figure 7) and different dissolution media [41].
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Figure 7: Particle collection within USP induction port in Andersen Mark Il Impactor

onto fiber glass filter [41]

Besides water simulated lung fluid (SLF) and modified SLF with L-a
phosphatidylcholine (DPPC) was used as the dissolution media [41]. The composition

of these two artificial and the real life lung fluid can be found in Table 3 [41, 58, 59].
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Table 3: Composition of actual and simulated lung fluids a [59] b [58] ¢ [41]

Ion Actual® Simulated Modified
lung simulated lung
fluid® fluid with
0.02% DPPC
Calcium. Ca®* 5.0 5.0 5.0
Magnesium, Mg>* 2.0 2.0 20
Potassium, K™ 40 40 40
Sodium. Na* 145.0 145.0 145.0
Total cations 156.0 156.0 156.0
Bicarbonate. HCO;~  31.0 31.0 31.0
Chloride, C1~ 114.0 114.0 114.0
Citrate, HsCsO7° - 1.0 1.0
Acetate. H3C>20 7.0 7.0 7.0
Phosphate, HPO,2~ 20 2.0 20
Sulphate, SO4%~ 1.0 1.0 1.0
Protein 1.0 - -
L-a-Phosphati- - - 200 mg
dylcholine
Total anions 156.0 156.0 156.0
pH 73-74 73-74 73-7.4

DPPC: L-a-phosphatidylcholine.

The flow through cell set-up which was kept at 37 °C allowed for dissolution testing
under sink conditions and also enabled the user to influence the dissolution parameters

online (e.g. flow rate, pH, temperature and the media itself) (Figure 8).
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Figure 8: Schematic cross-section view of flow through cell set-up [41]

The above cross section of the device (Figure 8) explains the general set-up of
the flow through cell in detail. The upper (a) and lower (b) parts of the holder provide
the inlet and outlet of the complete device while holding the stainless steel screen
support filters (c) with the inner glass fiber which contains the drug particles (d) together
with 0.45 um pore size cellulose acetate membrane filters that are separated by a 1mm
Teflon ring (f) and an additional sealing ring element (g) [41].

Sink conditions are sometimes problematic to achieve due to the very low water
solubility of the ICS which are tested, but this challenge is eliminated by this specific
set-up due to the possibility to influence the flow properties through the cell online and
thus providing the necessary flow through volume for sink conditions. Sink conditions
are generally defined in way that the volume of the dissolution medium is at least three
times greater than the maximum volume which would be needed to saturate said
medium with the drug (up to 10 times for very poorly soluble drugs, e.g. ICS). In a flow
through arrangement this condition can easily be achieved due to the fact that there is
always fresh dissolution medium available for the dissolution process and thus
saturation of the medium is avoided per se.

In regard to the dissolution kinetics of the ICS, Davies and Feddah conclude that

Budesonide and Triamcinolone acetonide follow the Nernst-Brunner equation
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(Equation 1) in the different dissolution media [41]. For Fluticasone propionate, but not
for Budesonide and Triamcinolone acetonide, the authors postulated that there is a
similarity in the slow in vitro dissolution rate to the longer residence time of the drug in
the lung as it had been already described by other authors [60]. An overall evaluation of
the proposed dissolution test leads one to the conclusion that besides a relatively
complex and possible cost intensive set-up due to the necessity of customized parts
(USP sample induction port (SIP) modification) the method can be used for the
assessment of the dissolution of ICS. This might include batch release tests that probe
for differences in the dissolution behavior. However, it would be important to establish
in vitro/in vivo correlations for compounds covering a wide range of dissolution behavior
and pulmonary dissolution/absorption characteristics.

A recently proposed dissolution method which according to the authors could
potentially be also be used for quality control purposes for inhalation products was
published by Son, Horng, Copley and McConville in 2010 [43]. The authors chose a
set-up in which they used a customized membrane holder which had previously been
placed into a Next Generation Impactor (NGI) cup before being exposed to various
dissolution media within a standard paddle USP 2 dissolution apparatus [43].

The tested drug substances were Budesonide delivered from the HFA-Ventolin®
pMDI and Albuterol sulfate from the Pulmicort Flexhaler® DPI [43]. The dissolution
media in this study ranged from simulated lung fluid (SLF), 0.2 M phosphate buffer at
pH 7.4 to phosphate-buffered saline (PBS), modified PBS (mPBS) which contained
dipalmitoylphosphatidylcholine (DPPC) up to PBS with polysorbate 80 (tPBS).

Single to multiple doses emitted from delivery devices were deposited in order to
assess drug loading and particle size effects in the above mentioned media [43]. The
membrane holder was placed into the cup or stage of the NGI which was previously
found to achieve a reliable amount of drug after the smallest number of device
actuations [43]. This is based on the fact that the minimum number of doses had to
provide enough deposited mass for an analytical examination of the complete

dissolution process by HPLC above the lowest level of quantification (LLOQ) (Figure 9).
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Figure 9: Particle size distribution on NGI stages/cups of Ventolin® HFA MDI (at 30
L/min) and Pulmicort Flexhaler® (at 60 L/min) after 5 actuations [43]

The authors reported that they observed differences in the dissolution behavior of
Budesonide in the different media [43]. They concluded the best suitable dissolution
media for Budesonide was PBS containing 0.2% Polysorbate 80 when comparing drug
loading and device actuation [43].

In connection to a drug loading dependence it was surprisingly found in the case
of Budesonide that the hydrophobic drug does not exhibit the fastest dissolution profile
in SLF as one would expect. Budesonide dissolved the fastest in the surfactant
Polysorbate 80 based media [43].

For the other compound Albuterol sulfate the authors explain that due to the high
solubility of the drug in water it was found that the respective dissolution profiles seem
more independent of the dissolution media and or drug loading [43].

In summary it can be concluded that the discussed dissolution test method
requires the alteration and customization of standard aerosol characterization and
dissolution equipment in connection with an identification of a suitable media including

possible concentration evaluations of surfactants for poorly soluble compounds.
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Whether such efforts can justify the claim that this method can be used as a general
quality control procedure appears to be open to further discussion.

Another dissolution test method proposes the use of semi-permeable Transwell®
diffusion cell inserts which were used in Transwell® permeable supports to examine the
dissolution of five different ICS previously delivered from seven MDI or dry powder
inhalers (DPI) [40]. The drug particles were caught on filter membranes which were
then placed within an ACI onto a stage on which respirable particles deposit upon

impaction (Figure 10).
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Figure 10: Respirable particle collection for dissolution in Transwell® wells [40]

The dissolution itself was then performed by transferring the PVDF filter
membranes drug facing downwards into the Transwell® inserts and starting the
dissolution process by adding 0.04 ml of either PBS or DDW as the dissolution media
itself (Figure 11). The Transwell® support wells were filled with 1.4 ml of the respective
dissolution fluid and kept at 37 °C and near 100% humidity during the dissolution

experiment [40].
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Figure 11: Schematic illustration of dissolution test set-up in Transwell®[40]

Due to the sampling intervals and withdrawal of aliquots (0.5 ml) from the receptor
side in the well at the sampling points it was shown that there is a significant turnover of
fresh dissolution media over the time course of a single experiment [40].

In some cases this could contribute to sink conditions or near sink conditions
depending on the solubility of each of the individual ICS in PBS or double distilled water
(DDW).

However, results with Flunisolide in solution suggested that the membrane seems
to represent a significant diffusion barrier, which might mask faster dissolution
processes as the solution diffusion and the dissolution of the drug lead to the same
profile. In general it was found that the dissolution profiles within this system conformed
with the aqueous solubility of the tested ICS [40]. However, sink conditions were clearly
often not reached. The most striking example for non-sink conditions was observed for
Fluticasone propionate. Especially in this case there was no difference in dissolution
kinetics when Fluticasone propionate was previously delivered from two different
inhalers [40]. In one case the Diskus® DPI which is formulated with lactose as the
carrier of the drug substance was used and in the other case the drug was delivered
from the Flovent® HFA-MDI [40]. Under these conditions the dissolution profiles of the
two Fluticasone propionate formulations (Flovent® HFA MDI vs Diskus® DPI) were
identical with only 2% of the drug being dissolved after 5 hours [40]. These results do
not correlate in any way with the in vivo dissolution or absorption kinetics of Fluticasone

propionate.
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Literature data reports a dissolution time for Fluticasone propionate of 8h in
bronchial fluid [61]. Additionally, there is also publically available data which shows that
for Fluticasone propionate depending on the delivery device and also subjects (healthy
vs. asthmatics) the mean absorption time (MAT) in the lung can differ [34]. The MAT
here is the mean time it takes for a drug to enter the systemic circulation which implies
that something which enters the systemic circulation needs to dissolve at the site of
action first. The suggested dissolution approach was unable to detect differences in the
absorption profiles observed after inhalation of the two formulations in vivo [34]. Hence
a surfactant based dissolution test method would be more suitable to identify possible
differences of the dissolution behavior of Fluticasone propionate as in vivo findings
show that more than 2% of deposited drug dissolve and are absorbed in e.g. 5 hours.
In summary all this argues for a lack of in vitro/in vivo correlation. The in vivo
dissolution process for Fluticasone propionate is slow [40, 60, 62, 63] and is the rate
limiting step for the absorption into the systemic circulation.

In the case of the other compounds tested the authors observed significant
differences in dissolution profiles when the same drugs are delivered from different
devices [40]. In addition to testing the different inhalers and the corresponding ICS the
dissolution study also investigated drug loading and particle size effects on the
dissolution profiles [40]. The drug loading effects were depending on the aqueous
solubility of the substance in question [40]. Thus the dissolution and permeation into
the receptor well decreased the more ICS was deposited onto the filter membrane and
the effect was more prominent depending on the actual aqueous solubility of the ICS
[40].

Regarding particle size it was found that the dissolution increased with decreasing
particle sizes [40]. The particles themselves were captured on the stages of the ACI on
which according to the theory particles deposit in the inhalable range due to their size
[40].

In conclusion the authors present results of an in vitro dissolution method which
tested the respirable particles of 5 ICS from 7 different inhalers [40]. Apart from the

Fluticasone propionate example clear differences were shown for the dissolution
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behavior of ICS depending on the device from which the particles were generated from
[40].

It was shown that in PBS or DDW respectively that the kinetic dissolution profiles
of the ICS not only depend on their solubility in the said media, but additionally also on
formulation, deposited mass, and particle size [40]. The need for relatively small
quantities of dissolution media (1.4 ml) combined with the fact that the sampling itself
provides some turnover within the Transwell® receptor well, makes this method easily
adaptable to other inhaled substances. The method provides ease in handling and
requires limited resources to test aerosols. This makes it attractive as a basis for further
investigations in the field of ICS dissolution behavior.

Due to the possibility to use the Transwell® wells to grow a monolayer of Callu-3
cells on the insert membrane the set-up was also used test the effect of different ICS
when the respirable drug particles were deposited onto the said membrane including
cells [45]. The authors come to the conclusion that there are differences in the
expected dissolution in vivo in the lung compared to in vitro water based dissolution
testing which can from their perspective be explained by a so-called post-dissolution
“escape” which is believed to promote sink conditions in the case of readily metabolized
prodrugs such as Beclomethasone dipropionate (BDP) and Ciclesonide [45]. This
thought that the hydrolysis of the two prodrugs can be at least part of the reason for the
fast dissolution on the luminal side and therefore explain the rapid absorption into the
cells was earlier discussed by Edsbécker et al. on the basis of work by Rohdewald et al.
[20, 64].

Overall, while the dissolution approach has some important advantages, review of
the results indicates that the membrane which is incorporated into the Transwell®
system can be the rate limiting step at least for faster dissolving compounds such as
Flunisolide (no difference between dry powder particles and Flunisolide solution) [40]. A
membrane can thus also be influencing the dissolution rate of Ciclesonide and possibly
Beclomethasone dipropionate which are both very insoluble in water. In vivo the
dissolution rate of the drugs seems to be affected by metabolism and its effect on sink

conditions as described e.g. in the second study [ 45].
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In addition, it needs further investigations whether approaches without the use of
surfactant in general, are suitable to describe the conditions present in the lung. It was
therefore one of the goals of this work, to evaluate effects of membrane and dissolution
media on the results of dissolution tests for commercially available drugs such as

Ciclesonide, Budesonide and Fluticasone propionate.
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MATERIALS, METHODS AND DATA TREATMENT

Ciclesonide materials and dissolution standard set-up A and adapted set-up B
including visualization and characterization of Ciclesonide HFA-MDI generated

particles

Materials: 24mm Transwell® with 0.4um Pore Polyester Membrane Inserts with 6
well plates (Corning, Inc., Acton, MA) were purchased together with the Fisherbrand®
Filter Papers Q8 Cat. No.: 09-790C and a Space Saver acrylic desiccator through
Fisher Scientific (Pittsburgh, PA, USA). Acetonitrile (HPLC Grade), Ethanol (HPLC
Grade), Potassium Sulfate (Fisher Chemical, Fisher Scientific), Sodium Dodecyl Sulfate
(Fisher Chemical Fisher Scientific) and Phosphate Buffered Saline Solution (Fisher
BioReagents, Fisher Scientific) were also purchased from Fisher Scientific (Pittsburgh,
PA, USA).

A table top temperature control only oven; Fisher ISOTHEMP® 100 Series Model
126 G, was provided by the Department of Pharmaceutics of the College of Pharmacy
of the University of Florida together with the HPLC equipment consisting of an HP 1050
Series HPLC pump, an HP 1100 autosampler and an HP 1050 UV-detector using a
Waters C8; 5 um; 4.6 x 150 mm column.

Table 4 provides a short overview of the quantitative analytical method for
Ciclesonide. For the solubility testing of the Ciclesonide 25mm syringe filter, 0.45 ym
MCE, sterile ,Fisherbrand, Fisher Scientific, Made in Ireland and BD 10ml syringe, Luer-
Lock Tip, Becton and Dickinson, Franklin Lakes, NJ were purchased from Fisher
Scientific (Pittsburgh, PA, USA).

A NuAire IR Autoflow CO2 water jacketed incubator (model no.: NU-2600) in
which the sample was kept and stirred for the solubility testing was provided by the

Department of Pharmaceutics of the College of Pharmacy of the University of Florida.

Table 4: Summary of Ciclesonide quantitative analytical method

Drug Analysis Column Mobile phase Flow rate  Detection LOQ
Waters C8 i
Ciclesonide HPLC-UV 4.6 x 150mm , 5 um Ac‘i;g/”z'g"(‘f///s)[’w 1.2mlmin  242nm  0.25 [ug/ml]
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A humidifier set-up generally consisting of an air flow indicator to measure air input
(I/h) into a glass water container with inner heating mat and a processor desk-top
controller for adjusting the temperature of the heating mat was donated by Boehringer
Ingelheim GmbH & Co. KG (Figure 12) for all experimental work.
®
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1) Compressed air supply connection

2) Flow indicator float-type flow meter in I/h

3) Sintered glass disc of porosity 2

4.) Heating muff, inside the cylinder adjacent to the glass wall

5) Water level within the minimum/maximum display when compressed air switched off
6.) Electrical supply (24 V) of the heating mat

1) Positive pressure vent, never closed

8.)  Connecting piece for the medical ventilation tube attached to the special adapter
9.) Lead for the Pt 100 sensor (temperature measurement) on the heating mat

10.)  Processor desk-top controller, for adjusting the temperature of the heating mat
11.)  Transformer

Figure 12: Humidifier for producing close to 100% r.h.

A connecting humidifying housing for the MDI was designed from a commercially
available spacer by inverting the MDI adapter of the spacer on the ACI side and
providing a hole for a laboratory glove finger within the housing body in order to be able
to actuate the MDI within the humidified and temperature controlled air (Figure 13).

This set-up was connected to the humidifier on the air entrance side via the
humidifier connection (Figure 13). All open areas of the design were additionally

sealed with laboratory or duct tape for leakage prevention of the humidified air.
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Figure 13: Image of self designed MDI humidity housing

An 8-stage stainless steel Andersen Cascade Impactor (Copley Scientific, UK)
was provided by Boehringer Ingelheim GmbH & Co. KG (Figure 14) together with a flow
control and a measuring unit including a pump (Andersen Samplers Inc., Atlanta,
Georgia provided by the Department of Pharmaceutics of the College of Pharmacy of
the University of Florida). Schott Duran glass dishes to rinse the stages of the ACI after
the cascade measurement and prior to the HPLC analysis were provided by Boehringer
Ingelheim GmbH & Co. KG.
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Figure 14: Cross section of an ACIl assembled including Sample Induction Port (SIP)

A humidity and temperature control unit (Rotronic Hygropalm 2) was provided by
Boehringer Ingelheim GmbH & Co. KG in order to be able to measure the humidity and
temperature leaving the ACI together with a valve arrangement for controlling the air
flow time for sampling.

An Alvesco® (160 mcg Ciclesonide) HFA-MDI (Sepracor Inc. Marlborough, MA)
and Ciclesonide reference standards were provided by the Department of
Pharmaceutics of the College of Pharmacy of the University of Florida for the study.

For the visualization and characterization of the Ciclesonide particles, solid metal
blocks and carbon tape were provided by the Department of Pharmaceutics of the
College of Pharmacy of the University of Florida together with the access to a Scanning
Electron Microscope (SEM) JEOL JSM-6335F within the Particle Engineering Research
Center (PERC) of the Major Analytical Instrument Center (MAIC).

Copper mesh grids together with the access to a JEOL 2010F Scanning

Transmission Electron Microscope (TEM) of the Major Analytical Instrument Center
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(MAIC) of the University of Florida were also provided and organised by the Department

of Pharmaceutics of the College of Pharmacy of the University of Florida.

Sample Collection of Ciclesonide for dissolution standard set-up A and
adapted set-up B including sample collection for SEM and TEM particle

analysis

Using the hardware described above, the experimental set-up utilized a humidified
and temperature controlled air flow which was generated by a pump at 28.3 L/min and
entered the inhaler within the specially designed humidifier inhaler housing (spacer
based Figure 13) in order to mimic in vivo like administration of the aerosol. A heating
mat within the humidifier controlled the water temperature in the humidifier while the
humidity was maintained at close to 100% r.h. The air temperature and humidity were
measured after the pump and the ACI by a hygrometer together with the air flow.

In all experiments the inhaler was connected to an 8-stage stainless steel ACI via
a tailored mouthpiece adapter. When dissolution testing was intended to be the
successive experiment, 24 mm diameter filter papers were placed on stage 4 of the ACI
(Figure 15). For preliminary experiments which focused on drug deposition on the

stages of the ACI under ambient conditions the humidifier was not used.

33



ACI Stage 4

24 mm filter paper

Figure 15: Position of 24 mm filter papers on stage 4 of the ACI

The inhaler was actuated 5 times employing the following procedure. After the first
actuation, the air flow was stopped for 8 - 10 seconds by switching the pump off,
followed by delivering the next dose after restart of the pump. This was repeated until 5
actuations were delivered. For the dissolution tests the filter papers were immediately
transferred to the dissolution set-up orientated according to set-up A or B and initiated
upon completion of the 5 actuations with 0.04 ml of 0.5% SDS (% w/v) solution.

Figure 16 illustrates the set-up of the aerosol particle collection for the dissolution
testing as described above. The adapter, the stages of the ACI, and the filter were
rinsed with 5 ml of ethanol/ DDW 80/20 (% v/v) to analyze the delivered dose and the
particle size distribution from the inhaler within the ACI experiment. The mouthpiece
was also rinsed using 10 ml of ethanol/ DDW 80/20 (% v/v).
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Inlet air control

Inhaler housing

Heating mat

Air flow controller

Figure 16: Aerosol particle sample collection set-up for dissolution test

When particles were intended to be collected for further characterization with SEM or
TEM either carbon tape was attached to stage 4 of the ACI for the SEM analysis
(operated at 5 kV) or the copper mesh grids were placed onto stages or areas of
interest for the TEM analysis. All samples were immediately analyzed with the
exception of one run for which the copper mesh grid sample of ACI stage 5 which was
left at ambient room conditions for another TEM analysis 14 days after being produced.
For the SEM 3D visualization images were taken from -5, 0, +5 degree angles while
focus remained on the same spot of the sample and 3D images were electronically

assembled using Alicona’s MeX® software.

Dissolution Set-up A

Dissolution set up A was similar to that described by Aora et al. [40]. It was
established to allow comparison of the optimized set-up B with results from literature.
Thus, set-up A used an unchanged Transwell® plate with inserts, which contained the
commercially available membrane. Within this set-up, either Ciclesonide solution or an

MDI generated respirable ACI particle fraction were compared with respect to the rate
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the drug enters the receptor compartment. Ciclesonide was either dissolved in SDS
solution (0.5% SDS (% w/v) in Phosphate Buffered Saline (PBS) pH 7.4) leading to a
drug concentration of 10 pg per 0.04 ml of this SDS solution or a respirable MDI fraction
deposited on the filter paper (24 mm diameter) was transferred onto the membrane of
the Transwell® system with the aerosol particles facing the membrane of the inserts and
finally initiated with 0.04 ml 0.5% SDS (% w/v) (Figure 17). The filter paper was also
loaded with the drug solution within the Transwell® insert for Ciclesonide SDS solution
diffusion tests (Figure 17).

Initiation with 40 pl SDS or 10 pg
dissolved SDS Ciclesonide solution

Transwell Insert

24 mm Paper J

\

1.4 ml 0.5 % SDS

Receptor well Insert Membrane

Figure 17: Dissolution and diffusion initiation and sampling set-up A based on [40]

Sampling of 0.5 ml of the medium from the receptor well and immediate
replenishing of fresh medium was performed in the Transwell® wells while the set-up
was kept under the controlled environmental conditions (37 °C and ~100% rel. humidity)
in the Fisher temperature control only oven.

Samples of 0.5 ml were taken at 0, 10, 20, 30, 45, 60, 90, 120, 180, 240 and 300,
360, 420, 480, 1440 min and then analyzed by HPLC. After the final sample the filter
papers were removed from the Transwell® well and also analyzed for remaining drug.

The Transwell® plates consisting of 6 wells were placed into a desiccator on top of
a 200 ml saturated potassium sulfate water solution which provided the required relative
humidity of near 100% within the desiccator. The kinetics of the ICS’s dissolution rate

were analyzed.
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Dissolution Set-up B

The above described method was adapted in a further experimental set-up on the
basis of the initial results. The adaptation and redesign included (a) removal of the
Transwell® standard membrane, (b) a technical alteration (thermo-formed notches, see
below) of the Transwell® system, (c) changing the filter paper orientation (drug facing
up) of the deposited drug within the insert and (d) increasing the dissolution media

volume within the Transwell® receptor compartment (Figure 18).

Initiation with 40 ul SDS or 10 ug
dissolved SDS Ciclesonide Solution

Transwell Insert without

Drug Particles
Membrane

(for dissolution only) \
24 mm Paper \ l
V=

Thermo-formed Notches

1.5ml 0.5 % SDS

Receptor well

Figure 18: Dissolution and diffusion initiation and sampling set-up B (diffusion for

Ciclesonide only)

For the first step of the adaptation process (a) the membrane was mechanically
removed from the bottom of the insert. The device was cleaned from all remaining parts
of the membrane by using a sharp instrument. Next (b), the insert was exposed to a
heating plate until the material of the insert transformed into a softer state. A metal
plate was then used to deform the insert by placing pressure on its top in an evenly
manner until the deformation of the said insert reached the mark that originates from the
injection tool at the bottom part of the insert. In doing so it was possible to achieve a
controlled thermo-forming process which provided consistent and comparable
remodeled inserts. The thermo-forming process provided notches on the inside of the

inserts which can then function as holders for the 24 mm filter papers.
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In contrast to the dissolution set-up A and the previously discussed literature
method [40], the filter paper was now (c) transferred into the inserts with the drug
particles facing upwards. (d) Due to the fact that some material of the inserts needed to
be used to form the notches making them smaller and thus the bottom of the inserts did
not reach as deep into the wells as before, the volume of dissolution media in the
receptor well was adapted to the new situation by adding 0.1 ml of the 0.5% SDS (%
w/v) dissolution medium solution. This resulted in a total starting volume within the
wells of 1.5 ml.

Because of the missing membrane, transfer of the drug into the receptor
compartment was faster. Sampling times were adjusted to taking 0.5 ml for the HPLC
analysis from the receptor well at 0, 10, 20, 30, 45, 60, 90, 120, 180, 240 and 300, 360
min due to the finding that the dissolution and diffusion processes reached 100 % into

the receptor well significantly faster than compared to the earlier set-up.

Materials for Fluticasone propionate and Budesonide dissolution testing

Materials: 24mm Transwell® with 0.4um Pore Polyester Membrane Inserts with 6
well plates (Corning, Inc., Acton, MA) were purchased together with the Fisherbrand®
Filter Papers Q8 Cat. No.: 09-790C and a Space Saver acrylic desiccator through
Fisher Scientific (Pittsburgh, PA, USA), Acetonitrile (HPLC Grade), Methanol and
Ethanol (HPLC Grade), Potassium Sulfate (Fisher Chemical, Fisher Scientific), Sodium
Dodecyl Sulfate (Fisher Chemical Fisher Scientific) and Phosphate Buffered Saline
Solution (Fisher BioReagents, Fisher Scientific) were purchased from Fisher Scientific
(Pittsburgh, PA, USA).

A table top temperature control only oven; Fisher ISOTHEMP® 100 Series Model
126 G, was provided by the Department of Pharmaceutics of the College of Pharmacy
of the University of Florida together with the HPLC equipment consisting of an HP 1050
Series HPLC pump, an HP 1100 autosampler and an HP 1050 UV-detector. Table 5
provides a short overview of the quantitative analytical method for Budesonide and
Fluticasone propionate.

For the solubility testing of the Fluticasone propionate and Budesonide 25 mm

syringe filter, 0.45 ym MCE, sterile ,Fisherbrand, Fisher Scientific, Made in Ireland and
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BD 10ml syringe, Luer-Lock Tip, Becton and Dickinson, Franklin Lakes, NJ were
purchased from Fisher Scientific (Pittsburgh, PA, USA). A NuAire IR Autoflow CO2
water jacketed incubator (model no.: NU-2600) in which the samples for the solubility
testing were kept and stirred was provided by the Department of Pharmaceutics of the

College of Pharmacy of the University of Florida

Table 5: Summary of Budesonide and Fluticasone propionate quantitative analytical

methods
Drug Analysis Column Mobile phase Flow rate  Detection LOQ
Fluticasone HPLC-UV 39 Xvﬁggerfmcﬁ um Ace;ggg"(‘\e///?)DW 1.2ml/min 239 nm  0.25 [ug/ml]
Budesonide HPLC-UV 4.6 XV\‘{g’Ber;smC?s um  AcelonitrleDDW 5 e 242 0m 0.25 [ugimi]

50/50 (v/v)

An 8-stage stainless steel ACI (Copley Scientific, UK) with tailored mouthpiece
adapters for the inhalers were provided by Boehringer Ingelheim GmbH & Co. KG
(Figure 14) together with a flow control and a measuring unit including a pump
(Andersen Samplers Inc., Atlanta, Georgia) which was provided by the Department of
Pharmaceutics of the College of Pharmacy of the University of Florida.

Flovent® (Fluticasone Propionate 44 pg/actuation) and Symbicort® (Budesonide 80
pg/actuation and Formoterol 4.5 pg/actuation) MDI inhalers were also provided by the
Department of Pharmaceutics of the University of Florida. Schott Duran glass dishes to
rinse the stages of the ACI after the cascade measurement and prior to an HPLC

analysis were provided by Boehringer Ingelheim GmbH & Co. KG.
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Methods for Fluticasone propionate and Budesonide dissolution testing

Sample Collection of Fluticasone propionate and Budesonide

The experimental design was similar to that for Ciclesonide in set-up B. The
experimental set-up included the control of the air flow generated by the pump at 28.3
L/min into the inhalers which were connected to an 8-stage stainless steel ACI via the
tailored mouthpiece adapters. For dissolution testing 24 mm diameter filter papers were
placed on stage 4 of the ACI (Figure 15). The inhalers were actuated 10 times in the
case of the Flovent® MDI and 5 actuations for the Symbicort® MDI. After every
actuation, the air flow was upheld for 12 seconds followed by turning the pump off and
restarting it before the next actuation.

The drug Formoterol in the Symbicort® MDI was not analyzed by HPLC. Previous
literature research revealed that Budesonide and Formoterol are delivered
independently from one another by the MDI and thus not being chemically or physically
connected [65]. The filter papers were immediately transferred to the dissolution set-up
and initiated with 0.04 ml of the 0.5% SDS (% w/v) solution. The adapter, the stages of
the ACI, and the filter were rinsed with 5 ml of methanol/ DDW 70/30 (% v/v) to analyze
the delivered dose from the inhalers within the ACI experiment. The mouthpiece was
also rinsed using 10 ml of methanol/DDW 70/30 (% v/v).

Dissolution Set-up B for Fluticasone propionate and Budesonide

Within this set-up, Fluticasone propionate and Budesonide MDI generated
respirable ACI particle fractions were compared with respect to the rate of drug that
enters the receptor compartment.

Therefore, the aerosol cloud of the MDIs was emitted into the humidified and
temperature controlled air-flow, as described above. This was done in order to mimic a
more in vivo like administration with respect to temperature and humidity. The

respirable MDI fraction deposited onto the filter paper of 24 mm diameter within stage 4
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of the ACI was transferred into the Transwell® system drug side facing upwards. They
were afterwards initiated with 0.04 ml of the 0.5% SDS (% wi/v) dissolution medium
which was formulated in Phosphate Buffered Saline (PBS) pH 7. 4 (Figure 19).

Initiation with 40 pl SDS

Transwell Insert without
Drug Particles Membrane

1.5 ml 0.5 % SDS
24 mm Paper —_ ]

N

Thermo-formed Notches

Receptor well

Figure 19: Dissolution initiation and sampling set-up for Fluticasone propionate and

Budesonide

Sampling of 0.5 ml of the dissolution medium from the receptor well and
immediate replenishing of fresh medium was performed in the Transwell® wells while
the set-up was kept under the controlled environmental conditions (37 °C and ~100%
rel. humidity) in the Fisher temperature control only oven. For Fluticasone propionate
and Budesonide samples of 0.5 ml were taken from the receptor side of the well at 0,
10, 20, 30, 45, 60, 90, 120, 180, 240 and 300, 360, 420, 480, 1440 min and then
analyzed by HPLC according to the methods described in Table 5.

After the final sampling the filter paper was removed from the Transwell® well and
analyzed for remaining drug. The samples of Budesonide were diluted 50% (v/v) with
Ethanol/DDW 80/20 (% v/v) prior to the HPLC analysis. The Transwell® plates
consisting of 6 wells were placed into a desiccator on top of a 200 ml saturated
potassium sulfate water solution which provided the required relative humidity of near

100% within the desiccator. The kinetics of the ICS dissolution rates were analyzed.
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Solubility testing of Fluticasone propionate, Budesonide and Ciclesonide in
SDS solution

Approximately 5 mg of Fluticasone propionate, Budesonide and Ciclesonide drug
substance were weight into a 200 mL glass cup and the glass cup was afterwards filled
with 100 ml of the 0.5% SDS solution. The glass vial was then placed into the Nuaire,
IR AutoFlow CO, water-jacketed incubator and was kept at around 37° C.

The samples were constantly stirred by a magnetic stirrer inside the glass vial and
samples were taken at 30 min, 60 min, 120 min, 180 min and 24h filtered through a 0.45
pm filter tip of a 10 ml syringe to be analyzed by HPLC according to the methods
described in Table 4 and Table 5. The samples of Budesonide were diluted 50% (v/v)
with Ethanol/DDW 80/20 (% v/v) prior to the HPLC analysis.

Data Treatment and Profile Analysis

Data obtained by HPLC were analyzed in the following way. Concentrations present
in the receptor well at a given sampling time point were transformed into amounts
present in the receptor compartment and consequently adjusted by the dissolution that
occurred during previous sample removals (0.5 ml per sampling time point). The
dissolution and diffusion experiments were analyzed based on these adjusted amount
of dissolved drug at each time point within the receptor well of the Transwell® plates.
The amount of drug reaching the receptor well during one sampling period was
calculated by subtracting from the cumulative amount that entered the receptor well up
to the sampling time of interest, the amount which entered the compartment up to the
previous sampling time point.

The overall amount of drug over the course of the entire experiment was
determined by testing the 24 mm filter paper for remaining drug after the last measured
time point. The resulting total amount was then set at 100% cumulative drug released
to express both dissolved and diffused measurements. Afterwards the results were

plotted versus time.
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The resulting plots were visually and statistically compared to assess similarity or
dissimilarity. The statistical comparison was done by employing a one-way analysis of
variance (ANOVA), where p<0.05 was considered to be significant. The dissolution and
in the case diffusion profiles were additionally mathematically fitted by different models
(Table 6) using Least-Square-Mean-Error estimators and best fits were used to
calculate mean dissolution and diffusion times for all profiles. All calculations were

performed using the statistical software GNU R Version 2.14.

Table 6: Overview of the mathematical models and equations

First order First order mass balance r(t) = a(1-exp(-bt))

Hixson Crowell erosion release mechanism | r(t) = a — (1-b*t)3

Higuchi Fickian diffusion ft)=at
Korsmeyer-Peppas diffusion mechanism rt) = atb

Weibull life time distribution r(t) = 1-exp(-atb)

Logistic population-dynamics r(t) = a/(1+exp(-b*time-c))

The profiles were also tested with a model independent method which uses a

comparison based on difference (f1) (Equation 2) and similarity (f;) (Equation 3)

factors.
n
D [&i-7] |
fi= j=1 _ %100 Equation 2
2R
j=
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The difference test is provided by a percent error over all measured time points
and then expressed in the fi-value which determines significant difference between (T)
and (R) profiles. The f,-value examination is based on mean squared differences to test
the profiles in question for similarity. The similarity test is referred to by EMA and FDA
for solid oral dosage forms in an equal manner [66-68]. The values for (f1) and (f2) in

order to show difference or as it can be found in the guidelines for similarity only are:

fi: values lower than 15 (0-15) indicate no difference between the two tested
profiles

f,: values higher than 50 (50-100) indicate similarity between two profiles

According to the European Medicines Agency (EMA) the examination for
similarity for solid oral dosage forms should be based on at least 12 single dosage units
at a minimum of 3 time points [68]. Targeting the same category of products in the form
of solid oral dosage forms the FDA requires justification for the use of an appropriate
statistical method [66, 67].

The dissolution and diffusion data used in this study do not fully fulfill these
requirements, but the tests were employed to add to the other modes of profile
interpretation and thus are not seen in isolation or the sole basis for similarity or
difference assessments of the profiles.

The mean dissolution time (MDT) of all profiles was calculated on both the actual data

and also the fitted data according to Equation 4.

i HeAM; Equation 4
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For ease of comparison and clarification the MDT is based on the complete data
sets as the visualized profiles were limited to certain time spans for comparative
reasons.

Fluticasone propionate is an example of such a case where the profiles are only
visualized up to 5 hours in this dissertation for comparative reasons to e.g. Budesonide.
The actual sampling of Fluticasone propionate exceeded the visualization. The reason
for this is that Budesonide dissolves much faster reaching 100% dissolved drug within
the 300 min displayed [cf. Figure 33]. Budesonide could thus not be measured

experimentally for the same time span as Fluticasone propionate.
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RESULTS AND DISCUSSION

Ciclesonide ACI deposition evaluation; visualization of particles; dissolution and

diffusion testing in set-up A and B

The literature suggested several methods for dissolution testing of inhaled
medications [40-43]. In the case of ICS the in vitro dissolution behavior itself is highly
influenced by the water solubility of these compounds themselves [40]. Some of the
ICS have relatively high water solubilities and thus should exhibit a rather fast
absorption in vivo. The relative high water solubility of these compounds may
nevertheless not be reflected in prolonged absorption times in vivo if other mechanisms
are responsible for a prolonged pulmonary residence time. There are drugs e.g.
Budesonide which possess a very fast dissolution and absorption into the cells of the
lung [34]. whose prolonged residence time, at least for a small portion of the delivered
dose, is due to formation of lipophilic Budesonide esters in pulmonary cells, that are
captured in these cells and only leave the lung after cleavage of the ester bond
(reactivation to Budesonide) [69]. On the other hand, fast absorption of rather lipophilic
drugs have been reported, that cannot be explained by the poor water solubility [45].
An example is Beclomethasone dipropionate , which is also characterized by a short
MAT although its solubility in water is low [45].

In the case of Ciclesonide which exhibits one of the lowest water solubility values
among marketed ICS [70] performing dissolution tests in water-based medium (no
organic solvent, no surfactant) is challenging or often impossible because of the low
concentrations observed in such systems. It therefore makes sense to try to find more
realistic solvent based systems that e.g. contain surfactants similar to conditions in the
lung; especially as this might increase solubility, will facilitate sink conditions and
consequently influence the dissolution rates. Adding a surfactant to the dissolution
medium is thus reasonable as this mimics components in the lung lining fluid which
contains surfactant like substances such as phospholipids (90%) and proteins (10%)
which are constantly synthesized and excreted by epithelial cells type Il in order to

reduce surface tension [71-73].
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The dissolution test method described by Arora et al used Transwell® wells within
a temperature and humidity controlled environment and represents a feasible approach
from a technical point of view [40]. However, it did not incorporate surfactants [40].

The fact that only PBS and water were used as the dissolution media in this
original set-up would not allow for Ciclesonide dissolution testing. This, in addition with
experience in the laboratory of Prof. Dr. Hochhaus at the University of Florida,
Department of Pharmaceutics, with using surfactants as a necessary component within
dissolution and drug release studies argued for the use of such surfactants in this study
[74].

The following chapters will thus focus on an adequate adaptation of the existing
method [40] for testing the dissolution of Ciclesonide when introducing a surfactant to
the dissolution medium.

The surfactant SDS and its concentration were chosen on the basis of findings
from previous authors [74], to provide sink conditions for the ICS and the
recommendation given by e.g. the FDA when dissolution testing for poorly water soluble
drugs is intended where explicitly SDS is mentioned as such an option as a surfactant
[51].

In addition, it was of interest to evaluate whether the chosen method is fast,
accurate and cost effective. Due to the fact that Transwell® wells and inserts in
combination with all other necessary materials can be purchased “off the shelf’ the
above mentioned dissolution test method is an ideal starting point for developing a

dissolution test for aerosolized Ciclesonide drug particles.
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Ciclesonide ACI Preliminary Depositing Stage Determination for Dissolution
Studies

A preliminary experiment was conducted in order to define the stage of the ACI
which provides the highest chance to retrieve a suitable amount of representative drug
particles under humidified conditions. The reason for selecting these conditions was to
mimic in vivo like drug deposition on the filter papers before transferring them to the
dissolution set-ups. The stages were assessed with regard to mass of Ciclesonide
deposited after 5 actuations of the Alvesco® HFA-MDI.

A smaller set of ACI experiments (n=3) revealed that when ambient laboratory
conditions were used instead of the humidified and temperature controlled conditions
the inhalable fraction of the emitted dose from the inhaler shifted to lower stages of the
ACI. The overall fine particle fraction of both environmental conditions remained nearly
the same around 45-50 % of the delivered dose of 160 ug Ciclesonide per actuation
(Figure 20).
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Figure 20: Particle size distribution of Ciclesonide when delivered by an HFA-MDI

under two different environmental conditions

The results are confirmed by published data for the HFA-MDI which reported
around 50% lung deposition when deposition is determined by scintigraphy examination
[28]. Interestingly the two profiles in this preliminary study are similar in regard to losses
in higher, non-respirable stages of the ACI set-up (MP= mouthpiece; Adapter; SIP; SO-
S1 = Stage 0-1) whereas the inhalable stages (S2-Filter) seem to be less affected by
the already mentioned shift of particle size distribution towards lower stages. Thus,
differences in environmental conditions (temperature, humidity) do not contribute to a
significant reduction of the overall inhalable fraction based on the delivered dose, but
the inhalable particles are generally smaller under ambient conditions.

Additionally, there is also a tendency that, although the humidified environmental
conditions were well controlled, the variation in deposition on the stages 2-7 were more

pronounced under controlled than under ambient conditions (cf. Figure 20).
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In summary this preliminary experiment revealed that the 24 mm filter paper on
stage 4 of the ACI captured the highest amount of Ciclesonide within the inhalable

range under humidified conditions.

Ciclesoinde Particle visualization and examination by SEM and TEM

For addressing the question what the particle characteristics and properties are
that are generated during deposition of the solution based MDI of Ciclesonide, particles
emitted from the Alvesco® inhaler were collected on stage 4 of the ACI on carbon tape
or copper mesh grids on which deposited particles were analyzed by a Scanning
Electron Microscope (SEM) and a Transmission Electron Microscope. The TEM was
also used to characterize single particles with respect to their crystalline or amorphous
state. The image produced by the SEM analysis revealed that deposited particles were

forming piles or agglomerates (Figure 21).

i

5.0kV X700 WD 25.0mm 10um

Figure 21: Ciclesonide ACI stage 4 SEM

It should be stressed that this way of deposition will differ from the in vivo
situation as piles are likely due to the ordered geometry of openings within the ACI in
vitro while a diffuse particle distribution will occur in the inhalation airstream in vivo.
Thus, these piles or agglomerations are caused by the holes above the stages in the

ring elements of an ACI. The particles have to follow through these holes in the
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airstream and upon deposition are centralized at certain points on the stage below. The
piles of the particles become even more visible by a 3D visualization of such

agglomerations (Figure 22).

Figure 22: 3D SEM image of Ciclesonide particles deposited onto ACI stage4

In all upcoming dissolution trials these or similar structures have to be envisioned
as the dissolving depot of the drug substance. In fact all ACI based dissolution models
will be measuring piles and not single particles. A detailed discussion of this finding is
not the focus of this dissertation as they cannot be avoided in this arrangement, but it
could surely be an additional area of research.

Unlike the SEM pictures the TEM images represent the visualization of single
particles. The copper mesh grids are smaller than the pieces of carbon tape which
were used and especially on stage 4 of the ACI the number of particles was smaller

than the focused piles and agglomerates of the SEM (Figure 23)
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Figure 23: TEM image of an ACI stage 4 captured Ciclesonide particle

The individual structure of the particle is also different when compared to the SEM
image of particles. The image in Figure 23 can be regarded as characteristic for the
Ciclesonide particles as additional samples which are not shown appear in the same
manner. The thermodynamical state analysis done on this particle by electron

diffraction in the TEM reveals that the particle is amorphous (Figure 24).
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Figure 24: Amorphous electron diffraction pattern of Ciclesonide particle (cf. Figure 23)

After analyzing various single particles (not all shown) by the help of this
technology it can be said that all particles which were found were deemed to be
amorphous by the corresponding electron diffraction pattern. Figure 25 represents

such an example.

0.2 pm

Figure 25: Ciclesonide Stage 5 particle 14 days after being captured in ACI and stored
at ambient temperature

53



It is of interest to note that the particles in Figure 25 were still amorphous after

14 days of being kept at ambient laboratory conditions (Figure 26).

Figure 26: Amorphous electron diffraction pattern of Ciclesonide particle from Figure
25

The amorphous state of Ciclesonide has been found stable over longer periods of
time if kept below 60 °C [70]. This explains the stability of the amorphous content of the
aerosol particles as the particles emitted from the inhaler are definitely colder, especially
if one considers the evaporation effect of the HFA/EtOH mixture when released at room

temperature.
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Ciclesonide dissolution and diffusion testing in set-up A and B

First experiments compared the transfer rate of Ciclesonide from solution and
particles obtained from stage 4 when dissolution set-up A (membrane present) was
employed. All experiments were performed with 0.5 % SDS (% w/v) containing
medium. A comparison of media with and without SDS was not possible because of the
very low concentrations of Ciclesonide which can be achieved in medium not containing
SDS.

To test the diffusion of dissolved material across the membrane preliminary
experiments were performed with Ciclesonide solution in SDS containing medium. The
concentration and amount of the Ciclesonide/SDS solution to be loaded onto the filter
paper was chosen in such a way that the amount of drug (10 ug) was equivalent to the
amounts generally obtained on stage 4 of the ACI experiments when delivered from the
MDI after five actuations. This amount was dissolved in 40 ul of SDS solution which
was identical to the volume used to initiate the dissolution of drug particles.

The dissolution profiles of the first set of ACI deposited drug particles were found
to be visually indistinguishable from profiles obtained for Ciclesonide solution (Figure
27).
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Figure 27: Ciclesonide Diffusion vs. Dissolution with insert membrane (lines between
data points for visualization only)

Not only are most time points individually indistinguishable regarding their
respective mean values, the error bars of these profiles are additionally also
overlapping. The described observations were not significantly influenced by the drug
loading on the filter papers as can be seen for the dissolution profiles for 5 ug and 15 pg
deposited per paper and the diffusion driven result which contained 10 ug of
Ciclesonide (Figure 27). All three profiles overlap completely or at least their respective
error bars. Thus the statistical and mathematical examination does also reveal that the
profiles do not differ or can be regarded as similar when all three were tested against
each other by employing Equation 2 and Equation 3. The respective values are

shown in Table 7 for the comparison of the profiles:
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Table 7: f1 and f, calculation of Ciclesonide diffusion and dissolution with membrane

Profile vs. Profile

15 ug dissolution
vs. 10 ug diffusion

15 pg dissolution

vs. 5 ug dissolution

5ug dissolution vs.
10 ug diffusion

f1

717

3.46

6.37

f2

68.32

81.66

66

The profiles in direct comparison reveal in addition to the visually observable
similarity that all f1 values are below 15 and thus cannot be regarded as significantly
different from one another. The same is true for the f, calculation where all profiles lead
to values higher than 50 and thus reflect similarity. The one-way ANOVA calculation is
another evidence of similarity of the three profiles (calculation not shown). The values
for the MDT, expressed as mean diffusion and dissolution times, are also very similar
(Table 8).

Table 8: Overview of MDT of Ciclesonide in set-up with membrane

Profile Dissolution 15 pg Diffusion 10 pg Dissolution 5 ug

MDT (min) 215.58 181.51 229.04

The rather long transfer rates for drug in solution suggest that the membrane
The

similarity of solution and particle profiles indicates that crossing the membrane

between donor and receptor compartment must represent a significant barrier.

represents the rate limiting step for entering the receptor compartment, even if drug
particles are assessed and that the dissolution process is much faster. Experiments
using this set-up are therefore not suitable to assess the dissolution process of
Ciclesonide aersosol drug particles.

With the goal of optimizing the system, it was decided to remove this membrane
and identify an alternative separator between donor and receptor compartment. It was

evaluated whether systems whose barrier between the initial drug loaded side and the
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receptor well which was based only on filter paper itself are more suitable for dissolution
testing (Figure 18).

A first set of experiments revealed that once the membrane was removed the
diffusion of Ciclesonide from solution into the receptor compartment was faster
compared to the previously conducted diffusion trials using the 10 pg Ciclesonide and
0.5 % SDS (% w/v) solution (Figure 28).

Ciclesonide Diffusion with membrane vs.
Diffusion without membrane (Mean+SD)

100 ~ — —-—©@

—8— 10 pg Ciclesonide Diffusion
without membrane (n=3)

—&— 10 pg Ciclesonide Diffusion
with membrane (n=3)

Cummulative % released

0 50 100 150 200 250 300

Time (min)

Figure 28: Diffusion of Ciclesonide/SDS solution (10 pg) into receptor well with and

without membrane (lines between data points for visualization only)

It was also observed that the initial shape of the curve changed in comparison to
the previous experiment. There was a slower initial rise in the profile when the
membrane was involved which was followed by a steady and continuous faster phase
which leads to a biphasic sigmoidal-like profile in this case. An initial hydration process
of the membrane might be responsible for the delayed transfer in the presence of the

membrane.
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When the membrane was no longer present the diffusion profile exhibited an
early and fast rise reaching a plateau and a complete transfer of Ciclesonide into the
receptor well within roughly 60 minutes. The time necessary for a complete diffusion
across the membrane into the receptor well exceeded 300 min in the first set of
experiments. The mathematical and statistical evaluation and comparison of the two
profiles add to the visual observation. The f1 and f2 test of the two profiles also

underlines the visual observation as can be seen in Table 9.

Table 9: f; and f, calculation of Ciclesonide diffusion with and without membrane

10 ug Ciclesonide diffusion with membrane vs. without
Profile vs. Profile
membrane
fq 55.43
fa 15.29

In this case the fi value clearly indicates that the two profiles are different by
definition. Additionally, the f, value does not allow assuming similarity as the value is
well below the minimum target value for similarity which is 50. With respect to the one-
way ANOVA analysis it can be said that the calculation also shows that the two profiles
are different. The MDT for the membrane diffusion which was used for this set of
comparative experiments is 179.73 min and without the membrane it drops to 19.29 min
(Table 10).

Table 10: MDT diffusion with vs. without membrane

Profile Diffusion with membrane Diffusion without
membrane
MDT (min) 179.73 19.29
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Overall these experiments show that the membrane strongly influenced the
diffusion of Ciclesonide from the donor side with the filter paper to the receptor well and
thus are masking the monitoring of the dissolution process for Ciclesonide. In order to
be able to fully evaluate the effect of the removal of the membrane on monitoring the
dissolution process, the dissolution of ACI captured particles of Ciclesonide was
evaluated with the new set-up. In this case the obtained dissolution profile of the drug
particles which were deposited onto the filter papers was compared to the diffusion
profile of Ciclesonide in solution within the same set-up without the membrane (Figure
29).

Ciclesonide HFA-MDI Dissolution vs. Solution
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Figure 29: Ciclesonide Diffusion vs. Dissolution without insert membrane (lines

between data points for visualization only)
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It is visually apparent that the two profiles differ and that the dissolution set-up
without the membrane is more suitable to investigate the dissolution behavior of
Ciclesonide when administered by the HFA-MDI. Due to the challenges to deposit
exactly 10 pg of Ciclesonide on the filter papers the mean amount of Ciclesonide for the
dissolution experiments (n=9) was 15 jpg. Single experiments with 10 pg drug
deposited do not differ significantly (data not shown), but were not reproducible enough.

Because of the faster transfer rates, the sampling times were also adapted to the
new set-up including more time points in the first two hours. Due to the increase in
transfer rate within the new set-up, the addition of the sampling points helped to
visualize the difference within the first two hours. The mathematical and statistical
analysis of the two profiles supports the visually apparent observation. The f; and f;

values indicate that the profiles differ and thus are therefore not similar (Table 11).

Table 11: f; and f, calculation of Ciclesonide diffusion vs. dissolution

Profile vs. Profile Ciclesonide diffusion vs. dissolution
f4 36.94
fo 29.7

The one-way ANOVA calculation also indicates a significant difference of the two
profiles. The MDT of the two profiles are 26 min for the diffusion and 66 min for the
dissolution (Table 12).

Table 12: MDT Ciclesonide dissolution and diffusion without membrane

Profile Ciclesonide Dissolution Ciclesonide Diffusion

MDT (min) 65.7 26.09

The MDT of the dissolution when the membrane was present for 15 pg of

Ciclesonide was 216 minutes as indicated in Table 8. This value dropped to 66 min
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(Table 12) for the same drug amount when the membrane was removed (filter paper
served as barrier between donor and acceptor compartment). Although the two profiles
differ in the number of experiments and the sampling time points, the visualization in

Figure 30 clearly shows the difference between the two methods.
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Figure 30: Dissolution of 15 pg Ciclesonide in set-up A vs. B (lines between data points
for visualization only)

Whereas in the dissolution test without the membrane 100 % of the deposited
Ciclesonide dissolved and entered the receptor compartment within 5 hours, the method
with the membrane in place only reaches 80 % after 300 min. The greatest difference
can e.g. be seen after the first hour of sampling where the dissolution testing without the
membrane rises up to 60 % in comparison to 20 % with the membrane. Thus, the
membrane is the rate limiting step for the transfer of already dissolved Ciclesonide into
the receptor compartment and not the process of dissolution of dissolving particles, as it
should be.
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Fluticasone propionate and Budesonide dissolution testing in set-up A

The two ICS Budesonide and Fluticasone are generally prescribed in order to treat
asthma and COPD. Both drugs are characterized by a prolonged residence time in the
target organ, due to reversible esterfication in the case of Budesonide and a slow
dissolution of the deposited drug particles within the lung in the case of Fluticasone [20,
23, 35, 63, 75, 76]. The inhalers which were used for the dissolution experiments of this
work are both suspension based metered dose inhalers which contain micronized
Budesonide and microcrystallized Fluticasone propionate respectively [77, 78]. The
prolonged residence time at the site of action has been discussed to support the
efficacy of the drugs against lung inflammation [62, 75, 76].

Pharmacokinetic studies suggested that the absorption of Budesonide from the
target organ is rapid [34]. This is only possible if the dissolution process is also fast.
For Fluticasone propionate on the other hand depending on the evaluated delivery
system and formulation absorption proceeds for up to 7 hours or more [20]. Most
authors explain differences in the absorption rate with differences in the
physicochemical properties of the two drugs and their effect on the dissolution rate [57].

Thus the rapid dissolution in the lung fluid of Budesonide, Flunisolide and
Triamcinolone acetonide to name two additional ICS with similar properties is explained
by the much higher water solubility of these compounds. The clear differences in
absorption rates of Budesonide and Fluticasone propionate in vivo make them highly
suitable to validate the in vitro dissolution test set-up, as one would expect the same
differences in the dissolution rates in vitro, if the test system reflects the situation in vivo
with respect to sink conditions and dissolution medium, and if the rate limiting step in
the in vitro system truly is the dissolution step. Often dissolution test methods described
in the literature, so far, might not fulfill these demands [40].

It was the aim of this part of the project to compare the two ICS with the optimized
dissolution test method (set-up B). It should be re-emphasized that the dissolution
medium contained surfactant as being the case in the lung, and that drug particles were
within the respirable fraction. In order to further mimic the in vivo situation the

dissolution test itself was performed at 37 °C and almost 100 % relative humidity.
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As mentioned before, filter paper was used as the barrier between donor and
acceptor compartment to achieve a faster transfer of dissolved drug between the
compartments. The five actuations of the MDI for Budesonide led to a deposition of
around 20 ug per filter paper. In the case of Fluticasone propionate the deposition
which was achieved by 10 actuations of the inhaler was 10 ug. It was not possible to
achieve the exact same amount of deposition for both drugs. The conditions however
make it more challenging to achieve a positive outcome of the experiment (hypothesis
was that Budesonide should dissolve faster than Fluticasone propionate).

The dissolution of Budesonide and the transfer into the receptor compartment was
fast. There was a complete dissolution of the deposited 20 pg of Budesonide in less
than 120 min (Figure 31).

Budesonide Dissolution (Mean+SD)

100 O PY

90

80
T 70
£ 60
N .
@ 50 —@—20 pg Budesonide MDI
£ Dissolution (n=9)
]
=
g 40
E
o 30

20

10

O T T T T 1

0 50 100 150 200 250 300
Time (min)

Figure 31: Budesonide MDI dissolution (lines between data points for visualization only)

This result mirrors the expected dissolution behavior of the drug. In contrast to
the dissolution behavior found for Budesonide in this study, Arora et al. when depositing

even smaller doses of Budesonide with the Transwell® system (including the original
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membrane, no surfactant) did not reach a complete dissolution even after 5 hours of

sampling [40]. This additionally argues for the use of the proposed dissolution system.
Fluticasone propionate was deposited in the described system onto the filter

papers in the 10 ug range. The dissolution profile visually differs significantly from that

of Budesonide (Figure 31).
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Figure 32: Fluticasone propionate MDI dissolution (lines between data points for

visualization only)

The time for a full dissolution of the deposited amount exceeded the sampling
time of 8 hours (Figure 32). There was a complete dissolution of Fluticasone
propionate at some time point after 8 hours because there were only small amounts left
when the filter was analyzed after 24 hours (results not shown). For ease of
comparison the profile for Fluticasone propionate is only shown up to 300 min like the

Budesonide example (Figure 31). A direct comparison of the two profiles shows that
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the dissolution of Budesonide drug particles is much faster compared to that of

Fluticasone propionate (Figure 33).
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Figure 33: Budesonide vs. Fluticasone MDI Dissolution (lines between data points for

visualization only)

The mathematical and statistical evaluation and comparison of the two profiles
support the visual observation. The f1 and 2 test of the two profiles as previously done

for Ciclesonide also underlines the visual observation as can be seen in Table 13.
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Table 13: f; and f; calculation of Budesonide and Fluticasone propionate dissolution

Profile vs. Profile Budesonide vs. Fluticasone propionate
f1 60.73
fa 17

In this case the f1 value indicates that the two profiles are different. Additionally,
the f, value does not allow assuming similarity as the value is well below the minimum
target value for similarity which is 50. With respect to the one-way ANOVA analysis it
can be said that the calculation also shows that the two profiles are different. The MDT

for Budesonide was 35 min and for Fluticasone propionate 301 min (Table 14).

Table 14: MDT 20 pg Budesonide vs. 10 pg Fluticasone propionate

Profile Budesonide Fluticasone propionate

MDT (min) 34.67 301.11

All data sets were fitted using a range of models. It can generally be said that the
first-order and Weibull model seem to express the closest fit to all the measurements
with the Weibull model mirroring the data even better in some of the cases. Appendix
1 gives an overview of all profiles and fits.

In summary one can conclude that the dissolution set-up B was able to provide a
good model of the dissolution of the two ICS when compared to their respective in vivo
situation. Budesonide dissolves and is then absorbed very fast within the lung [79].
The in vitro tested aerosolized particles of the drug also dissolved in a similar time span
in the dissolution test. The same can be said for Fluticasone propionate pointing to the
fact that the absorption in the lung takes much longer in vivo [34] than that of
Budesonide and that when the dissolution set-up B was used also provided a longer

dissolution time of the Fluticasone propionate drug particles.
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The similarity of dissolution profiles generated by the proposed method and in
vivo absorption profiles [34, 79] argue for a closer examination. The findings must be
seen in relationship to the other ICS, Ciclesonide, and in the light of the
physicochemical properties of the three ICS as a whole.

While the solubility in water increases in the order of CIC<FP<BUD [20, 70], this
order changes in the presence of SDS. Here Fluticasone propionate becomes the least
soluble ICS whereas Ciclesonide and Budesonide are much more affected by the

presence of the surfactant in regard to solubility (Table 15).

Table 15: Water solubility [20, 70] vs. SDS solubility of ICS

Drug Water solubility 0.5 % SDS solubility
Ciclesonide > 0.1pg/ml 300 pg/ml*
Fluticasone propionate 0.14 pug/ml 150 pg/ml*
Budesonide 14 pg/ml 470 pg/ml*

*solubility of respective ICS in SDS after 24 h

Generally the rate of dissolution in the SDS solution agreed with the solubility

differences of the compounds in the medium itself.

Budesonide vs. Fluticasone propionate and Ciclesonide dissolution, lung

absorption and pharmacokinetics

Theoretically, all processes involved in the pulmonary absorption of drug into the
blood stream can determine pulmonary absorption rate. These processes include time
to dissolve, time to diffuse to pulmonary cells, time to enter cells by crossing cell
membranes, time spent within the cells (prolonged e.g. through formation of intracellular
esters), time to cross membranes and enter the blood stream [19]. While prolonged
intracellular residence time through esterification processes have been described for a
small percentage of the overall doses of Ciclesonide and Budesonide [26, 69, 80], one
has speculated, that the rate limiting process for some of the inhaled glucocorticoids
represents the dissolution process [20, 37, 57]. If this hypothesis is true for ICS, a good

agreement between in vitro dissolution and pulmonary absorption kinetics have to be
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observed. It was therefore of interest to compare in vitro dissolution behavior with
pharmacokinetic data of fast and slowly absorbed ICS and correlate these results to
their physicochemical properties (lipophilicity, solubility).

The bridging of the dissolution results to in vivo data can be achieved by
including the evaluation of relevant parameters from pharmacokinetic studies. In order
to do so the mean absorption times (MAT, the average time an average molecule will
need to enter the blood stream) in the lung can be calculated by the direct comparison
of intravenous pharmacokinetic data with those after inhalation. The necessary
parameters and equations all evolve around the plasma concentration time profiles of
these different routes of administration of the drugs in question [81]. The foundation is
laid by calculating the respective area under the curve (AUC) from the plasma
concentration versus time plots. In addition, the area under the first moment curve
(AUMC) needs to be calculated, which can be derived from plots that show the product
of concentration and time (Concentration*t; y-axis) as a function of time (t; x-axis). The
mean residence time (MRT; the average time a drug molecule stays in the body) after
inhalation (MRTi,n) and after intravenous (iv) administration (MRT;,) can then be easily
calculated from the ratio of AUC and AUMC observed either after inhalation or iv
administration. The MAT (average time a drug particle spends in the lung ) is then the
difference of MRT after inhalation and MRT after iv administration [81].

Knowing the dissolution time of an inhaled ICS is important because of other
events that occur in the upper part of the lung. The upper part of the lung contains a
clearance mechanism for inhaled “dust” particles, the mucociliary clearance [79]. Small
“hairs” swipe particles out of the lung. As the process takes time, this clearance
mechanism is only relevant for drug particles that do not dissolve immediately (e.g.
Fluticasone propionate). The bigger respirable drug particles which deposit in the
ciliated central regions of the lung, the better they can be cleared by mucociliary
clearance provided that the substance which was deposited does not dissolve rapidly
and hence escapes the clearance mechanism by dissolution (Figure 34) [19, 79]. The
pulmonary available dose is consequently smaller for such drugs than those that
dissolve fast and can escape the clearance mechanism. Knowing the dissolution rate in

vivo is therefore of relevance for the drug development process.
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Lumen Mucus layer Cell layer

Figure 34: Mucociliary clearance (dark particles) in contrast to a rapidly dissolving
particle (light particles) [79]

The dark particle as shown in Figure 34 which does not dissolve rapidly enough
can be cleared in an upward direction by the lung to be swallowed whereas the light
particle in Figure 34 does dissolve rapidly and can then enter into the cells of the lung
[79]. Thus in the case of the deposition of a slowly dissolving ICS the systemic
exposure will be reflected in differences in the pharmacokinetic data; by e.g. lower AUC
values for data which was obtained from asthmatic patients as the drug is no longer
available for systemic exposure due to the connected limited oral bioavailability in this
class of compounds. In the case of a rapidly dissolving ICS like Budesonide the
mucociliary clearance does not have the time to exhibit such effects as the drug
dissolves before the mucociliary escalator can remove drug particles out of the lung [79,
82].

Regarding the peripheral or deeper deposition it can be said that the much

smaller respirable particles which deposit within this non ciliated region are not prone to
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such a clearance mechanism and therefore slowly dissolving drugs like e.g. Fluticasone
propionate have enough time to dissolve at these sites which is then reflected in longer
MAT values [79, 82-85].

The importance of the dissolution behavior for the pulmonary fate of ICS has
been discussed so far only on a qualitative level for Budesonide and Fluticasone
propionate [34, 79, 82], as hard dissolution rate data were not available for this
discussion. This is now possible with the availability of data for Budesonide and
Fluticasone propionate and Ciclesonide in the developed dissolution test (set-up B)

including Ciclesonide’s surprising behavior.

Budesonide vs. Fluticasone dissolution and lung absorption

In vitro dissolution data for Budesonide and Fluticasone propionate are in
agreement with the physiochemical properties (lipophilicity, water solubility) of the two
compounds [40, 41]. For Budesonide and Fluticasone propionate their differences in
lipophilicity and water solubility predict their behavior in dissolution tests, independent of
the choice of a surfactant containing or surfactant free dissolution medium. Budesonide
exhibits a much higher water solubility of about 14-21 pg/ml compared to that of
Fluticasone propionate that has a solubility of water of 0.14 pg/ml [20]. Differences are
also reflected in differences in the octanol/water partition coefficient, which is a good
indicator of the smaller lipophilicty of Budesonide [79, 86]. In addition, a clinically
relevant dose of Budesonide would only require 1-15 ml for dissolution, while a clinically
equivalent amount Fluticasone propionate would require 2 | of water to dissolve [79].

In agreement with these physicochemical properties of the two drugs,
Budesonide dissolves much faster than Fluticasone propionate in water [40] and
surfactant containing medium (Figure 33 and reference [41]). The calculation of the
measured dissolution times (MDT, calculated in accordance with the MRT) in this
dissertation allows for testing a correlation between dissolution rate and the in vivo MAT

for the two compounds (see Table 16).
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Table 16: MAT and MDT in set-up B for Fluticasone propionate and Budesonide

ICS MAT (h) MDT in set-up B (h)
Fluticasone propionate 5-7 [34] 5
Budesonide <1 (0.6 -0.9) [34] <1(0.5)

Water based dissolution approaches (no surfactant) do not show a good
correlation to the in vivo results [40] as dissolution times in such a systems take much
longer than the in vivo absorption process. By way of example only about 2% of
Fluticasone and just 80% of Budesonide dissolve in a water based, non surfactant
containing Transwell® arrangement within a 5 hour period [40] whereas 100 % of
Budesonide and about 50% of Fluticasone propionate dissolve when applying the
surfactant based dissolution method in adapted Transwell® set-ups of this dissertation.

The availability of a method that allows to predict the dissolution behavior in vivo
is important, e.g. for projecting whether the pulmonary fate of the drug will be affected
by mucociliary clearance in the central portions of the lung. As an example, Figure 35
indicates that a more central deposition generally only observed in asthmatic patients
will affect the pulmonary available dose for Fluticasone propionate (the slow dissolution
will allow the mucociliary clearance to remove particles), while for Budesonide a more
central deposition, as seen for asthmatics will not reduce the pulmonary available dose,

as the fast dissolution will prevent removal of solid Budesonide particles [82].
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Figure 35. Plasma Concentration time profiles of Fluticasone propionate and

Budesonide in asthmatic and healthy subjects [82]

Similar projections can be made for formulations that deposit more centrally
(larger particles) or more peripherally (smaller particles). Differences in formulation
dependent c/p ratios will not affect the pulmonary available dose for Budesonide, but it
will be the case for Fluticasone propionate.

In summary, the good correlation between in vitro (MDT) and in vivo data (MAT)
for the two ICS that differ in their physicochemical properties seems to suggest that the

developed system is of relevance for the drug development process. It should be
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stressed again that the use of surfactant and of a non-membrane based separators

between donor and acceptor compartments is vital.

Ciclesonide lung dissolution and adsorption at the site of action

Ciclesonide is an ICS which is very insoluble in water. In fact less than 1 ug/ml
have been found to dissolve in water [20, 70]. As mentioned earlier Budesonide
dissolves much better in water by providing values between 14 — 21 ug/ml and
Fluticasone propionate reaching values more in the range of Ciclesonide with 0.14
pg/ml [20, 70, 79]. Interestingly, Ciclesonide does not behave like Fluticasone
propionate in the set-up B of this dissertation with the addition of the surfactant SDS
and the technical alterations. In fact Ciclesonide dissolves very fast when the surfactant
SDS is added (see Table 17).

Table 17: MDT in set-up B for Ciclesonide vs Fluticasone propionate

ICS MDT in set-up B (h)
Ciclesonide 1
Fluticasone propionate 5

As the MDT in the surfactant based dissolution set-up B differs significantly from
the one of Fluticasone propionate, despite their similar water solubility, it is of interest to
discuss the MAT of Ciclesonide in the lung and finally compare this value to the in vitro
MDT for the two drugs as illustrated in Table 17.

Regarding the lipophilicity of the three ICS in question which is also connected to
drug absortion in the lung it can be said that Budesonide is the least lipophilic followed
by Fluticasone and then Ciclesonide [86]. In a relative rank order of the respective
lipophilicity Budesonide can be assigned a (1), Fluticasone propionate a (3.2) and
Ciclesonide a (4) [86]. Lipophilicity is an important factor for membrane permeability in
the lung and thus the more lipophilic a compound is, the faster it will enter the cells after
dissolution. Although Ciclesonide is more lipophilic, it has the lowest water solubility of

the three compounds.
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Therefore, based on the low water solubility one would expect Ciclesonide to
show a slow dissolution, similar to that of Fluticasone propionate. However, much
shorter MDT were derived in the proposed in vitro system.

Interestingly, clinical studies with Ciclesonide showed that the pulmonary
available dose does not depend on the central to peripheral deposition ratio, as similar
pharmacokinetic results were obtained for healthy volunteers and asthmatics [87, 88].
This can be regarded as another hint that Ciclesonide is rapidly absorbed in the lung.

Additionally, the clinical pharmacology review package of Ciclesonide provides
the necessary data package in order to be able to discuss the mechanism and rate of
Ciclesonide lung absorption when delivered by an inhaler [89]. The aim of the study
was to investigate the systemic availability of the active metabolite Des-Ciclesonide of
the prodrug Ciclesonide when administered by an HFA-MDI and intravenously.

This review includes a pharmacokinetic evaluation after different routes of
administration [89]. Table 18 shows the overview for the intravenous and the HFA-MDI

data for Ciclesonide, including the non-compartmental analysis.

Table 18: Ciclesonide i.v. versus inhaled selected pharmacokinetic parameters [89]

Parameter MDI i.V.

published published

AUC:... 1.92 5.41
(ng*h/mil)
Crnax 4.89 21.91
(ng/mil)
Tmax 0.17 0.18

(h)

Unfortunately, the authors did not present the MRT estimate for Ciclesonide for both
routes of administration. However, a graphical representation compared the
concentration time profiles after intravenous administration and inhalation of a solution

based MDI. Using the details of Figure 36 (estimates of the mean concentrations for
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any given time point) [89], the missing values were consequently self-calculated. From
the graphical representation of the results (Figure 36) mean concentrations for the time

points were taken [89].
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Figure 36: Ciclesonide i.v. and HFA-MDI pharmacokinetic plasma concentration time

profiles [89]

This allowed calculation of the mean AUMC estimates (Table 20). The
knowledge of the corresponding AUC estimates (calculated accordingly, Table 19 and
verified by the published AUC [89], Table 18) allowed further calculation of the MRT
estimates of these non-compartmental parameters which are based on the statistical
moment theory [81, 90, 91].
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Table 19: Comparison of estimated AUC and published AUC for Ciclesonide when

administered by different routes

Parameter MDI MDI V. (A%
published estimated published estimated
AUC.. 1.92 1.92 5.41 6.16
(ng*h/mil)

Table 19 provides a direct comparison of the estimated AUC. On the basis of
the individual concentration values for every single time point the AUMC which is shown

in Table 20 was estimated.

Table 20: Estimated AUMC for Ciclesonide when administered by different routes

Parameter MDI V.
estimated estimated
AUMC:. 1.29 2.03
(ng*h*h/ml)

The MRT for a compound in the body can be calculated according to Equation 5
using the obtained AUMC and AUC values.

AUMC

MRT = ——
AUC

Equation 5

In order to estimate the MRT for the intravenous route (MRT;, ) it is important to
note that in the case of Ciclesonide the administration was achieved by a short time

infusion of T=10 minutes [90], which needed to be considered by Equation 6.

MRT;, = MRT,; — Equation 6

T
2
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The MRT;,. for the intravenous bolus injection is thus 0.24 h when using the
estimated AUC (i.v.) and AUMC (i.v.) in Table 19 and Table 20 respectively and
applying it to Equation 6. The MRT for the MDI can be estimated in a similar way using
Equation 5 and the estimates of Table 19 and Table 20. A complete overview of the

results for both MRT obtained by the estimations are presented in Table 21.

Table 21: Overview of estimated MRT for i.v. and MDI administration of Ciclesonide

Parameter MDI i.V.
estimated estimated
MRT (h) 0.67 0.24

The MRT of the different routes of administration can now be used for the

estimation of the MAT in the lung for the MDI by applying Equation 7.

MAT,,,, = MRT,,,, — MRT,

1.1,

Equation 7

According to these relationships, the MAT for the MDI is 26 min or 0.43 h as

listed in Table 22 below. This result is in line with the findings of other authors [45].

Table 22: MAT for Ciclesonide MDI

Parameter MDI
estimated
MAT (h) 0.43

This indicates that the absorption of Ciclesonide at the site of action delivered by
the MDI is much faster than the reported MAT for Fluticasone propionate [34].
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In summary, the Ciclesonide MDI delivered particles are being absorbed with a
rate similar to that of Budesonide for which an MAT of less than 1 hour as illustrated in
Table 23 was reported [34]. Thus, despite Ciclesonide’s high lipophilicity and low water
solubility values that are more in agreement with those of Fluticasone propionate, the
uptake at the site of action and consequently the dissolution in the lung agrees more
with that of Budesonide.

A complete overview of the in vitro MDT and the MAT correlation of the three
ICS can be found in Table 23.

Table 23: MAT and MDT in set-up B for Fluticasone propionate, Budesonide and
Ciclesonide

ICS MAT (h) MDT in set-up B (h)
Fluticasone propionate 5-7 [34] 5
Budesonide <1(0.6-0.9)[34] <1(0.5)
Ciclesonide <1(0.43) 1

Here it becomes clear that the dissolution set-up B in connection with the
addition of a surfactant is able to show good correlation to the in vivo absorption kinetics
not only for Budesonide and Fluticasone propionate, but more importantly also for
Ciclesonide delivered by the HFA-MDI.
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GENERAL CONCLUSION AND SUMMARY

This work was conducted as limited or no data are available for the in vitro dissolution
behavior of aerosolized Ciclesonide and its potential relevance for predicting the in vivo
pulmonary absorption rate.

To achieve this goal, representative particles formed by the marketed HFA-
Alvesco®-MDI under humidity and temperature controlled conditions were characterized
and visualized by scanning electron microscopy and diffraction patterns obtained from
transmission electron microscopy. The dissolution behavior of Ciclesonide was then
assessed based on a published (set-up A) and a new and improved method (set-up B)
under temperature and humidity controlled conditions. Both methods used a
commercially available Transwell® system for separating undissolved and dissolved
drug and used in this work, contrary to published work, surfactant based dissolution
media. Set-up A used the commercially available Transwell® system without change
(including the use of the standard membrane to separate donor and acceptor
compartment) while set-up B used a new membrane-free system [40]. The membrane
was not only removed in order to be able to capture the dissolution process, but the
Transwell® well itself had to be technically adapted for the purpose of the study. This
was achieved by thermoforming a groove or notch on the inside of the well which was
then used to place the filter papers onto. This filter paper as the new diffusion barrier
was then used for dissolution testing. In a further development step the volume of SDS
solution, the surfactant which was used, was adapted to a level of liquid that better
facilitated the new set-up in regard to wetting the lower surface of the filter paper. Drug
was previously deposited in an ACI onto upper side for dissolution testing.

The following results were obtained. Stage 4 of an Andersen Cascade Impactor
was identified in preliminary experiments as the stage on which most inhalable particles
of Ciclesonide deposited. Thus, dissolution tests were performed with this fraction.
When Ciclesonide collected on stage 4 and Ciclesonide in solution were compared
within set-up A indistinguishable profiles were observed. The visual, mathematical and
statistical evaluation of the profiles led to the conclusion that membrane diffusion was

rate limiting and not the dissolution of Ciclesonide solid particles. Consequently this
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work was able to show that only after the removal of the membrane from the Transwell®
arrangement and the exchange for filter paper as the diffusion barrier, dissolution
testing of Ciclesonide becomes meaningful.

The initial tests in the newly developed set-up B were performed by comparing
the diffusion of already dissolved Ciclesonide in the SDS solution without the membrane
to the results with the membrane from before. Ciclesonide entered the receptor
compartment much faster.

These results confirmed that the diffusion across the original Transwell®
membrane was rate limiting and thus made monitoring of the dissolution process
impossible. Only after its removal it was possible, as shown in this dissertation, to
distinguish between the dissolution of deposited Ciclesonide particles and the diffusion
of Ciclesonide in solution.

Surprisingly, the dissolution rate of the deposited Ciclesonide was faster than
expected for drugs of such high lipophilicity and low water solubility, especially as ICS
with similar physicochemical properties were dissolving more slowly in another
dissolution test method [40]. However, the rather fast dissolution of Ciclesonide in the
developed system agreed with its fast absorption in vivo. To further validate the
proposed method (no membrane, use of surfactant), the in vitro dissolution behavior of
Budesonide, an ICS with fast absorption and dissolution kinetics and that of Fluticasone
propionate, a drug with slow pulmonary absorption and dissolution was evaluated [40,
41, 44, 45, 53]. Results indicated that Budesonide and Fluticasone propionate exhibit
their expected dissolution behavior in the newly developed set-up B. These results
allowed putting the finding that Ciclesonide dissolves rapidly once a suitable amount of
a surfactant is added into context. Future studies should investigate the detailed
mechanism behind this finding including this and other surfactants and concentrations.

In addition solubility studies in surfactant based dissolution media already
indicated that the solubility of Ciclesonide increased over-proportionally in surfactant
when these data were compared to surfactant induced solubility increases observed for
Budesonide and Fluticasone propionate. Thus, the rapid dissolution rates of

Ciclesonide were not only due to the possible amorphous nature of the particles
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generated from the HFA-Alvesco®-MDI as shown by the help of a TEM analysis, but
also due to the very pronounced enhancement in solubility in SDS containing media.
The developed dissolution set-up B was able to mimic the in vivo dissolution of
the three ICS as mean absorption times of Ciclesonide, Budesonide and Fluticasone
propionate also agreed with the mean dissolution times determined in vitro. This good
in vitro/in vivo correlation indicates the importance of the dissolution process for the
pulmonary absorption kinetics of Ciclesonide and other inhaled corticosteroids, in
general. Overall, the good in vitro/in vivo correlation of the proposed method, that could
not be observed for other methods, suggested that surfactant containing dissolution
media together with optimized separation of donor and acceptor compartments are

important for mirroring the dissolution in the lung.

82



10.

11.

12.

REFERENCE LIST

. Reddel HK, Lim TK, Mishima M, Wainwright CE, Knight DA: Year-in-review 2010:

asthma, COPD, cystic fibrosis and airway biology. Respirology 2011;16(3):540-
552.

Rossi GA, Cerasoli F, Cazzola M: Safety of inhaled corticosteroids: room for
improvement. Pulm Pharmacol Ther 2007;20(1):23-35.

Stirling RG, Chung KF: Severe asthma: definition and mechanisms. Allergy
2001;56(9):825-840.

Barnes PJ: Chronic obstructive pulmonary disease. N Engl J Med
2000;343(4):269-280.

Hansel T, Barnes PJ: An atlas of chronic obstructive pulmonary disease. Boca
Raton; FL, USA, Partheon Publishing, 2004.

Stoloff SW, Kelly HW: Updates on the use of inhaled corticosteroids in asthma.
Curr Opin Allergy Clin Immunol 2011;11(4):337-344.

Hartwig Steckel: Exipients; In: Karoline Bechthold-Peters, Henrik Luessen (eds):
Pulmonary Drug Delivery: - Basics, Applications and Opportunities for Small
Molecules and Biopharmaceuticas. Aulendorf, Editio Cantor Verlag, 2007, 2, pp
162-175.

Kunka R, Andrews S, Pimazzoni M, Callejas S, Ziviani L, Squassante L, ey-
Yates PT: From hydrofluoroalkane pressurized metered dose inhalers (pMDIs)
and comparability with chlorofluorocarbon pMDIs. Respir Med 2000;94 Suppl
B:S10-S16.

Boccuzzi SJ, Wogen J, Roehm JB: Use of hydrofluoroalkane propellant delivery
system for inhaled albuterol in patients receiving asthma medications. Clin Ther
2000;22(2):237-247.

Newman S, Salmon A, Nave R, Drollmann A: High lung deposition of 99mTc-
labeled ciclesonide administered via HFA-MDI to patients with asthma. Respir
Med 2006;100(3):375-384.

Thongngarm T, Silkoff PE, Kossack WS, Nelson HS: Hydrofluoroalkane-134A
beclomethasone or chlorofluorocarbon fluticasone: effect on small airways in
poorly controlled asthma. J Asthma 2005;42(4):257-263.

Gupta A, Stein SW, Myrdal PB: Balancing ethanol cosolvent concentration with

product performance in 134a-based pressurized metered dose inhalers. J
Aerosol Med 2003;16(2):167-174.

83



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Thorsson L, Edsbacker S, Conradson TB: Lung deposition of budesonide from
Turbuhaler is twice that from a pressurized metered-dose inhaler P-MDI. Eur
Respir J 1994;7(10):1839-1844.

Johnsson M: Fluticasone propionate: pharmacokinetic and pharmacodynamic
implications of different aerosol delivery systems. Respiratory Drug Delivery VI
1998;61-70.

Dalby R, Spallek M, Voshaar T: A review of the development of Respimat Soft
Mist Inhaler. Int J Pharm 2004;283(1-2):1-9.

Zierenberg B: Optimizing the in vitro performance of Respimat. J Aerosol Med
1999;12 Suppl 1:519-S24.

Ito K, Chung KF, Adcock IM: Update on glucocorticoid action and resistance. J
Allergy Clin Immunol 2006;117(3):522-543.

Barnes PJ: Corticosteroids: the drugs to beat. Eur J Pharmacol 2006;533(1-3):2-
14,

Hochhaus G: New developments in corticosteroids. Proc Am Thorac Soc
2004;1(3):269-274.

Edsbacker S, Johansson CJ: Airway selectivity: an update of pharmacokinetic
factors affecting local and systemic disposition of inhaled steroids. Basic Clin
Pharmacol Toxicol 2006;98(6):523-536.

Derendorf H, Nave R, Drollmann A, Cerasoli F, Wurst W: Relevance of
pharmacokinetics and pharmacodynamics of inhaled corticosteroids to asthma.
Eur Respir J 2006;28(5):1042-1050.

Winkler J, Hochhaus G, Derendorf H: How the lung handles drugs:
pharmacokinetics and pharmacodynamics of inhaled corticosteroids. Proc Am
Thorac Soc 2004;1(4):356-363.

Hubner M, Hochhaus G, Derendorf H: Comparative pharmacology,
bioavailability, pharmacokinetics, and pharmacodynamics of inhaled
glucocorticosteroids. Immunol Allergy Clin North Am 2005;25(3):469-488.

Kelly HW: Comparison of inhaled corticosteroids: an update. Ann Pharmacother
2009;43(3):519-527.

Nave R, Bethke TD, van Marle SP, Zech K: Pharmacokinetics of
[14C]ciclesonide after oral and intravenous administration to healthy subjects.
Clin Pharmacokinet 2004;43(7):479-486.

84



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nave R, Watz H, Hoffmann H, Boss H, Magnussen H: Deposition and
metabolism of inhaled ciclesonide in the human lung. Eur Respir J
2010;36(5):1113-1119.

Wu K, Blomgren AL, Ekholm K, Weber B, Edsbaecker S, Hochhaus G:
Budesonide and ciclesonide: effect of tissue binding on pulmonary receptor
binding. Drug Metab Dispos 2009;37(7):1421-1426.

Nave R: Determination of lung deposition following inhalation of ciclesonide using
different bioanalytical procedures. Bioanalysis 2010;2(4):807-814.

Sato H, Nave R, Nonaka T, Mochizuki T, Takahama S, Kondo S: In vitro
activation of the corticosteroid ciclesonide in animal nasal mucosal
homogenates. Biopharm Drug Dispos 2007;28(2):59-64.

Dietzel K, Engelstatter R, Keller A: Ciclesonide: an on-site activated steroid; In:
Hansel T, Barnes P (eds): New drugs for Asthma, Allergy and COPD [Progress
in Respiratory Research]. Basel, Karger, 2001, pp 91-93.

Nave R: Clinical pharmacokinetic and pharmacodynamic profile of inhaled
ciclesonide. Clin Pharmacokinet 2009;48(4):243-252.

Rohatagi S, Luo Y, Shen L, Guo Z, Schemm C, Huang Y, Chen K, David M,
Nave R, King SP: Protein binding and its potential for eliciting minimal systemic
side effects with a novel inhaled corticosteroid, ciclesonide. Am J Ther
2005;12(3):201-209.

Martin RJ, Szefler SJ, Chinchilli VM, Kraft M, Dolovich M, Boushey HA,
Cherniack RM, Craig TJ, Drazen JM, Fagan JK, Fahy JV, Fish JE, Ford JG,
Israel E, Kunselman SJ, Lazarus SC, Lemanske RF, Jr., Peters SP, Sorkness
CA: Systemic effect comparisons of six inhaled corticosteroid preparations. Am J
Respir Crit Care Med 2002;165(10):1377-1383.

Thorsson L, Edsbacker S, Kallen A, Lofdahl CG: Pharmacokinetics and systemic
activity of fluticasone via Diskus and pMDI, and of budesonide via Turbuhaler. Br
J Clin Pharmacol 2001;52(5):529-538.

van den Brink Kl, Boorsma M, Staal-van den Brekel AJ, Edsbacker S, Wouters
EF, Thorsson L: Evidence of the in vivo esterification of budesonide in human
airways. Br J Clin Pharmacol 2008;66(1):27-35.

Daley-Yates PT, Parkins DA, Thomas MJ, Gillett B, House KW, Ortega HG:
Pharmacokinetic, pharmacodynamic, efficacy, and safety data from two
randomized, double-blind studies in patients with asthma and an in vitro study
comparing two dry-powder inhalers delivering a combination of salmeterol 50
microg and fluticasone propionate 250 microg: implications for establishing
bioequivalence of inhaled products. Clin Ther 2009;31(2):370-385.

85



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hochhaus G, Mollmann H, Derendorf H, Gonzalez-Rothi RJ:
Pharmacokinetic/pharmacodynamic aspects of aerosol therapy using
glucocorticoids as a model. J Clin Pharmacol 1997;37(10):881-892.

Arya V, Coowanitwong |, Brugos B, Kim WS, Singh R, Hochhaus G: Pulmonary
targeting of sustained release formulation of budesonide in neonatal rats. J Drug
Target 2006;14(10):680-686.

Hochhaus G, Gonzalez-Rothi RJ, Lukyanov A, Derendorf H, Schreier H, Dalla
CT: Assessment of glucocorticoid lung targeting by ex-vivo receptor binding
studies in rats. Pharm Res 1995;12(1):134-137.

Arora D, Shah KA, Halquist MS, Sakagami M: In vitro aqueous fluid-capacity-
limited dissolution testing of respirable aerosol drug particles generated from
inhaler products. Pharm Res 2010;27(5):786-795.

Davies NM, Feddah MR: A novel method for assessing dissolution of aerosol
inhaler products. Int J Pharm 2003;255(1-2):175-187.

Son YJ, McConville JT: Development of a standardized dissolution test method
for inhaled pharmaceutical formulations. Int J Pharm 2009;382(1-2):15-22.

Son YJ, Horng M, Copley M, McConville JT: Optmization of an In Vitro
Dissolution Test Method for Inhalation Formulations. Dissolution Technologies
2010;6-13.

Pham S, Wiedmann TS: Note: dissolution of aerosol particles of budesonide in
Survanta, a model lung surfactant. J Pharm Sci 2001;90(1):98-104.

Sakagami, M. and Lakhani, Arora D. Understanding Dissolution in the Presence
of Competing Cellular Uptake and Absorption in the Airways. Respiratory Drug
Delivery 2012, 1-8. 2012.

US FDA CDER: Guidance for the in vitro portion of bioequivalence requirements
for metaproterenol sulfate and

albuterol inhalation aerosols (metered dose inhalers). 1989.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070242.pdf . 1989. 14-12-2011.

US FDA CDRH. Reviewer Guidance for Nebulizers, Metered Dose Inhalers,
Spacers and Actuators. 1993.
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDoc
uments/ucm081282.htm . 1993. 14-12-2011.

US FDA CDER. Draft guidance: metered dose inhaler (MDI) and dry powder
inhaler (DPI) drug products chemistry,
manufacturing and controls documentation. 1998.

86



49.

50.

51.

52.

53.

54.

99.

56.

57.

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070573.pdf . 1998. 14-12-2011.

US FDA CDER. Nasal spray and inhalation solution, suspension, and spray drug
products chemistry,

manufacturing, and controls documentation. 2002.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070575.pdf . 2002. 14-12-2011.

Joint EMA and Health Canada Guidance. Pharmaceutical Quality of Inhalation
and Nasal Products. (2006). http://www.hc-sc.gc.ca/dhp-mps/prodpharma/applic-
demande/guide-ld/chem/inhalationnas-eng.php
andEMEA/CHMP/QWP/49313/2005 Corr (2006)
http://www.emea.europa.eu/pdfs/human/qwp/4931305en.pdf . 2006. 14-12-2011.

US FDA CDER. Guidance for Industry: Dissolution testing of immediate release
solid oral dosage forms. 1997.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070237.pdf . 1997. 14-12-2011.

US FDA CDER. Guidance for Industry: Extended release oral dosage forms:
Development, Evaluation and

Application of In Vitro/In Vivo Correlations. 1997.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070239.pdf . 1997. 14-12-2011.

Cooper, A D., Tricehurs, M., and Jones, R. N. QbD Demands for Powder
Inhalers of the Future: Addressing Dissolution During Product Development.
Respiratory Drug Delivery 2012 . 2012.

Applying ICH Q8(R2), Q9, and Q10 Principles to CMC Review.
http://www.fda.gov/downloads/AboutFDA/CentersOffices/OfficeofMedicalProduct
sandTobacco/CDER/ManualofPoliciesProcedures/UCM242665.pdf . 2-8-2011.
12-3-2012.

Dolovich MB, Jordana M, Newhouse MT: Methodologic considerations in
mucociliary clearance and lung epithelial absorption measurements. Eur J Nucl
Med 1987;13 Suppl:S45-S52.

Riley T, Christopher D, Arp J, Casazza A, Colombani A, Cooper A, Dey M, Maas
J, Mitchell J, Reiners M, Sigari N, Tougas T, Lyapustina S: Challenges with
Developing In Vitro Dissolution Tests for Orally Inhaled Products (OIPs).
AAPSPharmSciTech 2012.

Patton JS, Brain JD, Davies LA, Fiegel J, Gumbleton M, Kim KJ, Sakagami M,
Vanbever R, Ehrhardt C: The particle has landed--characterizing the fate of
inhaled pharmaceuticals. J Aerosol Med Pulm Drug Deliv 2010;23 Suppl 2:S71-
S87.

87



58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

Moss OR: Simulants of lung interstitial fluid. Health Phys 1979;36(3):447-448.

Diem, K. and Lentner, C. Documenta Geigy Scientific Tables. 7th, 523. 1970.
Wiley, John Sons.

Esmailpour N, Hogger P, Rabe KF, Heitmann U, Nakashima M, Rohdewald P:
Distribution of inhaled fluticasone propionate between human lung tissue and
serum in vivo. Eur Respir J 1997;10(7):1496-1499.

Hogger P, Rawert L, Rohdewald P: Dissolution tissue binding and kinetics of
inhaled glucocorticoids [abstract]. Eur Respir J 1993;6: 584.

Brindley C, Falcoz C, Mackie AE, Bye A: Absorption kinetics after inhalation of
fluticasone propionate via the Diskhaler, Diskus and metered-dose inhaler in
healthy volunteers. Clin Pharmacokinet 2000;39 Suppl 1:1-8.

Mollmann H, Wagner M, Krishnaswami S, Dimova H, Tang Y, Falcoz C, Daley-
Yates PT, Krieg M, Stockmann R, Barth J, Lawlor C, Mollmann AC, Derendorf H,
Hochhaus G: Single-dose and steady-state pharmacokinetic and
pharmacodynamic evaluation of therapeutically clinically equivalent doses of
inhaled fluticasone propionate and budesonide, given as Diskus or Turbohaler
dry-powder inhalers to healthy subjects. J Clin Pharmacol 2001;41(12):1329-
1338.

Rohdewald P, Von Eiff M, Wirthwein G: Activation of beclomethasone
dipropionate in bronchial secretion and receptor affinities and solubility of
inhalative applied glucocorticoids. Atemwegs und Lungenkrankheiten
1990;16:79-84.

Rogueda PG, Price R, Smith T, Young PM, Traini D: Particle synergy and
aerosol performance in non-aqueous liquid of two combinations metered dose
inhalation formulations: an AFM and Raman investigation. J Colloid Interface Sci
2011;361(2):649-655.

FDA. CDER. Guidance for Industry. Immediate Release Solid Oral Dosage
Forms. Scale-Up and Postapproval

Changes: Chemistry, Manufacturing, and Controls, In Vitro Dissolution Testing,
and In Vivo Bioequivalence

Documentation. 1995.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070636.pdf . 1995. 14-12-2011.

FDA. CDER. Guidance for Industry. SUPAC-MR: Modified Release Solid Oral
Dosage Forms Scale-Up and

Postapproval Changes: Chemistry, Manufacturing, and Controls; In Vitro
Dissolution Testing and In Vivo

Bioequivalence Documentation. 1997.

88



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation
/Guidances/ucm070640.pdf . 1997. 14-12-2011.

EMEA. CPMP. CPMP/QWP/604/96. Note for Guidance On Quality of Modified
Release Products: A: Oral Dosage

Forms. B; Transdermal Dosage Forms. Section | (Quality). 1999.
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/20
09/09/WC500003664.pdf . 1999. 14-12-2011.

Miller-Larsson A, Mattsson H, Hjertberg E, Dahlback M, Tunek A, Brattsand R:
Reversible fatty acid conjugation of budesonide. Novel mechanism for prolonged
retention of topically applied steroid in airway tissue. Drug Metab Dispos
1998;26(7):623-630.

Feth MP, Volz J, Hess U, Sturm E, Hummel RP: Physicochemical,
crystallographic, thermal, and spectroscopic behavior of crystalline and X-ray
amorphous ciclesonide. J Pharm Sci 2008;97(9):3765-3780.

Jeffrey PK: Morphology of airway surface and glands. Am Rev Respir Dis
1983;128:14-20.

Patton JS: Mechanisms of marcomolecule absorption by the lungs. Adv Drug Del
Rev 1996;19:3-36.

Batenburg JJ: Surfactant phospholipids: synthesis and storage. Am J Physiol
1992;262(4 Pt 1):L367-L385.

Talton, J., Fitz-Gerald, J., Singh, R., and Hochhaus, G. Nano-thin coatings for
improved lung targeting of glucocorticoid dry powders: In-vitro and in-vivo
characteristics. Respiratory Drug Delivery VII 2000 , 67-74. 2000.

Ref Type: Abstract

Tunek A, Sjodin K, Hallstrom G: Reversible formation of fatty acid esters of
budesonide, an antiasthma glucocorticoid, in human lung and liver microsomes.
Drug Metab Dispos 1997;25(11):1311-1317.

Edsbacker S, Brattsand R: Budesonide fatty-acid esterification: a novel
mechanism prolonging binding to airway tissue. Review of available data. Ann
Allergy Asthma Immunol 2002;88(6):609-616.

Symbicort (budesonide and formoterol fumarate dihydrate) drug information.
http://www.rxlist.com/symbicort-drug.htm . 27-2-2012.

Flovent (fluticasone propionate) drug information. http://www.rxlist.com/flovent-
drug.htm . 27-2-2012.

89



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Edsbacker S, Wollmer P, Selroos O, Borgstrom L, Olsson B, Ingelf J: Do airway
clearance mechanisms influence the local and systemic effects of inhaled
corticosteroids? Pulm Pharmacol Ther 2008;21(2):247-258.

Miller-Larsson A, Jansson P, Runstrom A, Brattsand R: Prolonged airway activity
and improved selectivity of budesonide possibly due to esterification. Am J
Respir Crit Care Med 2000;162(4 Pt 1):1455-1461.

Derendorf H, Gramatte Th, Schafer G, Staab A: Statistische Momente in der
Pharmakokinetik; Pharmakokinetik kompakt: Grundlagen und Praxisrelevanz.
Stuttgart, Wissenschaftliche Verlagsgesellschaft Stuttgart, 2011, pp 80-85.

Harrison TW, Tattersfield AE: Plasma concentrations of fluticasone propionate
and budesonide following inhalation from dry powder inhalers by healthy and
asthmatic subjects. Thorax 2003;58(3):258-260.

Chung KF, Jeyasingh K, Snashall PD: Influence of airway calibre on the
intrapulmonary dose and distribution of inhaled aerosol in normal and asthmatic
subjects. Eur Respir J 1988;1(10):890-895.

O'Riordan TG, Zwang J, Smaldone GC: Mucociliary clearance in adult asthma.
Am Rev Respir Dis 1992;146(3):598-603.

Saari SM, Vidgren MT, Koskinen MO, Turjanmaa VM, Waldrep JC, Nieminen
MM: Regional lung deposition and clearance of 99mTc-labeled beclomethasone-
DLPC liposomes in mild and severe asthma. Chest 1998;113(6):1573-1579.

Miller-Larsson A, Axelsson B-O, Brattsand R, Edsbacker S, Ingelf J: Viarable
lipophilicity of budesonide: comparison with fluticasone propionate,
momethasone furoate and ciclesonide. Eur Respir J 2003;22(Suppl 45):33.

Bethke TD, Nave R, Zech K, Gunawardena KA: Pharmacokinetics of ciclesonide
and its active principle in asthma patients and healthy subjects after single-dose
inhalation. J Allergy Clin Immunol 2003;(111 (suppl.)):S217;abstract 593.

Nave R, Gunawardena KA, Zech K, Bethke TD: Pharmacokinetic disposition of
inhaled ciclesonide and its metabolite desisobutyryl-ciclesonide in healthy
subjects and patients with asthma are similar. Int J Clin Pharmacol Ther
2006;44(1):1-7.

Systemic availability of metabolite RM1 after administration of Ciclesonide as
powder capsules p.o., inhalation via MDI as compared compared to intravenous
administration, and pharmacodynamics (cortisol in serum and urine) in healthy
male volunteers.
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2008/021658s000_ClinPhar
mR_P2.pdf . FDA. 14-3-2011.

90



90. Gibaldi M, Perrier D: Pharmacokinetics. 2 ed, New York and Basel, Marcel
Dekker, 1982.

91. Adjei AL, Qui Y, Gupta PK: Bioavailability and Pharmacokinetics of Inhaled
Drugs; In: Hickey AJ (ed): Inhalation Aersols: Physical and Biological Basis for
Therapy. New York, Basel and Hong Kong, Marcel Dekker Inc., 1996, pp 197-
231.

91



SELECTED PUBLICATIONS BY THE AUTHOR

. BROUET, Guillame.; BROUGHTON, Stuart; BRUNNBERG, Lennart;
CHESWORTH, Tim; COOPER, Andrew.; DUNDON, Andy; EASON, Stephen;
HART, John; KARR, Simon; LAFFERTY, Paul; LUCAS, Paul; LYAPUSTINA,
Svetlana; MOODY Richard; PETERSON, llse; PURKINS, Graham;
ROHRSCHNEIDER, Marc; WALLACE, Roisin; WOOD, Andrew; ZUYEV, Alex:
Review of Approaches to Managing Device Changes within OINDPs; IPAC-RS
2011 Conference Posters; http://www.ipacrs.com/posters2011.html, 14.12.2011

. PATRICK, Campbell; PIEL, Elvira; MASUR, Waldemar; LANGE, Karl-Heinz;
ROHRSCHNEIDER, Marc; BELAU, Rudiger. Sprihkopf fur einen
Aerosolbehélter; EP1516829; filed 08.09.2004

. MOSER, Achim; ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence; Powder
Dispensing Means; EP2277577; filed 06.10.2005.

. MOSER, Achim; ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence;
Dispensing Device, Storage Device and Method for Dispensing Powder;

EP1819388; filed 06.10.2005

. ROHRSCHNEIDER, Marc; Finger Operated Spray Pump; EP1386670; filed
10.07.2003

. ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence; Dispensing Device;
EP2146766; 15.05.2008.

. ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence; Dispensing Device;
EP1992380; filed 16.05.2007.

92



8. ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence; Dispensing Device;
EP2144652; filed 15.05.2008.

9. ROHRSCHNEIDER, Marc; DUNNE, Stephen Terence; Dispensing Device;
EP1992372; filed 16.05.2007.

10.VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen
Terence; Dispensing Device; EP2146764; field 15.05.2008.

11.VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen
Terence; Dispensing Device; EP1992373; filed 16.05.2007.

12.BESSELER, Jens; DUNNE, Stephen Terence; BRUNN VON, Timo;
THOEMMES, Ralf; ROHRSCHNEIDER, Marc; Dispensing Device; EP2146765;
filed 15.05.2008.

13.BESSELER, Jens; REINHOLD, Thomas; ROHRSCHNEIDER, Marc; BRUNN
VON, Timo; THOEMMES, Ralf; DUNNE, Stephen Terence; Dispensing Device;
EP2144654; filed 15.05.2008.

14.BESSELER, Jens; REINHOLD, Thomas; ROHRSCHNEIDER, Marc; BRUNN
VON, Timo; THOEMMES, Ralf; DUNNE, Stephen Terence; Dispensing Device;
EP1992376; filed 16.05.2007.

15.BESSELER, Jens; SCHULZ, Joern-Eric : THOEMMES, Ralf;
ROHRSCHNEIDER, Marc; BRUNN VON, Timo; REINHOLD, Thomas;
Dispensing Device; EP2144655; filed 15.05.2008.

16.BESSELER, Jens; SCHULZ, Joern-Eric : THOEMMES, Ralf;
ROHRSCHNEIDER, Marc; BRUNN VON, Timo; REINHOLD, Thomas;

Dispensing Device; EP1992377; filed 16.05.2007.

93



17.BESSELER, Jens; REINHOLD, Thomas; ROHRSCHNEIDER, Marc; BRUNN
VON, Timo; THOEMMES, Ralf; Dispensing Device; EP2144656; filed
15.05.2008.

18.BESSELER, Jens; REINHOLD, Thomas; ROHRSCHNEIDER, Marc; BRUNN
VON, Timo; THOEMMES, Ralf; Dispensing Device; EP1992379; filed
16.05.2007.

19.BESSELER, Jens; ROHRSCHNEIDER, Marc; BRUNN VON, Timo; REINHOLD,
Thomas; Dispensing Device; EP1992378, filed 16.05.2007.

20.WESTERMANN, Anke; DUNNE, Stephen Terence; ROHRSCHNEIDER, Marc;
BRUNN VON, Timo; THOEMMES, Ralf; Vernebler / Atomizer; EP2018201; filed
16.05.2007.

21.DUNNE, Stephen Terence; ROHRSCHNEIDER, Marc; BLANKENSTEIN, Gert;
Discharge Device and Method for Evaporating a Liquid and Evaporator;
EP2010230; filed 25.04.2007.

22.HOELZ, Hubert; ROHRSCHNEIDER, Marc; WACHTEL, Herbert; Dosieraerosole
fur die Verabreichung von Pharmazeutischen Zubereitungen/Dosage Aerosols
for the Administration of Pharmaceutical Preparations; EP2001601; filed
26.03.2007.

23.VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen

Terence; Dispensing Device, Storage Device and Method for Dispensing a
Formulation; EP1957136; filed 23.10.2006.

94



24 VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen
Terence; Dispensing Device, Storage Device and Method for Dispensing a
Formulation; EP1795221; filed 17.01.2006.

25.DUNNE, Stephen Terence; ROHRSCHNEIDER, Marc; BLANKENSTEIN, Gert;
Discharge Device and Method for Evaporating a Liquid and Evaporator (Air

Freshener); EP1802356; filed 19.07.2005.

26.VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen
Terence; Dispensing Device; EP1954400; filed 02.11.2006.

27.VEHDELMANN, Matthias; ROHRSCHNEIDER, Marc; DUNNE, Stephen
Terence; Dispensing Device; EP1792660; filed 09.01.2006.

95



APPENDIX

Appendix 1

1. Ciclesonide with membrane dissolution and diffusion plots and data fits
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a) 5 pug and 15ug dissolution and 10 ug diffusion fitted plots
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b) 15 ug Ciclesonide dissolution data fits
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c) 5 ug Ciclesonide dissolution data fits

0.1

0.0

=-0.2
|

= —

First Order
Weibull
Korsmeyer-Peppas
Hixon-Crowell
Higuchi

Logistic

o -

600

800 1000

time [min]

T
1200

T
1400

Sum(residuals*2)

—— First Order
_ — Weibull
—— Korsmeyer-Peppas
—— Hixon-Crowell
—— Higuchi
i Logistic
T T T T T 1 T T
[} 200 400 600 800 1000 1200 1400
time [min]
g
S
w
&
=3
=1
&
o
n
<
S
=3
=
=1
o |
S
g | I
=1
First Order  Weibull Hixon-Crowell Logistic

97



Sumi(residuals*2)
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d) 10 ug Ciclesonide diffusion data fits
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2. Ciclesonide diffusion with and without membrane plots and data fits

a) Ciclesonide diffusion with and without membrane fitted plots
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b) Ciclesonide diffusion without membrane data fits
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c) Ciclesonide diffusion with membrane data fits
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Ciclesonide dissolution and diffusion no-membrane plots and data fits

a) Ciclesonide dissolution and diffusion no-membrane fitted plots
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. Budesonide vs. Fluticasone propionate plots and data fits
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a) Budesonide (Bud) and Fluticasone propionate (FP) fitted plots
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b) Budesonide dissolution data fits
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c) Fluticasone propionate dissolution data fits
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