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Zusammenfassung

Liposomen sind vielversprechende Wirkstofftragersysteme fiir die inhalative Verabreichung

von Medikamenten mit Verneblern.

Ziel dieser Arbeit war es die unterschiedlichen Verneblerprinzipien auf ihre Anwendbarkeit

fiir liposomale Formulierungen zu untersuchen.

Ein Ultraschallvernebler, ein Diisenvernebler und ein Meshvernebler wurden miteinan-
der verglichen. Drei liposomale Formulierungen mit unterschiedlichen Oberflacheneigen-
schaften wurden getestet. Die Hauptlipide der drei Formulierungen waren Dipalmi-
toylphosphocholin und Cholesterin.

Der Einfluss der Vernebelung auf Teilchengrofie, Lipidkonzentration und Intaktheit der
liposomalen Formulierungen wurde untersucht. Die Intaktheit wurde mittels eines Fluoro-
phor-Quencher Systems ermittelt. Weiters wurde die Aerosolpartikelgrofie der Vernebler

bestimmt sowie die Intaktheit der Liposomen in Lungen-Surfactant.

Es zeigte sich, dass die Stabilitat der Liposomen wahrend der Vernebelung hauptsachlich
von der liposomalen Formulierung abhangt. Die Liposomen sind umso stabiler je weniger
ihre Oberflaiche modifiziert wird. Im Gegensatz dazu hangt die Transporteffizienz von
dem Verneblertyp ab und ist fiir alle Formulierungen &hnlich. Die Mesh-Technologie ist
die effizienteste Vernebelungsmethode. Sowohl die Aerosolpartikelgrole als auch die Sta-

bilitdat in Lungen-Surfactant sind unabhéngig von der liposomalen Formulierung.

Alles in allem ist die Mesh-Technologie die beste Vernebelungsmethode und geeignet
fiir oberflichenunmodifizierte Liposomen bestehend aus Dipalmitoylphosphocholin und

Cholesterin.

Schliisselworter: Vernebler, Liposom, Inhalation, Tropfchengrofie, Stabilitat
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Abstract

Liposomes are a promising drug carrier system for inhalations with a nebulizer.

Aim of this study was to examine different nebulizer principles on their applicability for

the transport of liposomes.

An ultrasonic nebulizer, an air-jet nebulizer, and a vibrating mesh nebulizer were com-
pared. Three liposomal formulations with different surface properties were tested. The
main lipids of the three formulations were dipalmitoylphosphocholin and cholesterol.

The influence of nebulization on particle size, lipid concentration, and integrity of the
liposomal formulations was determined. The integrity of liposomes was investigated with
a fluorophore-quencher system. Furthermore the aerosol particle size of the nebulizers

and the integrity of liposomes in lung-surfactant were examined.

It turned out that the stability of liposomes during nebulization depends mainly on the
liposomal formulation. The less liposomes are surface modified the higher is their stabil-
ity. In contrast transport efficiency depends on the applied nebulizer type. The vibrating
mesh technique is most efficient. Both, aerosol particle size and stability of liposomes in

lung surfactant are independent of the liposomal formulation.

Taken together, the vibrating mesh technique is the best nebulization method and suitable

for surface-unmodified liposomes consisting of dipalmitoylphosphocholin and cholesterol.

Key words: nebulizer, liposome, inhalation, droplet size, leakage
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1 General Introduction

1.1 Liposomes

A liposome is a vesicle composed of a lipid bilayer (figure 1a), derived from the greek words
lipo ,fat“ and soma ,body“. Liposomes are self-assembling structures of amphipathic
lipids in aqueous environments. These lipids have a hydrophilic head and a hydrophobic
tail. It is energetically favorable that the hydrophobic tails attach to each other building
lipid bilayers. These bilayers further decrease free energy by building closed structures.
Liposomes can consist of one lipid bilayer (unilamellar vesicles) or multiple lipid bilayers

(multilamellar vesicles) [1].

Within the lipid bilayer, which is a thin membrane, lipid molecules can diffuse freely
(figure 1b). Fluidity and permeability of the bilayer depend on temperature and lipid
composition. If the Van-der-Waals interactions between the lipids are low, molecules
can diffuse more freely. Interactions between molecules might be lowered with shorter
hydrocarbon chains. Another possibility is a cis-double bond causing a kink in the tail,
which decreases the packing tightness. At a given temperature (the phase transition
temperature) the fluid bilayer of a single type of phospholipid changes from a fluid phase
to a rigid, gel phase [2].

water
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= =1 — e groups
=3 1 = 2 w T
3 i water i E . . . . . Y & cholesterol-
’% - \‘ € - stiffened
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000000
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(a) Schematic presentation  (b) Possible movements of (c) Cholesterol in a lipid
of a liposome. a single lipid molecule (bi-)layer.

in a lipid bilayer.

Figure 1: Liposome structure, bilayer fluidity, and inclusion of cholesterol. All pictures

are taken from [2].

When cholesterol is added to lipid bilayers, the steroid rings interact with parts of the hy-
drocarbon chains of the other lipids. This decreases permeability for small, polar molecules

[2]. Figure lc shows a schematic drawing of a cholesterol molecule interacting with two
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phospholipid molecules in one monolayer of a lipid bilayer.

Liposomes are a promising drug delivery system, due to their biocompatibility and fluidity
properties which can be modified easily. So far, there are about 12 approved liposome-
based drugs. Most of them are for intravenous injection. Over 21 liposome-based drugs are
in clinical trials [3]. Two of them, Arikace®[3] and Pulmaquin"[4], are made for portable

aerosol delivery.

In this study the influence of a surface coat with poly-ethylene glycol (PEG) and the
influence of a positive surface charge, by inclusion of a cationic lipid, on liposome sta-
bility during nebulization were examined. Three different liposomal formulations were
nebulized.

The first liposomal formulation (F1) consisted of 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and cholesterol.

The second liposomal formulation (F2) contained similar mole ratios of DPPC and choles-
terol as F1. Additionally F2 contained small portions of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethyleneglycol)-2000] (DPPE-

-PEGaq00).

The third liposomal formulation (F3) contained the same lipids as F2 and N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate (DOTAP) additionally. The
detailed composition of each formulation is shown in the methods section (see chapter
2.3.3).

Note: PEGylation is widely used in other studies, because among other things it reduces

liposome uptake by macrophages [5]. DOTAP is often used as a transfection reagent [6].

1.2 The fluorophore/quencher system ANTS/DPX

In order to determine liposome stability during nebulization, a fluorescence leakage as-
say was performed. The fluorophore/quencher system consisting of the polyanionic flu-
orophore 8-aminophtalene-1,3,6-trisulfonic acid disodium salt (ANTS) and its cationic
quencher p-xylene-bis-pyridinium bromide (DPX) was applied numerous times for leak-
age measurements in previous studies [7-15]. Both, ANTS and DPX were enclosed inside
the liposomes during preparation. The principle is as follows (figure 2):

After liposome preparation and separation from non - encapsulated ANTS and DPX
molecules, all ANTS and DPX molecules are enclosed in liposomes, depicted in (a). The
black annular structure symbolizes the liposome. When ANTS and DPX molecules are in
close proximity (inside the liposomes), fluorescence is quenched by collision. Hardly any

fluorescence is being detected.
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(b) upon membrane leakage

DPX

Vvﬂa%._iﬂﬂ DPX

(c¢) Triton X-100" added

Figure 2: Principle of the ANTS/DPX leakage assay. The picture was drawn with ele-
ments from [16, 17].

Upon membrane leakage, some ANTS and DPX molecules are released, depicted in (b).

Distance between free fluorophore and its free quencher increase in solution, hence colli-

sional fluorescence quenching is reduced and more fluorescence can be detected.

Triton X-100" is a detergent which destroys lipid bilayers. If added to liposomes all ANTS
and DPX molecules are released (c).

1.3 Inhalers

1.3.1 Overview: pMDIs, DPIs, and nebulizers

Pulmonary drug delivery is usually achieved by inhalation through the mouth [18] and
used to treat local, pulmonary diseases (for example COPD?, asthma) or systematic dis-
cases (for example diabetes). The advantages of pulmonary drug delivery are the rapid

uptake and action, because of a huge permeable surface area of 80-140 m? in the lungs.

Lower doses can be applied compared to an administration to the gastrointestinal tract,

2Chronic Obstructive Pulmonary Disease




due to less enzymatic degradation. Moreover the hepatic first pass effect, that is degra-
dation by the liver, is reduced. One disadvantage is that frequent administrations are

necessary, due to the rapid removal and action [19].
For drug administration to the respiratory tract pressured metered-dose inhalers (pMDIs),
dry powder inhalers (DPIs) or nebulizers are being used. The following explanations

clarify the differences among those devices.

pMDI. A pMDI, shown in figure 3, gives a single burst, when pushed by the patient.

Gas phase

Liquid phase
(formulation)

Metering chamber. Metering valve

Actuator nozzle

Figure 3: The principle of a pMDI. The container, often made of aluminum, withstands
high pressures from inside. In rest, a channel between fluid and metered cham-
ber is open. When the pMDI is activated, the canister is pressed down, this
channel closes and the channel to the expansion chamber and actuator nozzle
opens. The plastic actuator surrounds everything and is for the use of the
patient [20].

Usually there is no burst counter and pMDIs are sold with the medicine proprietarily
inside. Medicine is suspended or dissolved in propellants. Propellants are liquefied com-
pressed gases and needed to provide the force to generate an aerosol cloud. pMDIs are

wide spread because they are cheap [21].

DPI. DPIs contain a dry powder without propellants. Instead some formulations con-
tain lactose. The powder is sold proprietarily inside the DPI or manually loaded. The

energy from the patient’s inhalation disaggregates the powder into smaller particles. Since



a strong air flow from the patient is needed, DPIs are usually not used with small children
[22].

Nebulizers. A nebulizer is a medical device that converts a liquid into aerosol droplets
(suitable for inhalation) [18]. Nebulizers have to be loaded before treatment. Compared to
pMDIs and DPIs they need a longer time to generate the aerosol. In return the delivered
dose is more precise. Nebulizers are used for very high doses of bronchodilators, special
combinations of medicaments or when the patients breathing pattern is inappropriate for
other devices (small children, severe asthma) [22]. Nebulizers are expensive and have an
electric power supply. There are three technologies for aerosol generation. According to
these principles, nebulizers are categorized as ,air-jet“, ,ultrasonic“ or , vibrating mesh“
[23].

1.3.2 Air-jet nebulizers

Air-jet nebulizers press air or oxygen through a pipe with a very narrow hole, known as a
Venturi. At the Venturi the velocity of gas is very high and thus pressure falls, depicted
in figure 4.

Subatmospheric lateral pressure

Atmospheric pressure

AREEER

Figure 4: Schematic presentation of the air-jet principle to generate aerosol [24].

The negative lateral pressure causes the liquid to rise in the capillary tube according to
the Bernoulli effect. The high kinetic energy of the gas flow immediately breaks up the
liquid into an aerosol [24].

A baffle is used to exclude droplets which are too large for inhalation. The air-flow is
provided with a compressor. Some air-jet nebulizers use the negative pressure of the air
flow to suck in air through an open vent (hole) at the top and thus enhance airflow [25].
The air-jet principle reduces temperature of the liquid during nebulization. On one hand
this is due to the evaporation of the fluid. It saturates the gas used to generate the

aerosol. On the other hand a decrease in temperature is caused by adiabatic expansion



of the generating gas [26].
The applied air-jet in this study was the MicroDrop MasterJet® (MPV Truma, Putzbrunn,

Germany).

1.3.3 Ultrasonic nebulizers

In an ultrasonic nebulizer a piezoelectric crystal is in contact with the fluid. An alternat-
ing voltage is applied which causes the crystal to change its size. This size change causes
a longitudinal, mechanical wave in the liquid. Capillary waves evolve on the liquid surface
due to cavitation, acoustic streaming and/or other mechanisms. Droplets are pinched off
and ejected at the peaks of the waves. The droplet diameter is proportional to the wave-
length of the capillary waves. The wavelength is influenced by the actuation frequency
and properties of the liquid. Higher frequencies lead to smaller droplets. Frequencies are
limited to approximately 3 MHz due to resonance modes and limits of the piezoelectric
crystal [27]. Once again a baffle is used to retain droplets which are too large.

Figure 5 shows a collapsing cavitation bubble which leads to the excitation of a capillary

wave.

Figure 5: Schematic illustration of a cavitation bubble near the interface. The rim of the
collapsing bubble is stretched outwards, radially downward and subsequently
inwards. Eventually an aerosol droplet is pinched off from the capillary wave.
(from left to right) [27].

The ultrasonic waves cause the liquid to heat up during nebulization. This is why newer
ultrasonic nebulizers use a contact fluid, usually water, between piezoelectric element and

medication [28].

The applied ultrasonic nebulizer in this study was the Optineb®-ir (Nebu-Tec, Elsenfeld,
Germany). This nebulizer operates at a frequency of 1.6 MHz. A schematic presentation

of the Optineb®-ir is shown in figure 6.
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Figure 6: Schematic illustration of the Optineb®-ir. Elements of this picture were taken

from [29].

#1 is the baffle plate. In this study a ,,blue* (MMAD: 3.2 pm for Ventavis®, see chapter 3.2
for an explanation of the MMAD) baffle plate from Nebu-Tec was used. Different baffle
plates should yield to different aerosol droplet sizes. #2 is a disposable medicine cup,
which should be undeformed at the apex. #3 is a sensor, which detects if the contact
fluid chamber is filled with (distilled) water or not. #4 is the contact fluid chamber. #5
is the piezoelectric element. #6 is the inhalation filter. #7 leads to the mouth piece (not
shown). #8 is the exhalation filter. #9 are display and the operating buttons.

1.3.4 Vibrating mesh nebulizers

The vibrating mesh principle is the latest principle. Vibrating mesh nebulizers are popular
because they are small, quiet, and have the highest aerosol output per time [28]. During

nebulization there is just a slight increase in temperature in the remaining fluid.

Principle. The centerpiece of vibrating mesh nebulizers is a perforate membrane. For
example a metallic plate with conical holes. Due to vibrations of the plate, the adjacent
fluid is pressed through the holes of the plate, as shown in figure 7.

A special application of the vibrating mesh principle is the , passive“ vibrating mesh. In
this case the piezoelectric crystal is connected to the liquid with a transducer horn. The

liquid is pressed through a static mesh, due to ultrasonic waves [28].

3 A medicine which is used to treat pulmonary arterial hypertension
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Figure 7: Working principle of the vibrating-mesh nebulizer. In the figure three aper-
tures out of several thousand are shown. #1 is the fluid which is pressed

through the vibrating membrane (#2). Redrawn from [30].

Nebulizer structure. A schematic presentation of an active vibrating mesh nebulizer

is given in figure 8.

o0O0 2

o000
o0o0

i NI |
/T_ I

6 5 N

Figure 8: Schematic presentation of a vibrating mesh nebulizer. Redrawn from [31].

The fluid source (#1) of the nebulizer might be directly attached to the perforate mem-
brane (#2). Alternatively the fluid might be brought by a capillary feed (#3) to the
perforate membrane. The membrane might be vibrated with an annular piezoelectric disc
(#4). This disc (actuator) is operated by an electronic circuit (#5) which receives its
power from a power supply (#6) [31]. The elements are now explained in detail:

A typical mesh plate has a diameter of approximately 4 mm, a thickness of approximately
20pm and contains several thousand holes. The holes in the membrane preferentially
have a larger cross section at the rear side than at the front side (the side which emits the
droplets). Such holes are believed to enhance dispensation of droplets (due to reduction
of viscous drag). As a consequence the vibrating amplitude can be lowered. An emergent
droplet usually has a 1-3 fold larger diameter than the hole diameter at the front size,
which is approximately 3 pm large. Typically 10 % of the holes emit droplets [32].
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The faces of the membrane do not need to be planar. ,, The front face may advantageously
have locally raised regions immediately surrounding each hole. Such locally-raised regions
are believed to enhance the dispensation of droplets by effectively pinning the menisci of
the fluid adjacent to the front face of the holes. This reduces problems with droplet dis-
pensation caused by wetting of the membrane front face by the fluid“ [32].

Figure 9 shows front view and a section (side) view of an annular mounting (piezoelectric

element) holding the membrane.

Figure 9: Schematic presentation of the annular piezoelectric disc which surrounds the
membrane. Modified from [31].

The piezoelectric element consists of two layers (#7 and #10), which have a thickness
of approximately 0.2 mm each and an outer diameter of 14 mm and 20 mm, respectively.
The layers shorten or extend when an electric field is applied. When one layer contracts or
extends bending occurs. The bilayer is asymmetrically disposed concerning the mechanical
neutral axis (#11).

Either layers or just one layer (active layer) might be altered. Effective bending motion

is obtained when equation 1 is satisfied [31].



Yh? < aY'h” (1)

Y elastic modulus of active layer
Y’ elastic modulus of reaction layer
h thickness of active layer

h’ thickness of reaction layer

a dimensionless constant

If both layers are excited at the same degree, but in antiphase (180° phase shift), then
bending motion is particularly effective if a lies between 0.3 and 3. Each upper surface of
the two layers contains a ,,drive“ electrode (#7 and #8). Additionally one layer contains a

»sense“ electrode (#9), which is separated from the drive electrode with a 0.5 mm air gap.

The electric equivalent circuit of the piezoelectric disc is shown in figure 10.

o
R
CE j— |_
T T
o]
Figure 10: Electric equivalent of the actuator. Redrawn from [31].

C. is the (static) capacity between the main electrode and the substrate electrode. The
actuator exhibits several mechanically resonant frequencies, one particular frequency is

represented by R, C\,, and Ly, in the electric circuit.

The role of the electric circuit given in figure 11 is to select the one particular resonance
that yields to a maximum liquid dispense. In this case this means L., and C, resonance.
#4 is the actuator, #8 is the driving electrode, #7 is the substrate electrode connected
to the ground and #9 is the sense electrode which provides a voltage signal representing
motion of the actuator. Since there are several mechanically resonance frequencies for the
actuator, an inductive element L, is added parallel to the actuator. L; is usually chosen,
so that the resonance frequency f, of L; and C, equals the desired resonance frequency,

according equation 2 [31].
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8 Phase-shift Amplifier Inverting class C
\. network (Inverting) amplifier

C— / / (power switch)
/ \ 12 13 T / N
4 7 15

14

Figure 11: Block diagram of the electronics system. Redrawn from [31].

1 1
r — = 2
27V LiCe 27/ LinCiy 2

The impedance of L; and C, tends towards infinity at the resonance frequence, thus all

electric power is applied directly to Ry, Cr,, and L,,.

An inverting amplifier (#13, fig 11) provides gain at the oscillation frequency. An in-
verting switching element (#15) turns on and off at the drive frequency, connecting and
disconnecting the actuator/L1 to a direct current power source (#14). At the resonance
frequency the actuator exhibits a fast change of phase between the drive and sense elec-
trode. A phase shift network (#12) causes a phase shift of 45° between the drive and
sense electrode. The sense electrode is leading. This results in maximum fluid dispension
[31].

The vibrating mesh nebulizers used in this study were the eFlow® rapid (PARI, Starnberg,
Germany) and the M-neb® (Nebu-Tec, Elsenfeld, Germany).

eFlow® rapid. The eFlow® rapid operates at an oscillating frequency of 117kHz and

is protected with at least 5 US patents. Its components are shown in figure 12.

In the mixing chamber (#5a) the aerosol accumulates after generation. This acrosol bolus
is inhaled in the patients inhalation phase. An exhalation valve (#7a) ensures that the
exhaled air of the patient does not reach the mixing chamber. The purpose is to minimize
aerosol loss during exhalation phases [34].

The aerosol production with a vibrating membrane is particularly effective, if the fluid
feed takes place under a pressure slightly below the ambient pressure [35, 36]. #5 is a

gas-tight fluid reservoir. When it is sealed the reservoir volume is increased mechanically,
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1 Control unit 6 Inspiratory valve

2 Nebulizer handset 7 Mouthpiece

3 Aerosol head Ta Expiratory valve

4 Medication cap 8 Connection cord (connection between
4a Cap seal control unit and nebulizer handset)
4b Cap 9 (International) Power adapter

5 Medication reservoir 9a Interchangeable adapter

5a Mixing chamber

Figure 12: Components of the eFlow® rapid [33].

which causes a negative pressure [36].

A problem found with all nebulizers is that a lot of aerosol is lost during exhalation
phases. A mixing chamber with a one way valve was described above. Face masks and
systems which adapt their nebulization rate according to the patients breathing pattern

are further improvements which might be used with all nebulizer types [27, 37].

1.4 Aims of the thesis

Aim of this study was to examine different nebulizer principles on their applicability for

inhalation therapy with liposomal suspensions.

For inhalation therapies liposome suspensions need to be
1. prepared
2. nebulized
3. inhaled

12



as shown in figure 13.

Preparation of . Inhalation
L liposomes > 2 B B > 3 of liposomes
L Characterisation of liposomes Stability of liposomes
Characterisation . .
Droplet size measurement in pulmonary surfactant

Figure 13: Inhalation therapy action steps (gray box) and measurements which were

conducted in this study (white box).

The research questions and the corresponding experiments were as follows:

[ Characterization of liposomes before and after nebulization.
1. Has the nebulizer type (vibrating mesh, air-jet, ultrasonic) any influence on the
stability of liposomes during nebulization?
2. Which nebulizer is most efficient for liposomal suspensions?
3. Is the transport efficacy of the M-neb® vibrating mesh nebulizer, which is under
development, comparable with the efficacy of the eFlow® rapid (vibrating mesh)

nebulizer?

IT: Measurement of the aerosol droplet size.
1. Does the liposome surface influence the aerosol droplet size of the different nebuliz-
ers?
2. Does the salt concentration influence the aerosol droplet size of the different nebu-

lizers?

III: Determination of ANTS/DPX leakage from liposomes in pulmonary surfactant.
1. Do the surface properties influence the stability of liposomes in pulmonary surfac-
tant?

1.5 Structure of the thesis

Chapter 1 contains a general introduction (about liposomes and nebulizers) and the aims
of this study.

Chapter 2-4 contain the three conducted experiments. Methods which stayed the same
in all experiments, are being described once in chapter 2.3.

Chapter 5 contains the conclusion.
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2 Nebulizer efficacy and influence on liposome sta-

bility (experiment I)

2.1 Summary

In this experiment liposomes with different surface properties were nebulized with differ-
ent nebulizer types. Liposome stability depended mainly on the liposome formulation.
The less liposomes were surface modified, the higher was their stability. The liposome
transport efficacies were formulation independent and highest with the two vibrating mesh

nebulizers (M-neb® and eFlow rapid®).

2.2 Introduction

Liposomes and nebulizers are described in chapter 1.

A commercial available liposomal inhalation solution, LipoAerosol® (Optima, Moosburg-
/Wang, Germany), was nebulized additionally to the surface modified DPPC : cholesterol
liposomes for comparison.

This inhalation solution consists of a physiological saline concentration (=~ 0.8 %) and
phospholipid liposomes (especially phosphatidylcholin). Its purpose is to moisten the
upper and lower airways and to support the natural surfactant. LipoAerosol® is sold

without prescription.

2.3 Materials and methods
2.3.1 Experiment design

Each of the three formulations was nebulized with each of the three nebulizers. The whole

procedure was performed three times as follows:

Preparation of the three different liposomal formulations. (see chapter 2.3.3)
Separation of liposomes from non-encapsulated fluorophore. (see chapter 2.3.4)

Determination of the lipid concentration (see chapter 2.3.5) and dilution to 1 mg/ml.

Ll

Measurement of (-potential (see chapter 2.3.5), liposome size (see chapter 2.3.5) and

fluorescence intensity. (see chapter 2.3.5)

5. Nebulization of each of the 3 formulations with each of the 3 nebulizers. (9 nebu-
lizations, see chapter 2.3.6)

6. Measurement of liposome size (see chapter 2.3.5), fluorescence intensity (see chapter

2.3.5) and lipid concentration (see chapter 2.3.5) in aerosol and remainder.
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Nebulization studies with the M-neb® were performed twice.
Additionally to the given procedure, commercial LipoAerosol® was nebulized and charac-

terized concerning liposome size and lipid concentration.

2.3.2 Materials

DPPC, cholesterol, DPPE-PEGy0, and DOTAP were purchased from Avanti Polar
Lipids (Alabaster, USA). ANTS and DPX were purchased from Sigma-Aldrich (Vienna,
Austria). All other chemicals were purchased from Carl Roth (Karlsruhe, Germany).

The applied nebulizers were the MicroDrop MasterJet® air-jet nebulizer (MPV Truma,
Putzbrunn, Germany), the Optineb®-ir ultrasonic nebulizer (Nebu-Tec, Elsenfeld, Ger-
many), the eFlow® rapid vibrating mesh nebulizer (Pari, Starnberg, Germany), and the

M-neb® vibrating mesh nebulizer (Nebu-Tec, Elsenfeld, Germany).

2.3.3 Preparation of liposomes
Liposomes were prepared according to the lipid hydration method [1]:

1. Lipid composition:
The stock solutions were prepared in chloroform : methanol (2:1, v/v). From these
stock solutions the three formulations given in table 1 were prepared, with a total
lipid mass of 18.4 mg/ml. The concentration of cholesterol is 3.4 mg/ml for all three

formulations.

Table 1: The three liposomal formulations and their lipid composition (y is the mole
fraction).

Formulation DPPC cholesterol DPPE-PEGyy,, DOTAP
xin%  xin % y in % Y in %

F1 70 30 - -

F2 66.2 31.8 2 -

F3 59.3 31.7 2 7

The lipid mixtures were vortexed and the organic solvent was evaporated under a

stream of nitrogen. Probes were completely dried in a vacuum chamber overnight.

2. Rehydration
Each dry film was rehydrated with 1 ml buffer (pH 7.4), which was prepared accord-
ing to table 2.
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Table 2: Components of the rehydration buffer.

HEPES* NaCl ANTS DPX
mM mM mM mM

Rehydration buffer I 10 68 12.5 45
Rehydration buffer IT (no ANTS/DPX) 10 140 - -

The rehydration buffer II was used when no ANTS/DPX leakage assay was per-
formed (experiment II). Formulations were incubated at 52 °C for 2 hours and vor-
texed every 15 minutes for 1 minute. 52°C were chosen because 41°C is the phase
transition temperature of DPPC and Kleemann et al (2007) determined a phase
transition temperature of 53°C for DPPC: cholesterol [38]. The probes were pro-
tected from light, in order to avoid photobleaching of the fluorophore.

3. Extrusion
Probes were extruded with a mini extruder (Avanti Polar lipids, USA), which was
heated to 52 °C. The polycarbonate membrane had a pore size of 100 nm (Whatman,
Dassel, Germany) and probe was pressed through it 41 times. Afterwards a size-
check was performed (see chapter 2.3.5). If liposomes were larger than 200 nm or

polydispersity index was higher than 0.2, extrusion was repeated.

For extended storage, liposomes were stored at 4 °C, protected from light.

2.3.4 Separation of liposomes from non-encapsulated fluorophore

Liposomes were separated from non-encapsulated fluorophore with gel filtration chro-

matography (size exclusion).

1. Preparation of the column
Plastic columns with a height of 14 cm and a width of 1.5 cm (Econo-PacR 10DG
Desalting Columns, Bio-Rad Laboratories, Hercules, USA) were emptied and filled
with soaked Sephadex G-75. A small portion of sodium azide was added to prevent
bacterial growth. Two frits (membranes) were used to enclose the soaked Sephadex.
A 10mM HEPES buffer with 140 mM NaCl (pH 7.4) was used for swelling the gel

and purification of liposomes.

2. Purification
First the column was washed twice with elution buffer (the HEPES buffer mentioned

above). When the buffer reached the upper frit, 1 ml probe was pipetted into the
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column. Short time afterwards, when the probe reached the upper frit, buffer was
filled into the column. Drops were collected in 1.5 ml microcentrifuge tubes (Ep-
pendorf, Hamburg, Germany) at the bottom of the column. The turbid, liposomes

containing fractions were visually determined and pooled.

2.3.5 Measurements (Size, concentration, fluorescence, (-potential)

Size measurement of liposomes. Size measurement was performed via dynamic light
scattering (DLS) with a zetasizer 3000HSA (Malvern Instruments, Herrenberg, Germany).
The 10 mW helium-neon laser operated at a wavelength of 632.8 nm. The temperature was
25°C. The result consists of two values. The Z-Average, which is the intensity weighted
mean hydrodynamic diameter, and the polydispersity index (PDI), which is a dimension-
less measure of the broadness of the size distribution. The PDI ranges from 0 (monodis-
pers) to 1 (polydispers). For the measurement samples were diluted to a lipid concen-
tration of approximately 1ng/ml with bidistillated, filtrated (0.02 pm filter, Whatman,

Dassel, Germany) water.

Lipid concentration determination. The lipid concentration was calculated from
the phosphatidylcholine (PC) concentration, according to the molar ratios of each formu-
lation. The PC content was determined with the enzymatic colorimetric Phospholipide
FS" set from DiaSys (Holzheim, Germany) [39]. The principle is as follows:

Two reagents (reagent 1: TRIS® buffer (pHS8.0), TBHBAS, choline oxidase, detergents
and stabilizers; reagent 2: TRIS buffer (pH8.0), 4-Aminoantipyrine, peroxidase, phos-
pholipase D, detergents, stabilizers and preservatives) are added to the samples. Those

reagents generate a chinone dye, depending on the PC concentration [39]:

phosphatidylcholine + H,0  £iowhelipaseD,

choline + 2 O, + H,O
2 H504 + 4-aminoantipyrine + TBHBA

choline 4 phosphatidic acid
betaine + 2 Hy O,
chinone dye + 4 H,O

choline oxidase

peroxidase

The absorbance of the dye in the samples and in a phospholipid standard was measured
with a Hitachi U2000 spectrophotometer (Hitachi High-Technologies, Krefeld, Germany)
at a wavelength of 570 nm. The detailed procedure was as follows:

e addition of reagent 1 to the samples

e incubation of the samples at 37° C for 5 minutes

e measurement of absorbance 1

Stris(hydroxymethyl)aminomethane
62,4,6-tribromo-3-hydroxybenzoic acid
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e addition of reagent 2
e incubation at 37° C for 5 minutes
e measurement of absorbance 2
Each measurement was done in duplicates. The corresponding equations can be found in

section 2.3.7.

Fluorescence intensity measurement. Fluorescence was measured with a SPEX
FLUOROMAX-3 (HORIBA Jobin-Yvon, Unterhaching, Germany), which has a Xenon
arc lamp as a light source. All measurements were conducted at 37 °C and with a slit size
of 5 nm for both filters. The time settings for the spectra measurements (of ANTS/DPX)

and the fluorescence intensity measurements can be seen in table 3.

Table 3: Time settings for fluorescence measurements in experiment I.

without Triton X-100" after addition of Triton X-100"

tint;egration trepetition ttotal tinteg;ration trepetition ttotal

S S S S S S

Spectra measurements 0.1 - - - - -
Fluorescence intensity 0.1 2 160 0.1 2 160

An 101-QS 10x 10 mm quartz cuvette (Hellma Analytics, Miillheim, Germany) was used
in the measurements. Samples (25 pl) were diluted in 2ml HEPES buffer (10 mM HEPES,
140 mM NaCl, pH 7.4).

The excitation spectrum of ANTS/DPX was measured with a fixed emission wavelength
filter of 530 nm. The excitation wavelength filter was altered from 250 to 460 nm in 1nm
steps.

The emission spectrum was measured with a fixed excitation wavelength filter of 360 nm
and the excitation wavelength filter was altered from 400 to 650 nm. The concentrations
of ANTS and DPX in the spectra measurements before dilution were the same as in the

remaining experiment I.
In experiment I excitation wavelength filter was set to 360 nm, emission filter to 530 nm.

Measurements were repeated after the addition of 10 pl 10% Triton X-100" . Each sample

was measured at least twice.
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(-potential measurement (of liposomes). The (-potential was measured with a ze-
tasizer NanoZS/ZEN3600 (Malvern Instruments, Herrenberg, Germany), which combines
an electrophoresis and a laser doppler velocimetry. Measurement was conducted with a
folded capillary cell (Malvern Instruments).

Liposomes were prepared without NaCl for the (-potential measurement. NaCl free
columns were used for the separation of liposomes from non-encapsulated fluorophore.
Probes were diluted to a final lipid concentration of 0.3 mg/ml with 2mM CsCl and 2mM
HEPES.

2.3.6 Nebulization set up

The idea was to collect the nebulized aerosol droplets in a 50 ml falcon tube (Greiner Bio
One, Kremsmiinster, Osterreich), which is being cooled to 4 °C by a condensate collecting
system (TURBO-DECCS, Parma, Italy). The falcon tube and the nebulizer were con-
nected with a 30 cm long plastic pipe. Since the nebulizers have different airflow rates,
a compressor (DeVO/MC 29, DeVilbiss Healthcare, Mannheim, Germany) to enhance
airflow (for low flow rate Optineb®-ir) or an additional collecting vessel (for high flow
rate MicroDrop MasterJet®) were applied. Figure 14 shows the set up for the different

nebulizers.

(a) eFlow® rapid (b) MicroDrop MasterJet® (c) Optineb®-ir

Figure 14: The nebulization set up for the nebulizers. Power supply and compressor for

the Optineb®-ir are not shown.

Each nebulizer reservoir was filled with 3 ml of liposomal suspension and 2 ml thereof were
nebulized. Therefore the nebulizers were weighed before and after nebulization. The fluid

that is retained in the reservoir within the nebulizer is referred to as the ,,remainder .
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2.3.7 Equations and calculations

The mass of each lipid for each formulation was calculated with equation 3 and the help

of the mole fractions in table 1.

Miipid = % * Meotal (3)
n=lipids
Wiipid
Miotal mass of all lipids together (18.4mg)
M molar mass
Wit mass fraction of the lipid
X mole fraction

The PC concentration in the Phospholipide FS" test was calculated according to the

manual [39]:
mg A Al
Cphospholipids [W] - ﬁ * Cstandard (4)
Cstandard PC concentration of the standard. (3.1 mg/ml)
AAgample Difference of second (A2) and first (A1) absorbance measurement.
(Azsample - Alsample)
AAgtandard A2 andard - Algtandard. Since simultaneous absorbance measurements

were not possible, the absorbance of the standard was measured before
and after the samples. The values for A1 and A2 were obtained by

linear interpolation of the original measured values.

The total lipid concentration was calculated from the PC concentration, according to the

molar ratios of the formulations given in table 1.

CDPPC
c = . g My« Xn )
el T M ppc - XDPPC X (5)

N n=lipids )
Ci;ortal M:ortal
XDPPC mole fraction of DPPC.
CDPPC DPPC concentration.
Ci_total total molar concentration.
Ciotal total lipid concentration.
Mpppc molar mass of DPPC.
Mioial total molar mass.
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Note: The mass fraction of cholesterol is the same for all formulations. Thus the men-
tioned 1mg/ml lipid concentration in this thesis is the value for all lipids except choles-

terol. The total lipid concentration including cholesterol was actually 1.24 mg/ml.

The relative lipid concentration in aerosol and remainder was calculated by dividing the

concentration with the initial (start) concentration according to equation (6).

c
¢ [%] = = - 100 (6)
Cs
Ct lipid concentration in aerosol or remainder.
Cs lipid concentration at the start.

Encapsulation is the ratio of the fluorescence intensity increase due to the addition of
Triton X-100"to the overall fluorescence intensity after addition of Triton X-100""

It — 1,
encapsulation [%] = —— - 100 (7)
T
I; fluorescence intensity of probe before the addition of Triton X-100"".
It fluorescence intensity after the addition of Triton X-100".

The total fluorescence intensity in fig 16 is the fluorescence intensity (of aerosol or re-
mainder) after the addition of Triton X-100" divided by the fluorescence intensity before
nebulization (with Triton X-100"):

I
Liotar [%] = == - 100 (8)
Is
Is fluorescence intensity of the sample at the start (before nebulization)

after the addition of Triton X-100".

The leakage is usually calculated according to equation (9). This equation is widely used
in ANTS/DPX leakage assays [7, 8, 13, 14].

I, — I
leakage [%)] = = =100 (9)
Is — I
I fluorescence intensity of the sample at the start (before nebulization),

without Triton X-100".

Equation 9 is applied when the concentration does not change. In the case of nebulization,
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concentrations of liposomes and fluorophore do change. This is why the author introduced

the correction factor (Is/It). The modified equation (10) is as follows:

I
o (B
ge (%] = A 100 (10)
S — 1Is

2.3.8 Statistical analysis

Experiments were carried out three times. If not, the number (n) of experiments is stated.
In the tables values are presented as mean + standard deviation (SD). In the bar charts
the error bars show minimum and maximum values. An Analysis of Variance (ANOVA)
or a student’s t-test was performed to determine statistically significant differences be-
tween the means of two or more groups. Differences were considered as significant if their
statistical probability was higher than 95 % (o = 0.05).

An one-way ANOVA was applied before nebulization for analysis of size, PDI, and
encapsulation (parameter = formulation).

The two-way ANOVA with repetition was applied after nebulization for PDI, size
change, concentration, leakage and total fluorescence intensity (parameters = formula-

tion, nebulizer).

A pairwise t-test was applied to size (pair: before and after purification), once again to
size (pair: before nebulization and after nebulization), and leakage analysis (pair: aerosol

and remainder).

If the one-way ANOVA showed differences between the groups, 3 student’s t-tests with
same variances were used to compare the three groups with each other. A Bonferroni
correction was made (o = «/3) and a group was considered to be either bigger or smaller
if the one tailed p-value (p’) was below /. The same was done for the two-way ANOVA:
If there were differences, groups were pooled regarding the concerning parameter and
compared to each other. For example if the two-way ANOVA resulted in a p-value below
a concerning the nebulizers, then the three formulations which were nebulized with the
same nebulizer were pooled and compared with the pooled formulations nebulized by the

other nebulizers.

Furthermore the Pearson correlation coefficient was determined between PDI and leakage.

Results of the M-neb® in the first experiment (n<3) were not analyzed.
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2.4 Results

2.4.1 Characterization of liposomes before nebulization

In the spectra measurements the peak excitation of ANTS/DPX could be detected at

359 nm, the peak emission at 515 nm.
The characteristics of the liposomal formulations before nebulization are shown in table 4.

Table 4: Liposome characteristics before nebulization.

hydrodynamic diameter PDI (-potential  encapsulation efficiency
nm 1 mV %
F1 165 + 5 0.0 £0.01 —-36.2+ 1.1 T4+ 4
F2 140 + 8 0.06 £0.02 — 0.3 84 + 1
F3 142 + 6 0.07 £ 0.04 14.8 £ 0.7 73 £ 2

Size. After preparation F1 liposomes were larger than F2 (p<0.001<a’, n=4) and F3
(p<0.001<a/, n=4) liposomes, even though all liposomes were extruded through a 100 nm
filter.

Purification with the column had no significant influence (p=0.28>c, n=9) on the size.

The liposomes from commercial LipoAerosol® had a hydrodynamic diameter of 91.5 nm.

PDI. After preparation there was no significant difference between the formulations

concerning the PDI (p=0.76>«). All liposomes were highly monodispers.

(-potential. The third liposomal formulation, which contains the cationic lipid DOTAP,
had a positive (-potential. Two measurements concerning F2 had to be excluded, because
a very small peak was detected at the lower end of the measurement scale. This peak
distorted the result completely. The huge peak around 0 mV which appeared in all the

F2 measurements was considered to be correct.
Encapsulation. F2 liposomes had the highest encapsulation after preparation, 84 + 1 %.

The difference was not significant compared to F1 liposomes (p=0.022>¢’, n=4) but sig-
nificant compared to F3 liposomes (p=0.005 <=a/, n=4).
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2.4.2 Nebulizer transport efficacy

Output. Nebulization time and output were similar for all liposomal formulations and

are shown in table 5.

Table 5: Nebulization time and liquid output of the nebulizers. (n=3)

nebulization time output output per time
min mg mg - min !
eFlow® rapid 3.0+0.3 700 £ 60 230 £ 20
MicroDrop MasterJet® 9.5 1500 £ 80 160 + 10
Optineb®-ir 20.0 1600 £ 100 80 £+ 10

The difference between the output of liposomal suspension at the mouthpiece (emitted
dose) and the nebulized 2ml, condensed at the walls inside the nebulizer. 300-500 pl of
the aerosol which left the mouthpiece could be collected within the condensation chamber
(delivered dose). The rest condensed at the connecting pipe or vanished into the air. In
the eFlow® rapid approximately 1 ml condensed in the mixing chamber between mesh and
mouth piece.

Concerning both, nebulization time and output per minute of liposomal suspensions, the

eFlow® rapid nebulizer is the most effective one, the Optineb®-ir the least.

Lipid concentration. Figure 15 shows that the Optineb®-ir was the least efficient

nebulizer concerning liposome transport.
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aerosol remainder aerosol remainder aerosol remainder
eFlow® rapid MicroDrop Masterlet® Optineb®-ir
(Vibrating mesh) [Air-jet) (Ultrasonic)

Figure 15: Mean concentration of lipids in aerosol and remainder. (% of start concen-

tration, n=3, error bars show min/max.)
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Aerosol: The concentration of lipids in the aerosol from the Optineb®-ir was very low com-
pared to the eFlow® rapid (p'<0.001<«’) and the MicroDrop MasterJet® (p'<0.001<c’).
There was no significant difference between the formulations (p~0.05>a).

Remainder: There were neither differences concerning formulations (p=0.76 >«) nor neb-
ulizers (p=0.26>a).

Total fluorescence intensity. The total fluorescence intensity is the fluorescence in-
tensity after addition of Triton X-100". Since most of the fluorophore is still encapsulated
after nebulization, the total fluorescence intensity is linked to the lipid concentration.

Fluorescence intensity was lowest in the aerosol of the Optineb®-ir, as shown in figure 16.
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eFlow® rapid MicraDrap Masterlet® Optineb®-ir
{Vibrating mesh) [Air-jet) {Ultrasonic)
. . . o . . ™ .
Figure 16: Mean fluorescence intensity after addition of Triton X-100 | relative to start
value; n=3, error bars show min/max.

Aerosol: In the aerosol of the eFlow® rapid, a higher fluorescence intensity than in the
aerosol of the MicroDrop MasterJet® could be detected. Furthermore aerosol of those two
nebulizers exhibited a higher fluorescence intensity than the aerosol of the Optineb®-ir
(p'<0.001<¢’ for all 3 comparisons).

Remainder: A lower fluorescence intensity was detected in the remainder of the eFlow®
rapid compared to the MicroDrop MasterJet® and the Optineb®-ir (p'<0.001<«’ for both

comparisons).
LipoAerosol®. The PC concentrations of LipoAerosol® in aerosol and remainder after

nebulization are shown in table 6. A comparison with fig 15 shows, that the liposomal

transport efficiency depends on the nebulizer device, not the liposomal formulation.
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Table 6: PC concentration of LipoAerosol® in aerosol and remainder, n=1. (% of start
concentration)

aerosol remainder

cin % cin %
eFlow® rapid 111 102
MicroDrop MasterJet® 75 108
Optineb®-ir 32 101

The initial PC concentration was measured as 8.2mg/ml and should be 10 mg/ml, ac-

cording to the description.

2.4.3 Nebulization: Stability of liposomes

Size change. The size of liposomes after nebulization was compared with the size before
nebulization and marked with an asterisk (*) if there was a significant difference. Figure 17

shows the size change. In general, changes in size were minor.
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Figure 17: Mean size change of liposomes due to nebulization; n=3, error bars show

min/max.

Aerosol: F3 Liposomes became larger (p=0.022<q for all) after nebulization with the Mi-
croDrop MasterJet®. F3 liposomes had a larger size increase than F2 and F1 liposomes
(p<0.001<« for both).

Remainder: F2 (p=0.041<a) and F3 (p=0.028<«) liposomes became smaller during neb-
ulization with the eFlow® rapid. In general liposomes nebulized with the vibrating mesh

nebulizer showed the biggest decrease in size in the remainder, compared with the air-jet
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(p=0.001<a’) and the ultrasonic nebulizer (p= 0.001<a/).

Liposomes of LipoAerosol® increased by 0.3nm, when nebulized with the eFlow® rapid
(n=1).

PDI. The surface modified liposomes had a wider size distribution after nebulization,

as shown in figure 18.
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Figure 18: Mean PDI of liposomes after nebulization; n=3, error bars show min/max.

Aerosol: F3 liposomes had a wider size distribution than F1 (p=0.001<ca’) and F2
(p=0.012<a’) liposomes. There was interaction (p=0.028<a) between formulation and
nebulizer, which means that special combinations (for example eFlow® rapid and F3) have
a huge impact on the PDI.

Remainder: F3 liposomes had a higher polydispersity than F1 (p=0.001<a’) and F2
(p=0.008<a’) liposomes, like in the aerosol.

The correlation coefficient between leakage and PDI in the aerosol is 0.90 (n=33, all 4
nebulizers). If one outlier is excluded, the coefficient is even 0.94. The similarity between
leakage and PDI can be seen in fig 18 and fig 19. The correlation coefficient for leakage
and PDI in the remainder is 0.80.
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Leakage. The leakage of ANTS/DPX was lowest with the unmodified F1 liposomes, as

shown in figure 19.
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Figure 19: Mean leakage of the initially encapsulated fluorophore; n=3 error bars show

min/max.

Aerosol: The highest leakage was seen with F3, the smallest with F1 liposomes. The dif-
ference between the formulations was significant (p<0.002<q’ for all three comparisons).
Remainder: Leakage from F1 liposomes was smaller than leakage from F2 and F3 lipo-
somes (p<0.002<a’ for both comparisons).

A pairwise comparison of aerosol and remainder revealed, that leakage was larger in the

aerosol than in the remainder of the Optineb®-ir (p=0.003<«).

2.4.4 Comparison of the two vibrating mesh nebulizers

The results of the eFlow® rapid in this chapter (n=3) are the same as in the previous
chapter. They were reprinted in this chapter to enable direct comparison with the M-neb®
(n=2).

Nebulization time and output It took the M-neb® approximately 10 minutes to
nebulize 2 ml of the liposomal suspensions. The nebulization time fell to approximately 6
minutes, when the nebulization set up was changed and the aerosol was collected straight-
forward with the condensate collecting system without any plastic pipe in between. The

output was approximately 1800 mg.
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Lipid concentration. Both vibrating mesh nebulizers showed a high efficacy to trans-

port liposomes, as presented in figure 20.

Figure 20:
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error bars show min/max.)

Total fluorescence intensity. The total fluorescence intensity, which is linked to to

liposomal transport, shows that the M-neb® is very efficient, as shown in figure 21.

Figure 21:
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Size change. In the aerosol, F3 liposomes nebulized with the M-neb® showed a big

increase in size, as shown in figure 22.
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Figure 22: Mean size change (n=3 for eFlow® rapid and n=2 for M-neb®; error bars

show min/max.)

Leakage. Leakage from liposomes was approximately the same for both vibrating mesh

nebulizers, as shown in figure 23.
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Figure 23: Mean leakage of initially encapsulated fluorophore (n=3 for eFlow® rapid and

n=2 for M-neb®; error bars show min/max.)
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2.5 Discussion
2.5.1 Characterization of liposomes before nebulization

Spectra. In the spectra measurements the ANTS/DPX concentrations as in experiment
I were used. The concentration was not altered in order to avoid artifacts which might
appear due to high concentrations. However the concentration was too low to get a satis-
factory signal to noise ratio. Thus the slit size was increased from 1 to 5nm, the same slit
size which was used in the other measurements. This caused smoothing and may slightly
shift the peak wavelengths. Spectra were lamp corrected. The background fluorescence
intensity from the buffer was not subtracted due to a poor signal to noise ratio. In all
further measurements excitation and emission wavelengths were set to 360 and 530 nm,
respectively. Emission wavelength filters with 530 nm are widely used in ANTS/DPX ex-
periments [7-10]. Further literature research revealed, that there are several studies with

an emission wavelength filter set to 520 nm [11-15].

Size. The particle size is given in terms of the hydrodynamic diameter which was mea-
sured with dynamic light scattering. The hydrodynamic diameter depends on the transla-
tional diffusion coefficient. It is the way a particle diffuses within a fluid. The translational
diffusion coefficient of the particle depends on the core, the lipid concentration, and type
of ions in the medium. The hydrodynamic diameter might differ from the ,core“ diam-

eter, as shown in figure 24. This might be the reason, why all formulations were larger

~~_—— Adsorbed Polymer Layer

————— Hydrodynamic Diameter

Figure 24: The hydrodynamic diameter

than 100 nm after an extrusion through a 100 nm filter. The second explanation is, that

liposomes might not be spherical, but elongated.

Opposed to the explanation with the hydrodynamic diameter is the finding that the

incorporation of DPPE-PEG decreased size of liposome, as shown before in table 4. This
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finding is confirmed by a previous study:

Kleemann et al (2007) showed that the incorporation of DPPE-PEG reduces size of
DPPC : cholesterol liposomes. After extrusion through a 400nm filter, liposomes had
diameters of approximately 400 (without DPPE-PEG) and 250 nm (with DPPE-PEG)
(38].

Furthermore Cinelli et al (2007) showed that the incorporation of DOTAP decreases size

of DPPC structures in aqueous solutions [40].

Encapsulation. The calculated encapsulation at the start, after removal of the non-
encapsulated fluorophore with chromatography column, was not 100 % as one could as-
sume. The fluorescence which could be detected without addition of Triton X-100" was on
one hand from the background (lipids and buffer). This accounted for approximately one
third of the fluorescence. On the other hand fluorescence probably came from fluorophore
which was attached to the outer side of the liposomes or the PEGylation. The second
formulation, F2, showed a higher encapsulation than the other two formulations. This
might be due to the neutral (-potential. The potential of F1 and F3 liposomes might
influence polyanionic ANTS and cationic DPX.

2.5.2 Nebulizer transport efficacy

The MicroDrop MasterJet® was always turned on for 9:30 minutes and the Optineb®-ir
was always activated 30 times, and thus both ran always for the same time. The eFlow®
rapid was the only nebulizer which had varying nebulization times, because it stops auto-
matically when just 1 ml is left inside. The output rates were similar for all formulations.

The vibrating mesh nebulizers were the most efficient nebulizers.

The nebulization set up causes a high air resistance. At least for the eFlow® rapid and
the MicroDrop MasterJet®. The air resistance might be the reason, why the output
rates in the experiment were lower than specified in the corresponding manuals. (Man-
uals: 500 mg/ml for the eFlow® rapid, >400 mg/ml for the MicroDrop MasterJet®, and
500 mg/ml for the Optineb®-ir.) When a patient inhales, probably hardly any conden-
sate is collected inside the eFlow® rapids mixing chamber. When the codensate inside
the mixing chamber is considered as output, then the output rate of the eFlow® rapid is

570 mg/ml.
The ultrasonic nebulizer, the Optineb®-ir, was unable to transport liposomes efficiently.

The lipid concentration was very small in the aerosol produced by the ultrasonic nebulizer.

In the remainder, concentration was slightly higher, compared to the start concentration.

32



We assume that the missing difference might be stuck to the walls inside the nebulizer
and the connecting tube (approximately 1 mg lipids).

In contrast, the vibrating mesh nebulizers transported almost all liposomes.

The lipid concentration measurement with the Phospholipids FS" set resulted in high
standard deviations. However, it can be excluded that the concentration of ANTS/DPX
influenced the result, because ANTS/DPX is not excited at 570 nm. A probe with solely
ANTS/DPX yielded a lipid concentration of zero.

The fluorescence intensity after addition of Triton X-100" is a measure for the overall
amount of fluorophore in the sample. Since most fluorophore is enclosed in the liposomes,
the total fluorescence intensity might be a better indicator for liposome transport than
the concentration determination with the Phospholipids FS™ set, because the total fluo-
rescence intensity measurements had smaller standard deviations than the concentration

determinations (see fig 15 and fig 16).

2.5.3 Nebulization: Stability of liposomes

The surface modifications (incorporation of DPPE-PEGs and DOTAP) decreased the
stability of the liposomes.

In a simulation study Tieleman et al (2002) showed that DPPC bilayers are stable up to
a lateral pressure of —2 - 10" N/m? or an electric field of 0.5V /nm [41].

PDI. The PDI after nebulization correlated highly with the leakage, in particular in
the aerosol. Correlation was higher for the absolute PDI than the PDI change. The
PDI is easier to determine than the leakage, because no fluorophore is needed, no column
chromatography and no fluorescence measurement. This method (just determining the
PDI instead of the leakage) is probably a fast and good estimate for the stability of new

formulations.

Leakage. There are several explanations, why aerosol and remainder might differ con-
cerning leakage. At the beginning there is no leakage in the remainder and a certain
leakage in the aerosol. The nebulization process will alter the leakage in the remainder,
on one hand directly (for example alternating pressure against the fluid from the vibrating
mesh) and on the other hand indirectly. (Lots of droplets in the air-jet and ultrasonic
nebulizers are ,recycled “ back into the remainder by the baffles due to a big size.) Thus
the leakage in both, aerosol and remainder will rise with time. The running time of the

nebulizer and thus the amount of liquid left in the remainder has probably big influence
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on the leakage (little amount left - big leakage and vice versa). The leakage in the aerosol
of the Optineb®-ir was higher than in the remainder. This might be due to preferential
transport of small, non-encapsulated fluorophore over big liposomes. One indication was
the low concentration of liposomes in the aerosol (in contrast to the other nebulizers) and

a good transport efficiency of small molecules.

In this study the average leakage from F1 liposomes was very small and seemed to be
nebulizer independent. In contrast, the leakage of F2 and F3 liposomes differed among
the nebulizers. The difference concerning leakage among the formulations was largest for
vibrating mesh nebulizers. Hence it seems that vibrating mesh nebulizers have a larger

impact on the stability than other nebulizer types.

Recently two studies were conducted which compared different nebulizer types with each
other:

Kleemann et al (2007) nebulized liposomes made of DPPC: cholesterol and liposomes
with additional PEGylation. They enclosed carboxyfluorescein (CF) and determined its
leakage. Leakage was approximately 30 % for liposomes without PEGylation and 50 %
for liposomes with DPPE-PEG. They assume that PEGylation causes membrane defects
and results in a lower phase transition temperature, which makes liposomes less stable
(38].

Elhissi et al (2012) nebulized liposomes made of DPPC: cholesterol and compared them
with ultradeformable liposomes. They measured the leakage of salbutamol sulfate, which
was over 30 % for conventional liposomes [42].

In both studies the lowest disruption was achieved with a vibrating mesh nebulizer. This
result cannot be confirmed. However, different vibrating mesh nebulizers were used in all
studies. This makes results difficult to compare. Moreover leakage rates were smaller in
my study (<10 % for DPPC: cholesterol liposomes), this might be due to smaller lipo-
somes. Larger liposomes (Kleemann: 250-400 nm; Elhissi: 4-6 ym) are likely to be more

affected by nebulization.

2.5.4 Comparison of the two vibrating mesh nebulizers

Both vibrating mesh nebulizers showed high liposome transport efficacies and similar
leakage rates. Since nebulization with the M-neb® was only performed twice (n=2),

results were not further analyzed.
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3 Aerosol droplet size dependencies (experiment II)

3.1 Summary

In this experiment the influence of liposome surface properties and different NaCl con-
centrations on the aerosol droplet size were determined. The surface modifications of the
liposomes had no influence on the aerosol droplet size. In contrast the NaCl concentra-
tion had an impact. Higher NaCl concentrations decreased the droplet size. All measured

aerosol droplets were in the desired range between 1 and 5 pm.

3.2 Introduction

Deposition mechanisms. Deposition of aerosol droplets in the respiratory tract de-
pends on three main mechanisms. Those are impaction, sedimentation and diffusion. Two
further, minor mechanisms are interception and electrostatic forces. All mechanisms are

depicted in figure 25.
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Figure 25: Mechanisms of droplet deposition [43].

Diffusion caused by Brownian motion leads to an attachment of the droplets to surround-
ing walls.

Impaction affects large droplets and means that those droplets have such a large momen-
tum that they cannot follow the airflow when it changes direction. Large droplets are
impacted at the upper airways.

Sedimentation means that droplets sink and deposit due to gravitational forces.
Sedimentation and diffusion happen mainly to small particles. Breathing pattern, indi-
vidual anatomy of the lung (old person vs young person) and the aerosol droplet size
generated by a nebulizer influence deposition [18].

Patients can reduce impaction if they inhale slowly. They can increase sedimentation of

small particles when they inhale deeply and hold breath.
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Aerosol droplet size. The aerosol droplet size is influenced by the nebulizer itself
and physical properties of the formulation, mainly surface tension, viscosity, and ion
concentration [30, 44, 45]. Temperature and air humidity influence the physical properties.
Shortly after atomization water evaporates into the air, depending on temperature and
air humidity. Evaporation decreases the aerosol droplet size and increases the lipid and
ion concentrations in the remaining droplet [26].

With a shift in the aerosol droplet size, the place of deposition in the respiratory tract
can be influenced. The human respiratory tract and the droplet deposition distribution

therein are shown in the figures 26 and 27. Liposomes, which need to be deposited in the

nasal cavity

upper respiratory ﬁ
tract
larynx

oesophagus

trachen -

bronchi :EC'%

lower respiratol ,
tract P T bronchioles

alveolar sacs -
(gas exchange region)

Figure 26: Anatomy of the human respiratory tract. The gas exchange happens in the

alveoli, which outcrop from alveolar sacs [46].
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Figure 27: The relationship between aerodynamic diameter and lung deposition [23, 47].

36



lower lungs, have to be transported in aersosol droplets with sizes below 5pm [18, 19].

Influence of viscosity. Viscosity influences the liquid flow rate which influences the
aerosol droplet size slightly [44, 48]. The holes in the membrane of vibrating mesh neb-
ulizers and the capillary fluid feeding tube in air-jet nebulizers can be approximated
with a cylindrical tube. The fluid flow rate through those tubes can be calculated with
Peuseuille’s law (equation 11). The assumption is that the flow is laminar and the fluid

is Newtonian.

A Pr*
Sl (11)

Where r and [ are radius and length of the tube, AP is the pressure drop, and 7 is the

Q=

viscosity of the fluid. Thus the output is supposed to get less for higher viscous fluids
(30].

Influence of surface tension. The surface tension of a fluid can be measured with a
stalagmometer. A stalagmometer is basically a capillary glass tube which is open at the
bottom. The fluid falls out in the shape of drops at the bottom, when the drops reach
a certain size. The drop detaches, when its weight equals the circumference of the tube

multiplied with the surface tension (equation 12) [30].

pVag = 2w Ry (12)

Where Vj is the volume of the drop, p is the density, and g is the gravitational acceleration.
Thus a higher surface tension should yield to larger aerosol droplets. However, concerning

nebulizers, findings have been conflicting [25].

Influence of ion concentration. Liquids build an electric double layer, when adjacent
to a charged surface (for example the charged mesh aperture). While the liquid flows, the
equilibrium ion concentration distribution gets perturbed. This perturbation produces an
electric potential difference, and thus a resistance which opposes the flow. The magnitude
of the resistance to the flow can be related to the thickness of the electric double layer,
which is characterized by the Debye length Ap, given in equation 13 [30].

Mo = | —SxhT (13)

> (z€)

Where €, is the relative permittivity of the solution, ¢, is the permittivity of vacuum, k
is the Boltzmann constant, 7" is the absolute temperature, e is the elementary charge, z;

is the valency of the i’ ion, and ¢ is the concentration in molecules/m3.
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The Debye length for NaCl in water at 25°C is given in equation 14 [2]:

0.304
AD = (14)

1/ CNaCl
Where cnac is the NaCl concentration in mol/l. For example the Debye length of a
140 mM NaCl solution at 25°C is approximately 0.81nm. The Debye length of distilled

water is a few 100nm (due to impurities) [2]. Since distilled water has a higher Debye

length than saline solutions, the nebulizer output of distilled water is supposed to be lower

than the output of saline solutions.

The addition of an alkali halide salt (for example NaCl) to water inhibits bubble coa-
lescence (it is the joining of two bubbles, getting one bubble). Hence this might lead to
smaller droplets. The inhibition of coalescence can be explained with the ion distributions
at the air/water interface. Polarizable ions like C1~ show a propensity to the air/water
surface, due to specific ion effects and polarization. Nonpolarizable ions like Na™ prefer
the aqueous bulk [48].

Mass Median Aerodynamic Diameter (MMAD). Every nebulizer has to be tested
in vitro before market launch. Among others the MMAD of droplets and its Geometric
Standard Deviation (GSD) have to be specified according to the ISO 27427, the EN 13544-
1 and the ,,Guideline on the pharmaceutical Quality of Inhalation and Nasal Products,
Health Canada/ EMEA“ [49]. The MMAD is the diameter of a droplet, such that half of
the mass is contained in smaller droplets and half in larger droplets. The MMAD refers
to particles in airflow, in contrast to the Mass Median Diameter (MMD). The MMAD
can be determined by an impinger, an impactor or by laser diffraction [25]. Usually the
MMAD and the MMD are identical.
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3.3 Methods
3.3.1 Experiment design

Formulations. First the effect of the different formulations on the aerosol droplet size
was determined. The procedure which follows was performed at least twice with each

nebulizer:

1. Preparation of the three different liposomal formulations without ANTS/DPX. (see
chapter 2.3.3)
2. Determination of the lipid concentration (see chapter 2.3.5) and dilution to 1 mg/ml.

3. Measurement of the aerosol droplet size. (see chapter 3.3.2)

NaCl. When there was evidence that NaCl influences the aerosol droplet size signif-
icantly, HEPES buffer with different concentrations of NaCl was nebulized with each
nebulizer. (10mM HEPES; pH7.4; 0mM NaCl, 70mM NaCl, or 140mM NaCl) The
aerosol droplet size measurements (buffer with NaCl) were conducted three times with
all four nebulizers. All measurements and the corresponding results are listed in the

appendix.

3.3.2 Aerosol droplet size measurement

The aerosol droplet size was measured via laser diffraction with a Mastersizer 2000
(Malvern, Herrenberg, Germany). The analysis model name was ,,General purpose-fine“
and the dispersant name was ,, Water droplets“. The later had a refractive index of 1.33
and an absorption of 0.01. Measurements were carried out at a laser obscuration between
4 and 6 % at approximately 23 °C. The distance of the nebulizers to the Mastersizer de-
pended on the intrinsic air flow rates. 3ml probe were filled into the liquid reservoir and
nebulized. Measurement was started after approximately 1minute. Measurements were
conducted at different days with freshly prepared liposomal suspensions or buffers. The
result from the aerosol droplet size measurement is given as span and MMD.

The span is a measure for the broadness of the aerosol droplet size distribution and

calculated with equation 15:

d(0.9) — d(0.1)

- 15

span d(0.5) (15)
d(0.1) diameter, 10 % of the mass is in particles with a smaller diameter.
d(0.5) diameter, 50 % of the mass is in particles with a smaller diameter.
d(0.9) diameter, 90 % of the mass is in particles with a smaller diameter.
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3.3.3 Statistical analysis

A one-way ANOVA was applied for aerosol droplet size analysis (parameter = NaCl
concentration or formulation).

If the one-way ANOVA showed differences between the groups, 3 student’s t-tests with
same variances were used to compare the three groups with each other. A Bonferroni
correction was made (o/ = «/3) and a group was considered to be either bigger or smaller
if the one tailed p-value (p) was below «'.

Statistical analysis was done with Microsoft Excel 2010.

3.4 Results

3.4.1 Influence of the surface modifications

The liposomal formulations had no impact on the aerosol droplet size, as depicted in
figure 28. This was the case for all nebulizers, thus just one graph is shown (eFlow®

rapid). The results for the other nebulizers are listed in the appendix.
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Figure 28: The presence of 1 mg/ml F1, F2, or F3 liposomes in the buffer did not affect
its aerosol droplet size (p=0.29>«). (Buffer: 10 mM HEPES, pH 7.4, 140 mM
NaCl; n=3; eFlow® rapid)

3.4.2 Influence of NaCl concentration

eFlow® rapid. Figure 29 shows, that the aerosol droplet size of 10 mM HEPES buffer
(pH 7.4) nebulized with the eFlow® rapid decreased with higher concentrations of NaCl.
A concentration of 140 mM NaCl yielded to significant smaller droplets than 0 mM NaCl
(p'=0.001<c’).
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Figure 29: Aerosol droplet size with different concentrations of NaCl: eFlow® rapid;
n=3; (buffer: 10mM HEPES, pH7.4)

NaCl decreased the aerosol droplet size of TRIS buffer and water too. Table 9 in the
appendix gives an overview over the measurements conducted with all nebulizers and the

corresponding aerosol droplet sizes and distributions.

MicroDrop MasterJet®. A 140 mM NaCl (p'<0.001<¢’) and a 70 mM NaCl (p'=0.007
<) concentration in the 10 mM HEPES buffer (pH 7.4) caused smaller aerosol droplets
than a 0mM NaCl concentration, when nebulized with the MicroDrop MasterJet® (fig-
ure 30).
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Figure 30: Aerosol droplet size with different concentrations of NaCl: MicroDrop
MasterJet®; n=3; (buffer: 10 mM HEPES, pH7.4)
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Optineb®-ir. The different NaCl concentrations (0, 70, 140 mM) in the 10 mM HEPES
buffer (pH7.4) did not cause a significant difference (p=0.09>«) in the aerosol droplet
size, when nebulized with the Optineb®-ir (figure 31).
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Figure 31: Aerosol droplet size with different concentrations of NaCl: Optineb®-ir; blue
baffle plate; n=3; (buffer: 10mM HEPES, pH7.4)

M-neb®. A 140 mM NaCl concentration (p'<0.001<¢’) and a 70 mM NaCl concentra-
tion (p'<0.001<¢’) in 10 mM HEPES buffer (pH 7.4) caused smaller aerosol droplets than
a 0mM NaCl concentration, when nebulized with the M-neb® (figure 32).
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Figure 32: Aerosol droplet size with different concentrations of NaCl: M-neb®; n=3;
(buffer: 10mM HEPES, pH7.4)
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3.5 Discussion

The aerosol droplet size of HEPES buffer without NaCl was approximately the same
(4-5pm) for all four nebulizers. This size is comparable with previous findings and in
the desired range [26, 30, 50]. In a recent study from Beck-Broichsitter et al (2014) the
diameter of droplets nebulized with the eFlow® rapid fell from approximately 9 to 4 nm,
when NaCl was added [48].

The intrinsic airflow rate of the ultrasonic nebulizer was not high enough for a measure-
ment. Thus air flow was orally enhanced. This might have caused the vague results. The
output per time was not determined during the aerosol droplet size measurement, but
the output was visibly less for water and buffer without NaCl. This was already reported
elsewhere [30, 45]. Broichsitter et al (2014) reported an increasing output and an increas-

ing number of droplets emitted per second, when NaCl is added [48].

Viscosity stays nearly the same for low liposomal concentrations. This is probably why
there was no difference concerning the aerosol droplet size between buffer and liposomal
suspensions. Small NaCl concentrations do not change the viscosity either, but increase
surface tension slightly [45]. Mc Callion et al (1995) nebulized fluids with different sur-
face tension and found a small inverse correlation between surface tension and size [51].
Nevertheless there are a lot of conflicting results concerning the relation between surface
tension and aerosol droplet size [18]. It is probably the ions which have a huge impact on
size [30, 48, 52]. As mentioned before, the addition of NaCl inhibits bubble coalescence
[52]. The air-jet and the ultrasonic nebulizer use a baffle plate to recycle droplets which
are too large. Since the vibrating mesh nebulizers do not use a baffle plate, the addition
of NaCl might have a bigger influence on the final droplet size for the vibrating mesh

nebulizers.
The tested 140 mM NaCl concentration is slightly below physiological (154 mM). Most

inhalation solutions have a physiological saline concentration, among others because hy-

pertonic solutions cause bronchoconstriction [26].
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4 Stability of liposomes in Alveofact® (experiment
I1T)

4.1 Summary

In this experiment liposomes were incubated in pulmonary surfactant, in order to deter-
mine the influence of the surface modifications on stability. All liposomes were stable in

Alveofact® over the (measured) time period of one hour.

4.2 Introduction

Surfactant. Pulmonary surfactant (short form of surface active agent) consists of
approximately 80 % phospholipids, 8 % neutral lipids (cholesterol and free fatty acids)
and 12 % proteins. The surfactant adsorbs to the air-liquid interface in the small airways
and the alveoli and reduces the surface tension. The internal pressure in the small airways
is proportional to the surface tension and indirect proportional to the radius, according
to Laplace’s law shown in equation 16.

p= (16)

7
r
Where p is the internal pressure, v is the surface tension and r is the radius of the vessel.
The pulmonary surfactant reduces the pressure which is needed to open small vessels after
exhalation. Pressure is also reduced to open small alveoli, which can be approximated
as spheres (p = 2v/r). Laplace’s law and the properties of the pulmonary surfactant
help to explain the mechanics. However, a whole reduction to Laplace’s law would be an

oversimplification [53].

The pulmonary surfactant furthermore protects from injuries and infections. It is pro-

duced by type II pneumocytes [54].

Alveofact®. Alveofact® is a natural lung surfactant from bovine. It is isolated from
bovine lung lavage and then prepared by lipid extraction and precipitation steps. Those
essentially remove hydrophilic proteins, including surfactant apoprotein A (SP-A) [55].
The resulting phospholipid concentration is 41.7 mg/ml and the surfactant protein content
is approximately 1 % SP-B & SP-C [56]. SP-B and SP-C are important for adsorption and
spreading of the surfactant [54].
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4.3 Materials and methods
4.3.1 Experiment design

The experiment was as follows:

Preparation of the three different liposomal formulations. (see chapter 2.3.3)
Separation of liposomes from non-encapsulated fluorophore. (see chapter 2.3.4)
Measurement of the lipid concentration (see chapter 2.3.5) and dilution to 1 mg/ml.
Dilution of Alveofact® with HEPES buffer (10 mM HEPES, 140 mM NaCl, pH 7.4)

to a concentration of 0.5 mg/ml.

- W oo

5. Measurement of the fluorescence intensity of Alveofact® (0.5mg/ml). (see chapter
4.3.3)

6. Addition of liposomes to diluted Alveofact®. (see chapter 4.3.3)

7. Measurement of the fluorescence intensity over a time period of one hour. (see
chapter 4.3.3)

4.3.2 Materials

Alveofact® was a gift from Lyomark (Oberhaching, Germany). For the other materials

see chapter 2.3.2.

4.3.3 Fluorescence intensity measurement

Excitation and emission wavelength filter were set to 360 nm and 530 nm respectively.

The time settings are shown in table 7.

Table 7: Time settings for fluorescence measurements in experiment III.

without Triton X-100" after addition of Triton X-100"

tintegration trepetition ttotal tintegration t1repetition ttotal
S S S S S S
Fluorescence intensity 0.5 180 3600 0.1 2 60

Measurements were conducted with an 105.253-QS 10x2mm quartz cuvette at a tem-
perature of 37°C. 5pl probe with a lipid concentration of 1 mg/ml was diluted in 200 pl
Alveofact® (0.5mg/ml). After addition of 2l 10% Triton X-100" the measurement was

repeated with the time settings given in table 7.
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4.4 Results

Alveofact® has a broad emission spectrum and thus showed a high auto-fluorescence. Af-
ter addition of Triton X-100" fluorescence intensity of Alveofact® decreased in contrast to
the fluorescence intensity of liposomes which released the loaded fluorophore. The back-
ground fluorescence of Alveofact® was subtracted from the overall fluorescence intensity

of liposomes in Alveofact®. The result is shown in figure 33.

w300 7 w 300
£ g
£ 250 | —F £ 250 1 —
Z 200 —F2 £ 200
2 2
g 150 - F3 g 150 1 —F1
£ =
g 100 - g 100 - —F2
=
I — 50 - F3
p——l-—"-_-"__-‘__-—-‘_._"_‘——_-_—_. w
o o
5 0 T T T T T 1 5 0 T T T T T 1
= 0 30 60 = 0 30 60
time / min time /s
. . ™ . . ™
(a) without Triton X-100 (b) with Triton X-100

Figure 33: Time behavior of fluorescence intensity for the different, fluorophore loaded,
liposomal formulations in the lung surfactant Alveofact® (a). After one hour,
Triton X-100" was added. The fluorescence intensities after the addition of
Triton X-100" are shown in (b). (n=1)

4.5 Discussion

Anabousi et al (2006) reported that PEGylation reduces long term leakage of calcein from
transferrin conjugated DPPC : cholesterol liposomes in Alveofact® [57].

As shown in fig 33 all three liposomal formulations (F1, F2, F3) were stable in Alveofact®,
regardless of the PEGylation. The results are comparable with a study from Abu-Dahab
et al (2001) [58]. Therein DPPC: cholesterol liposomes in Alveofact® showed hardly any
leakage over a time period of 6 hours. Nevertheless there might be leakage for a longer
time period.

Freshly prepared liposomes were used, because nebulization with three different nebulizers
would have tripled the number of probes. Already nebulized liposomes might have higher
leakage rates in Alveofact® than non-nebulized samples. However the experiment was

performed once and has to be repeated before any clear conclusion can be drawn.

46



5 Conclusion

The main findings of this study are as follows.

e Liposome transport efficacy depends on the nebulizer principle.

e The vibrating mesh technology is the most efficient aerosolization technique.

e Liposome stability during nebulization depends mainly on the liposome surface mod-
ification /formulation.

e The inclusion of DPPE-PEGsgyg and DOTAP makes DPPC: cholesterol liposomes
less stable and leakier.

e PDI and leakage are positively correlated.

e Low (=~ 1mg/ml) lipid concentrations of liposomal suspensions and small surface
modifications do not influence the aerosol droplet size.
e The addition of NaCl to the liposome buffer strongly decreases the aerosol droplet

size.
e Tested liposomes are stable in Alveofact® over a time period of one hour.
Taken together, the author concludes that the vibrating mesh technique is very promising
for liposome inhalation therapy, due to its high liposome transport efficacy. Future stud-

ies will probably focus on the vibrating mesh nebulizers and on liposomal formulations

suitable for vibrating mesh nebulizers.
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Appendix

Table 8 and 9 show several measured droplet sizes. HEPES buffer (10 mM Hepes, pH
7.4) with 140 mM NaCl was nebulized in both sub-experiments, in the experiment which

tested the influence of liposomes (marked with (*) in the tables) and in the experiment

which tested the influence of different NaCl concentrations (**).

added to bidistilled water.

Table 10 shows the technical data of the nebulizers.

All ingredients were

Table 8: MMD and span of aerosol droplets generated with M-neb® and eFlow® rapid.

(mean + SD)
MMD span n
pm nm 1

a) M-neb®
0mM NaCl, 10mM HEPES, pH 7.4 5.01 £0.28 1.88 £0.38 2
0mM NaCl 5.09 +0.14 1.61 £0.44 2
0mM NaCl, 10mM TRIS, pH 7.4 5.08 1.42 1
70 mM NaCl, 10mM HEPES, pH 7.4 347 +0.92 1.61 £0.29 2
140 mM NaCl 3.08£0.87 1524014 2
154 mM NaCl 2.05 2.19 1
140 mM NaCl, 10 mM HEPES, pH 7.4 1.70 £ 0.02 1.54 £0.34 2
154mM NaCl, 10mM TRIS, pH 7.4 1.06 2.68 1

b) eFlow® rapid

0mM NaCl 528 £0.14 1.75 £ 040 2
0mM NaCl, 10mM HEPES, pH 7.4 491 4+ 043 2.02 4+ 051 3
140 mM NaCl 4.89 £0.85 240+ 0.09 2
0mM NaCl, 10mM TRIS, pH 7.4 477 1.58 1
70mM NaCl, 10mM HEPES, pH 7.4 342 4+£1.09 1.71 £0.08 3
140 mM NaCl, 10 mM HEPES, pH 7.4, 1 mg/ml F3 232+081 1644+045 3
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F2 2.24 +0.81 1.55 4+ 0.37 3
140 mM NaCl, 10mM HEPES, pH 7.4, 1mg/ml F1 212+ 081 148 +£0.37 3
154 mM NaCl 2.05 2.19 1
140 mM NaCl, 10mM HEPES, pH 7.4, (*) 172 £ 040 1.61 £0.35 2
154mM NaCl, 10mM TRIS, pH 7.4 1.44 1.16 1
140 mM NaCl, 10mM HEPES, pH 7.4, (**¥) 1.29 £ 0.61 4.64 +4.39 3
140 mM NaCl, 10mM HEPES, pH 7.4, ANTS/DPX, F1 1.24 1.07 1
LipoAerosol® 0.85 0.10 1
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Table 9: MMD and span of aerosol droplets generated with MicroDrop MasterJet® and

Optineb®-ir. (mean + SD)

MMD span n
pm pm 1

¢) MicroDrop MasterJet®
0mM NaCl 549 +£0.02 2.01 +0.60 2
154 mM NaCl 5.25 1.35 1
0mM NaCl, 10mM HEPES, pH 7.4 515+ 0.07 2.12+£0.54 3
140 mM NaCl 495 4+ 0.12 2.38 + 0.61 2
O0mM NaCl, 10mM TRIS, pH 74 4.86 1.41 1
70mM NaCl, 10mM HEPES, pH 7.4 4.57 +£0.27 2.01 £ 047 3
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F1 3.80 + 0.14 2.55 + 0.40 2
140 mM NaCl, 10mM HEPES, pH 7.4, (*) 3.78 + 0.47 2.60 £ 0.20 2
154 mM NaCl, 10mM TRIS, pH 74 3.57 1.61 1
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F3 3.42 + 0.63 2.20 £0.13 2
140 mM NaCl, 10mM HEPES, pH 7.4, ANTS/DPX, F1 3.41 2.02 1
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F2 333+ 0.76 251 + 0.45 2
140 mM NaCl, 10 mM HEPES, pH 7.4, (**) 273 +£0.35 1.65+0.09 2
LipoAerosol® 2.69 2.15 1

d) Optineb®-ir

LipoAerosol® 5.26 1.55 1
0mM NaCl, 10mM HEPES, pH 7.4 467 +£1.20 2234+054 3
0mM NaCl 439+ 1.04 214 4+0.71 2
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F3 353 £ 1.27 2314035 2
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F2 3.21 £1.61 1.97+042 2
140 mM NaCl, 10mM HEPES, pH 7.4, 1 mg/ml F1 3.14 £ 189 227 +£0.03 2
140 mM NaCl, 10mM HEPES, pH 7.4, (*) 2.99 + 1.63 2.10 +£ 0.35 2
140 mM NaCl, 10 mM HEPES, pH 7.4, (**) 255 + 1.38 2.62 £ 1.07 2
140 mM NaCl 228 +0.33 2.056£0.02 2
70mM NaCl, 10mM HEPES, pH 7.4 2.08 £ 0.40 3.48 £2.06 3
154 mM NaCl 1.93 2.13 1

23



sqNY 10 SNONUIIU0d
Sowl SurjeIqIA

%GL — 0F
0,6¢ — GT
0,07 — G-

q 11

[wo>

wil g

ur /[ g-()
ZHINT'C

>>>wﬁ ‘Xeuwn
OV A0¥2/021

ZHHGTT

(o1qeo8reyar) A GT
NE0

W86 x99 x 601
sqny

OTUOSBIYN

q 11

wil ¢
uru/Sut )<
RqcT

ZH0S 'OV A0EC

ou
8¢T
Ww 9T X911 X OF

WG9 X LTCX el
SNONUIIUOD

19[-11R
00-00¥TSIN

%€6 — GT

0,6¢ — ST

0,09 — 0T

Ad ‘11

[wg - ¢

und 173

EE\wS 00¢S

ZHY LTT

>>m.m ‘Xeuwa

ZH 09-0S DV A0¥Z — 00T
(o1qesodstp) A G TX¥
?E@w&%ﬁmb ATTIXT
E0

WW GHT X ()G X €9

WWYTTXITT X 0F
SNONUII0D

[Sowl SurjeIqiA
G00TO8LT

Lypraany are guryerod()
omjeroduwe) Suryerod()
omjeroduo) 08eIo)g

sse[d uo1300301d OLIY09[H
QUWIN[OA [[T]

AvVININ

orer jndino [elog,

oamsso1d /Aouanboig
uorjdumsuod remod Suryerod()
A1ddns 1omoJ

A10)3Rg

WSTOAN

(AX M X H) 19spueq ozig
(XM XH) [013U0D 9ZI§
opowt Suryerad()

odAT,

[PPOIN

aPU-IN T-geundQ

@ISR doX(TOIOIN

prder gmorgo

166 ‘€€ “6g] stozinqau oy Jo vyep [ROTUDAT, 0T ORI

o4



