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Abstract

This study aims to investigate the ability of proliposomes to generate liposomes for
delivery using air-jet, ultrasonic and vibrating-mesh nebulisers.

Particulate-based proliposomes successfully generated liposomes under static
conditions. Manually dispersed proliposomes generated multilamellar vesicles, with
formulation having a small effect on the liposome size. Using sucrose as a carrier,
liposomes were generated or dispersed in situ from proliposomes within the medical
nebulisers investigated. The Pari (air-jet) and the Omron (vibrating-mesh) nebulisers
produced large mass and lipid outputs with a large lipid fraction deposited in the
lower stage of a two stage impinger. The Liberty (Ultrasonic) nebuliser failed to
deliver more than 6% of the lipid employed.

Multilamellar liposomes were generated from ethanol-based proliposomes. The
resultant vesicles entrapped 62% of the available salbutamol sulphate compared to
only 1.23% entrapped by liposomes made by the thin film method. Aeroneb Pro or
Aeroneb Go vibrating-mesh nebulisers generated aerosol droplets of larger volume
median diameter and narrower size distribution than the Pari (air-jet) nebuliser.
Unlike the vibrating-mesh nebulisers, the performance of the jet nebuliser was
largely independent of formulation. A nebuliser-dependent significant loss of the
originally entrapped drug was demonstrated. A customised large mesh Aeroneb Pro
reduced the drug losses during nébulisation.

High sensitivity differential scanning calorimetry showed that the phospholipid phase
transitions and liposomal bilayer interaction with beclometasone dipropionatej were
dependent on the method of liposome manufacture. Ethanol-based proliposomes
produced liposomes having no pretransition, with a very low incorporation of the
steroid (max. 1 mole%). This was attributed to an alcohol-induced interdigitation of
the bilayers. 1 to 2.5 mole% steroid seemed to be optimal for incorporation in
liposomes manufactured by the thin film or particulate-based proliposome method.
Jet-nebulisation of particulate-based proliposomes delivered vesicles with enhanced
steroid incorporation compared to liposomes generated by manual dispersion of these
proliposomes.
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CHAPTER ONE:
INTRODUCTION
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1.1. Phospholipids

Phospholipids are amphiphilic (amphipathic) molecules having polar (hydrophilic)
headgroups and non polar (hydrophobic) hydrocarbon chains. Phospholipids are
diverse molecules with different headgroups, and different length and degree of
saturation of hydrocarbon chains. They may be divided into synthetic phospholipids
such as dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC) (Fig. 1.1), or natural phospholipids such as egg (EPC) or soya (SPC)
phosphatidylcholine.

Natural

phospholipids

comprise

a

mixture

of

phosphatidylcholines having chains of different lengths and degrees of unsaturation
(New, 1990a). Phosphatidylcholines extracted from plant sources (e.g. SPC) have a
high degree of polyunsaturation in the hydrocarbon chains (New, 1990a). Table 1.1
shows the fatty acid composition (%) in EPC and SPC.

Fig. 1.1. Chemical structure o f two synthetic phospholipids.
Dimyristoylphosphatidylcholine (DMPC):

H O

Dipalmitoylphosphatidylcholine (DPPC)

H
©
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Table 1.1. Fatty acid composition o f EPC and SPC (adapted from : New, 1990a).
Common
Systematic name of fatty acid

name of
fatty acid

Number of

Composition

carbons and

(%)

double bonds
respectively

EPC

SPC

hexadecanoic

palmitic

16,0

35.3

17.2

octadecanoic

stearic

18,0

13.5

3.8

cis-9-octadecanoic

oleic

18, 1

26.8

22.6

cis,cis-9,12-octadecadienoic

linoleic

18,2

0

47.8

cis,cis-6,9-octadecadienoic

-

18,2

5.7

0

all cis-9,12,15-octadecatrienoic

a-linolenic

18,3

0

8.6

all cis-6,9,12-octadecatrienoic

y-linolenic

18,3

0.2

0

all cis-5,8,11,14-eicosatetraenoic

arachidonic

2 0 ,4

1.0

0

all cis-5,8,11,14,17-eicosapentanoic

-

20,5

3.6

0

all cis-7,10,13,16,19-decosapentaenoic

-

22,5

1.3

0

-

2 2 ,6

12.6

0

all cis-4,7,10,13,16,19-docosahexaenoic

1.2. Liposomes

Liposomes (Fig. 1.2) are phospholipid vesicles of a size range between approx. 25 nm
and 20 pm, normally dispersed in a hydrophilic solvent such as water. Liposomes
were first observed while being studied as model biological membranes (Bangham et
al., 1965). The aqueous central compartment of liposomes or spaces between
successive bilayers may be exploited to entrap hydrophilic agents, whilst
phospholipid bilayers may entrap hydrophobic agents or be the site to which
polymers, ligands or macromolecules are attached for targeting (Kirby and
Gregoriadis, 1999). Entrapment of materials in liposomes may protect them from in
vivo metabolic degradation or clearance, and provide a sustained release or targeted
delivery system (Kirby and Gregoriadis, 1999).
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Lasic (1988) has suggested a mechanism describing the formation of liposomes.
When aqueous phase is added to a thin film of phospholipid, the hydration of the
outer monolayer predominates compared to the inner layers, resulting in the
expansion of the polar headgroups of phospholipid molecules (Lasic, 1988) and the
formation of “blisters” (Saupe, 1977). Aqueous phase penetration through these
“blisters” results in the formation of phospholipid bilayers which develop into
tubular fibrils which in turn increase the surface area in contact with the aqueous
phase. The bilayer sheets will have hydrophobic moieties of the amphiphile exposed
to the aqueous phase, which is thermodynamically unfavourable. This may compel
the bilayers to round off and form what are known as multilamellar liposomes (Lasic,
1988).

For liposomes to form, the hydration procedure must be undertaken at a temperature
significantly exceeding the phase transition (Tm) temperature of the phospholipid(s)
selected. This is the temperature at which the phospholipid membrane passes from a
tightly ordered “gel” (Lyj ) phase to the less ordered “liquid-crystalline” (L„) phase
where the flexibility of phospholipid molecules is higher (New, 1990a).

1.3. Classification of liposomes

Liposomes may be classified according to their morphology into small unilamellar
vesicles (SUVs), large unilamellar vesicles (LUVs), or multilamellar vesicles
(MLVs) (Fig. 1.2). However, two other types may be added, namely oligolamellar
(paucilamellar) liposomes (OLVs) and multivesicular liposomes (MVLs) (Fig. 1.2).

1.3.1. Multilamellar liposomes (MLVs)

MLVs consist of several to many successive phospholipid bilayers with a typical size
range of 0.1 to 20 pm. MLVs are traditionally prepared by the thin film hydration
method (Bangham et al., 1965) and are commonly referred to as “conventional
liposomes” or “conventional MLVs”. The thin film is formed by evaporating organic
solvent from a phospholipid solution under vacuum using rotary evaporator.
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Addition of aqueous phase above the Tm of the employed lipid, and shaking results in
formation of MLVs. The major drawback of MLVs prepared by the thin film method
is the difficulty to scale up and hence their use is largely confined to research.

Fig. 1.2. Types o f liposomes based on microscopic morphology (Adapted from :
W W W . a vantilipids. com ).

Polar H ead
N onpolar Tail

M VL

MLV

Jtwaiei
L ipid B ilayer

LUV
SUV

OLV

1.3.2. Large unilamellar liposomes (LUVs)

Large unilamellar liposomes have a single phospholipid bilayer and are in the size
range of 0.1 to 1 pm. LU Vs provide higher entrapment of hydrophilic materials
compared to MLVs and may be made by injecting an ethereal solution of
phospholipid into an aqueous phase formerly warmed to a temperature exceeding the
Tm of the injected phospholipid, followed by shaking (Deamer and Bangham, 1976).
Alternatively, dehydrated-rehydrated vesicles (DRVs) may be made by mixing an
aqueous drug solution with a suspension of empty SUVs followed by freeze-drying
(Kirby and Gregoriadis, 1984). On rehydration, LU Vs which are typically 1 pm or
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less may be formed. Reverse phase evaporation method introduced by Szoka and
Papahadjopoulos (1978) produces a mixture of LUVs and OLVs and will be
explained in section 1.3.4.

1.3.3. Small unilamellar liposomes (SUVs)

SUV have a single phospholipid bilayer and has a size range of 25 to 100 nm. They
may be prepared by injecting an ethanolic solution of phospholipid in an aqueous
phase with a temperature above the Tm, to end up with SUVs having a size of 25 nm
when both dilution and mixing are appropriate (Batzri and Korn, 1973). More
commonly, MLVs prepared by thin-film hydration method may be reduced in size by
extrusion through a polycarbonate membrane of the required pore size (Olson et al.,
1979) or more commonly by probe or bath sonication (New, 1990b).

1.3.4. Oligolamellar liposomes (OLVs)

Some MLVs possess only two or three phospholipid bilayers and these may be
referred to as oligolamellar (paucilamellar) vesicles (OLVs) (Fig. 1.2) (New 1990b;
Kirby and Gregoriadis, 1999). OLVs together with LUVs may be made by reverse
phase evaporation method to produce what are termed as reverse evaporation
vesicles (REVs) (Szoka and Papahadjopoulos, 1978). REVs may provide up to 62%
entrapment of aqueous phase and are prepared by the formation of a water-in-oil
emulsion consisting of an aqueous phase, with phospholipid dissolved in organic
solvent. Evaporation of the organic solvent produces a gel which in turn collapses to
produce large unilamellar and oligolamellar vesicles (Szoka and Papahadjopoulos,
1978).

1.3.5. Multivesicular liposomes (MVLs)

When a group of liposomes are incorporated into a larger liposome vesicle, the
resultant vesicle is called a multivesicular liposome (MVL) (Fig. 1.2) which may be
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similar in size to an MLV (Kim et al., 1983; Kulkami et al., 1995). Kim et al., 1983
have suggested a method providing 89% entrapment efficiency of water-soluble
materials. A water-in-oil emulsion was formed, where the drug was dissolved in the
aqueous phase. The oil phase comprises phospholipid, neutral oil e.g. triolein, and
organic solvents. Aliquots of the emulsion were added to an aqueous sucrose solution
followed by evaporation of the organic solvents under warm temperature to allow the
formation of liposomes.

1.4. Stability of liposomes on storage

Liposomes are inherently unstable to storage as liquid dispersions. Phospholipids in
liposomes are liable to hydrolysis and oxidation, which may result in liposome
aggregation and subsequent loss of entrapped material. Saturated and unsaturated
phospholipid molecules within liposomes may undergo hydrolysis to form
lysophospholipids and ultimately fatty acids and glycerophospho compounds (Kensil
and Dennis, 1981 ; Grit et al., 1989). Hydrolysis of lipids may be dependent on pH of
the dispersion and independent of vesicle rigidity (i.e. cholesterol inclusion) (Grit et
al., 1993). Oxidation of the hydrophobic chain double bonds may be reduced by the
inclusion of antioxidants e.g. a-tocopherol (Hunt and Tsang, 1981) or by reducing
storage temperature to 4°C (Hernandez-Caselles et al., 1990).

To stabilise liposomes, freeze-drying (lyophilisation) of liposome dispersions has
been employed (Gordon et al., 1982; Crommelin and Van Bommel, 1984). However,
freeze-drying itself may exert a destabilising effect on liposome bilayers, leading to
liposomes fusion and leakage of entrapped hydrophilic material during lyophilisation
(Crommelin and Van Bommel, 1984). This may be minimised by the addition of
cryoprotectants such as carbohydrates (Van Bommel and Crommelin, 1984; Crowe
et al., 1986) or cycloinulohexaose and glycerol (Ozaki and Hayashi, 1996) before
freezing. Keeping the residual water content of the lyophilised liposomes at a
minimum may increase the shelf-life of lyophilised formulation and prevent increase
of vesicle size on rehydration (Van Winden and Crommelin, 1997). In addition to
these formulation challenges, the cost of freeze-drying may be considerable.
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Alternatively, spray-drying may be employed to stabilise liposomes during storage.
Spray-dried EPC liposomes entrapping verapamil or metronidazole alone or with
cyclodextrin showed that entrapment and size distribution before drying were
preserved even after one year of storage (Skalko-Basnet et al., 2000). Seville et al.
(2002) have suggested freeze-drying or spray-drying for preparation of a dried
liposome-gene delivery system. In another study, spray-drying of a liposome
formulation containing superoxide dismutase has been reported to be feasible using
sucrose as a lyoprotectant (Lo et al., 2004).

Proliposome technologies have been suggested to provide economic and convenient
alternatives to freeze-drying or spray drying for the production of liposomes.
Proliposome

formulations

comprise

two

essential

types:

particulate-based

proliposomes (Payne et al., 1986a, b), and solvent-based proliposomes (Perrett et al.,
1991).

1.5. Particulate-based proliposomes

Particulate-based proliposomes comprise soluble carrier particles e.g. carbohydrates
coated with phospholipids to generate MLVs by the addition of aqueous phase above
Tm (Payne et al., 1986a, b). Particulate-based proliposomes are usually made by
attaching a flask containing the soluble carrier particles to a rotary evaporator, and
organic solution of lipid is added portion-wise via a feed-line under reduced pressure
to coat the carrier. Evaporation of the organic solvent results in the production of
particulate-based proliposomes (Payne et al., 1986a, b). The carrier on which
phospholipid is coated may be sorbitol (Payne et al., 1986a, b; Payne et al., 1987;
Ahn et al., 1995a, b; Lee et al., 1995; 1996; Hwang et al., 1997; Chung^

1999;

Jung et al., 2000; Song et al., 2002), mannitol (Zhang and Zhu, 1999), sodium
chloride, fructose, lactose, or glucose (Payne et al., 1986a).

Among the studied carriers, sorbitol was considered most favourable due to its
microporosity and resultant capability to accommodate phospholipids within its
porous structure (Payne et al., 1986a; Ahn et al., 1995a; Song et al., 2002).
Liposomes may form instantly from proliposomes on addition of aqueous phase even
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under static condition as shown by light microscopy (Payne et al., 1986b; Ahn et al.,
1995a). Additionally, liposomes may be produced in situ within rat nostrils by
exploiting the moisture available in the nasal cavity (Ahn et al., 1995b).

Scaling up proliposome production has been suggested using fluidised-bed coating
(Chen and Alii, 1987; Katare et al., 1990; Kumar et al., 2001). Nonpareil beads
(sugar spheres) were coated with phospholipids and generated liposomes by adding
aqueous phase under static conditions (Chen and Alii, 1987). This has resulted in a
new type of particulate-based proliposomes which may be called “bead-based

proliposomes”. Kumar

and

co-workers

(2001)

have

prepared

bead-based

proliposomes by loading drug and excipients solution onto nonpareil beads followed
by drying for later coating with an additional layer of phospholipid. This was
followed by either generating liposomes by adding water, or enteric coating with
Eudragit L-lOO polymer to avoid drug dissolution in the acidic environment of the
stomach (Kumar et al., 2001).

The production of effervescent particulate-based proliposomes has been described
by employing effervescent constituents as carriers for phospholipid coating using the
fluidised-bed method (Katare et al., 1990; 1991 a,b; 1995). The effervescence has
been reported to provide sufficient energy for generating MLVs with a narrow size
distribution (Katare et al., 1990; Katare et al., 1991a) and high entrapment
efficiencies (approx 100%) for non-steroidal anti-inflammtaory drugs (NSAIDs)
such as ibuprofen (Katare et al., 1990) and indomethacin (Katare et al., 1995).

Other approaches for proliposome formulation are blending phospholipids and
carrier particles together followed by micronisation using an air-jet mill (Desai et al.,
2002b; 2003a). The formation of liposomes upon dispersion of this micronised
powder in aqueous phase has been demonstrated (Desai et al., 2002a,b).
Alternatively, spray-drying of methanolic (Kim and Kim, 2001) or ethanolic (Alves
and Santana, 2004) solutions of phospholipid to produce phospholipid powders has
recently comprised one of the approaches to proliposome formulation.

Many studies have been conducted on particulate-based proliposomes. For instance,
oral

administration of NSAIDs

in

liposomes
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generated

from effervescent

proliposomes has been shown to be desirable in providing protection against gastric
ulceration in model animals (Katare et al., 1991a, b). Proliposomes have also been
investigated in nasal delivery of propranonol hydrochloride (Ahn et a l, 1995b) and
nicotine (Chung, 1999; Jung et a l, 2000), intravenous administration of NSAIDs
(Katare et a l, 1990; 1995), methotrexate (Park et a l, 1994), ciclosporin A (Lee et a l,
1999), doxorubicin (Lee et a l, 1995; 1996), and amphotericin B (Payne et a l, 1987),
and for transdermal delivery of nicotine (Hwang et a l, 1997).

Liposomes generated from particulate-based proliposomes generally provide high
entrapment efficiencies of hydrophobic materials. Using the proliposome methods,
entrapment efficiencies have been reported to be in the range of approx 45 to 58%
for nicotine depending on phospholipid composition (Chung, 1999), 100% for
Amphotericin B (Payne et a l, 1987), 20% for salmon calcitonin (Song et a l, 2002),
100% for CM3 peptide (Desai et a l, 2002b), and 96% for ciprofloxacin (Desai et a l,
2002b). By contrast, the entrapment efficiency of the hydrophilic drug propranolol
hydrochloride was low, being in the range of approx. 4 to 10%, with greater
phospholipid to drug ratios being more desirable to maximise the entrapment (Ahn et
a l, 1995a), and 45% for salbutamol sulphate using the micronised phospholipidcarrier system (Desai et a l, 2002b).

Freeze-drying of liposomes generated by particulate-based proliposomes (Payne et
a l, 1986a) using mannitol as a carrier has been reported to enhance the entrapment
of amikacin compared to the same vesicles before freeze-drying or vesicles prepared
by the thin film method (Zhang and Zhu, 1999).

1.6. Solvent-based proliposomes

Solvent-based proliposomes are also referred to as alcohol-based or ethanol-based
proliposomes when ethanol is used as the solvent. Ethanol-based proliposomes are
concentrated ethanolic solutions of phospholipid, ethanol and aqueous phase (5:4:10
w/w/w) which generate liposomes on dilution with aqueous medium (Perrett et a l,
1991). The coexistence of ethanol and aqueous phase with phospholipids in this ratio
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has been shown to form stacked (precipitated) bilayers. This can generate liposomes
when more aqueous phase is added (Perrett et al., 1991).

Liposomes generated from solvent-based proliposomes have been demonstrated to be
OLVs (Perrett et al., 1991), or under controlled conditions, MLVs (Turanek et al.,
1997). Agitation may influence liposome morphology so that MLVs and SUVs are
generated from agitated samples, whilst non agitated formulations may generate
LUVs with the occasional presence of MLVs (Deo et al., 1997). The spontaneous
generation of liposomes from proliposomes under static conditions has been
demonstrated although the size of vesicles was reported to be large (approx. 11-13
fxm) compared to vesicles in agitated formulations (approx. 1 pm) (Deo et al., 1997).

Liposomes generated from alcohol-based proliposomes provide a high entrapment of
hydrophilic materials, which ranged between approx. 65 and 80% depending on
phospholipid composition (Perrett et al., 1991) and from approx. 30 to 85%
depending on hydration procedure (Turanek et al., 1997). The hydration rate EPC
ethanol-based proliposomes had a small effect on the entrapment of CF, whilst
hydration temperature seemed to be a more important, since high temperatures e.g.
60°C were more desirable with approx. 80% of the available CF entrapped compared
to low temperatures e.g. 20°C where entrapment was approx. 50% (Turanek et al.,
1997). The amount of aqueous phase in the first dilution step significantly affects the
entrapment of the marker with entrapment efficiencies in the range of approx. 20% to
80% being shown (Turanek et al., 1997).

Different materials may have different entrapment efficiencies in these liposomes,
being 81% for CF, 65% and 69% for the antibiotics neomycin and gentamicin
respectively, and 87%, 62%, and 85% for the immunomodulators admanttylamide
dipeptide,

muramyl

dipeptide,

and

y9-D-GlcNAc-norMurNac-L-Abu-D-isoGln

respectively (Turanek et al., 1997). However, hydrophobic drugs, may have higher
entrapment efficiencies in these liposomes. For instance, entrapment efficiencies of
93% to 98% have been reported for levonorgestrel depending on the type of alcohol
used in the proliposome formulation (Deo et al., 1997).
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1.7. Pulmonary drug delivery

The delivery of drugs to the respiratory system offers some considerable advantages
over alternative routes of delivery. Pulmonary delivery may be particularly
appropriate for drugs having a local action in the respiratory tract, resulting in rapid
onset of action. Consequently, inhalation of medical aerosols currently comprises the
prime strategy in treating local diseases or disorders in the lungs such as asthma,
chronic obstructive pulmonary diseases (COPD), respiratory distress syndrome
(RDS), cystic fibrosis, and pulmonary infectious diseases. Furthermore, the
pulmonary route may be suitable for drugs having systemic action or therapeutic
effects in organs distant from the lung. This is because lungs offer a large alveolar
surface area, thin alveolar epithelium, high vascularity, reduced levels of
extracellular enzymes compared to the gastro-intestinal tract, and possible evasion of
first pass metabolism to the absorbed drug.

Fig. 1.3 shows a detailed schematic diagram of the pulmonary system in man. Briefly,
the pulmonary system is divided into upper respiratory and lower (peripheral)
respiratory tracts (airways). The upper respiratory tract comprises the nose,
nasopharynx, paranasal passages, mouth, oropharynx, oesophagus, larynx, trachea
and bronchi, whilst the lower respiratory tract comprises bronchioles and alveoli.

The function of the nose is to humidify, warm and filter the inspired air which may
pass afterwards to the mouth and oropharynx via the nasopharynx and then to the
larynx and trachea which comprises what is recognised as generation 0 of the
tracheo-bronchial tree (TBT) from which following generations emerge. The trachea
bifurcates into right and left main bronchi which comprise the first generation of the
TBT. The right bronchus branches into three lobar bronchi whilst the left bronchus
branches into two lobar bronchi. Lobar bronchi comprise the second generation and
in turn branch into segmental bronchi, which comprise the third generation of the
TBT. Bronchioles branch from the segmental bronchi and bifurcate to terminal
bronchioles (generation 16) where the conducting airways end and gas exchange
(alveolar) region begins to develop. The alveolar region extends from the respiratory
bronchioles (the generation 17) to the alveolar sacs (the generation 23) (Weibel,
1963).
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Fig. 1.3. A schematic representation o f the respiratory tract in man (Source: Taylor
and Kellaway, 2001).
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1.8. Mechanisms of particle deposition

A prime function of the airways, owing to their tortuous structure, is to defend
against the deposition of airborne particles in the peripheral airways. The ability of a
particle to reach the peripheral airways depends principally on its size, or more
precisely on its aerodynamic diameter, which is the diameter of a sphere of unit
density that has the same terminal sedimentation velocity as the particle in question.
Accordingly, depending on its size, a particle may deposit in the respiratory airways
by one of three main mechanisms which are: inertial impaction, sedimentation, and
Brownian diffusion. Less important mechanisms are interception and electrostatic
precipitation which are related to particle shape and particle charge, respectively and
will not be discussed in this report.
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1.8.1. Inertial im paction

Inertial impaction is the main mechanism of deposition in the airways for particles
larger than 5pm (Hilman, 1991) with particles larger than 12 pm being most likely to
deposit in the extrathoracic region (Heyder, 1982) and hence such particles are not
expected to be “respirable”. Deposition by inertial impaction is attributed to the large
momentum (product of mass and velocity) of delivered particles which makes them
unable to leave their original path when a sudden deflection of the airstream occurs,
and instead they may impact on the airway walls at the point of deflection (Martonen
and Yang, 1996). This means that particles which are likely to impact are those with
high velocities or densities.

1.8.2. Sedimentation

The increased resistance to airflow in the peripheral airways, particularly the alveolar
region, results in lower velocity of inhaled gas. Particles of sufficiently large mass
may deposit by sedimentation (settling under gravity) when residence time in the
airways is sufficiently long (Martonen and Yang, 1996). This may be the mechanism
of deposition in the airways of particles between 1 and 5 pm.

1.8.3. Brownian diffusion

Particles are more likely to deposit by Brownian diffusion when the size is less than
1 pm (Tsuda et al., 1994). Particles are displaced by random bombardment of gas
molecules, resulting in collision of particles with the walls of respiratory airways and
this occurs in the alveoli where airflow velocity is almost zero.

In principle, particles smaller than 5 or 6 pm are considered necessary for possible
deposition in the peripheral airways i.e. respiratory bronchioles and alveolar region,
and particles less than 2 pm are preferable for alveolar deposition (Stahlhofen et al.,
1980). However, although particles smaller than 5 or 6 pm are commonly described
as in the “respirable fraction” or “fine particle dose”, deposition in the peripheral
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airways is not guaranteed (O’Callaghan and Barry, 1997) since other factors related
to patient or physical properties of the aerosol should be also considered (Newman et
al., 1982). For instance, pulmonary deposition of inhaled particles has been reported
to increase in patients with cystic fibrosis (Anderson et al., 1989).

1.9. Clearance of deposited particles

Mucociliary clearance predominates in the upper airways whilst alveolar clearance
predominates in the peripheral airways. Thus, the mechanism of clearance of
deposited particles from the respiratory airways will be primarily dependent on the
site of deposition.

The epithelium of the TBT is rich in ciliated cells which beat rhythmically to expel
particles trapped by a mucous blanket to the throat, to be ultimately coughed, or
swallowed to the stomach. Mucociliary clearance predominates in the conducting
airways, from the terminal bronchioles to the larynx (Camner et al., 1971) and
declines in the non-ciliated regions e.g. peripheral airways (Serafini et al., 1976).
Mucociliary clearance may be increased by the administration of bronchodilators
such as aminophylline (Serafini et al., 1976) or terbutaline (Mortensen et al., 1991),
or decreased by the administration of benzodiazepines e.g. temazepam (Hasani et al.,
1992) and in smokers (Lourenco et al., 1971).

By contrast, alveolar clearance occurs when deposited particles are taken up by
alveolar macrophages. Particles may then be transferred to lymph nodes and blood
circulation, or cleared by the mucociliary escalator. This process may occur in
competition with absorption to the systemic circulation, depending on drug
physicochemical properties. Unlike the upper airways, alveolar region contains no
ciliated cells and hence deposited insoluble particles may take much longer time to
be cleared (Brain and Blanchard, 1993).
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1.10. Devices for pulmonary drug delivery

Aerosols are the most practical means for delivering medications to the respiratory
tract. The Mudge inhaler was invented in 1778 by the English physician John Mudge
for inhalation of opium to treat cough (Anderson, 2005). This is a perforated tankard
with a mouthpiece so that when patient inhales, air is drawn through the holes and
passed through the warm liquid infusion prior to inhalation (Anderson, 2005).
Nowadays, medical inhalation may be achieved using one of four types of device.
These are pressurised metered dose inhalers (pMDIs), dry powder inhalers (DPIs),
nebulisers, and soft mist inhalers (SMIs).

1.10.1. Pressurised metered dose inhalers (pMDIs)

pMDIs were introduced in the 1950s, and they are the most commonly used
inhalation devices. Formulations comprise solutions or micronised suspensions of
drug

in

liquefied

propellant

of

high

vapour

pressure,

conventionally

chlorofluorocarbons (CFCs) or increasingly non-ozone depleting hydrofluoroalkanes
(FlFAs). A blend of propellant, drug, and excipient may be filled under pressure into
an inhalation canister and, on actuation and coordinated inhalation, the propellant
and drug are rapidly released from an actuator orifice. Propellant rapidly evaporates,
leaving an accurate metered dose of aerosolised drug to be inhaled by patient.
Synchronisation of inhalation with device actuation is essential although not the only
requirement for peripheral airways deposition of aerosols generated from pMDIs.

1.10.2. Dry powder inhalers (DPIs)

DPIs were first introduced in the 1970s. In contrast to pMDIs, DPIs are free of
propellants and no coordinated inhalation is required. DPIs usually have micronised
drug to allow penetration to the peripheral airways on inhalation. However,
micronisation may compromise drug flow properties, necessitating the addition of a
flow aid or “carrier” such as lactose (60-80pm), where the drug should be released
from carrier particles on inhalation (Bell et al., 1971; Dalby et al., 1996).
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1.10.3. Nebulisers

Nebulisers may be advantageous compared to pMDIs and DPIs in terms of their
capability to deliver large volumes of aerosols from simply prepared aqueous
formulations without the need for drying and milling procedures as for DPIs or
addition of a propellant as for pMDIs. However, efficient delivery using nebulisers is
greatly dependent on operating principle of nebuliser, nebuliser design, and
nébulisation and formulation parameters. Medical nebulisers are of three types
depending on their operating principle. These are air-jet nebulisers, ultrasonic
nebulisers, and the recently commercialised type vibrating-mesh nebulisers.

Air-jet nebulisers

These are also called jet, pneumatic or air-blast nebulisers, or compressor nebulisers.
The use of these nebulisers may be traced to the beginning of the 20**’ century or
earlier as the first nebuliser reported to be used was called “squeeze-bulb nebuliser”,
which generated the aerosol by forcing the liquid through a small orifice upon
squeezing an attached bulb (Muers, 1997; Placke et al., 2002). The size distribution
of the aerosol droplets generated by this old-technology device may be too large for
deposition in the peripheral airways (Muers, 1997).

Modern jet nebulisers convert liquid into aerosols by employing compressed gas
forced at high velocity through a venturi nozzle (Fig. 1.4) in order to create an area of
negative pressure which, by “Bernoulli effect”, draws the liquid up a feed tube as
fine filaments that eventually collapse into droplets because of surface tension
(McCallion et al., 1996a; O’Callaghan and Barry, 1997). A small proportion of the
generated aerosol, the “secondary aerosol”, is released for inhalation whilst the
largest proportion, the “primary aerosol”, is too large (15-500 fxm) and hence is
deflected by the baffles (Fig. 1.4) and walls of the nebuliser and recycled within the
nebuliser reservoir to be atomised into smaller droplets suitable for inhalation
(McCallion et al., 1996a; O’Callaghan and Barry, 1997).
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Fig. 1.4. The design o f a conventional air-jet nebuliser. This also shows that during
expiration, some aerosol is wasted (Source: O’Callaghan and Barry, 1997).
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The aerosol output comprises aerosolised droplets and solvent vapour which
saturates the outgoing air (Mercer et al., 1968; Dennis et al., 1990). This induces a
decrease in fluid temperature and an increase in solute concentration within the
nebuliser (Cockcroft et al., 1989; McCallion et al., 1996a). Air-jet nebulisers may
vary greatly in performance (output, droplet size, etc.) according to their designs
(Clay et al., 1983, Hurley and Smye, 1994, Niven and Brain, 1994; Hess et al., 1996)
or operating parameters (Clay et al., 1983, Niven and Brain, 1994, Hess et al., 1996;
McCallion et al., 1996a).

Air-jet nebulisers may be classified into conventional, open vent, breath-enhanced,

and breath-actuated nebulisers. In conventional jet nebulisers (Fig. 1.4), the flow
rate of the gas containing the aerosol is fixed and continuous regardless of inspiration
or expiration by patient, and hence a large fraction of the aerosol generated is wasted.
Furthermore, between 93% and 99% of the primary aerosol droplets is deflected and
recycled by the nebuliser baffles, resulting in a low aerosol output (Nerbrink et al.,
1994).

Open vent nebulisers (e.g. Sidestream, Medic-Aid, U.K.) work continuously and
incorporate an air vent which draws air from the outside environment as well as fluid
from the feeding tubes in response to the negative pressure within the nebuliser. This
results in an increased air flow through the nebuliser, reduced droplet size due to
greater

solvent

evaporation,

and

subsequently
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shortened

nébulisation

time

(O ’Callaghan and Barry, 1997). However, all continuously operating nebulisers
including open vent devices may waste a large fraction of the aerosol generated,
particularly during exhalation. To mitigate this problem, nebulisers with manual
interrupters have been developed (e.g. Pari LL, Pari GmbH, Germany) so that the
patient can control the passage of compressed gas through the nebuliser by pressing a
special button which can minimise aerosol wastage. However, nébulisation time is
prolonged which may compromise patient compliance.

Breath-enhanced (assisted) nebulisers (e.g. Pari LC Plus, Pari GmbH, Germany)
(Fig. 1.5) employ an upper vent which opens on inspiration to allow extra air to be
drawn through, resulting in greater aerosol inhalation. On expiration, the vent closes
to decrease the flow of air through the nebuliser, and another vent on top of the
mouthpiece opens to allow exhalation (O ’Callaghan and Barry, 1997). This may
result in high aerosol output although nébulisation time is prolonged.

Fig. 1.5. A breath-enhanced open vent jet nebuliser. This shows how the vent
system works during inhalation (left) and exhalation (right) (Source: O’Callaghan
and Barry, 1997).
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Breath-actuated nebulisers may eliminate aerosol waste during expiration since the
nebuliser is active only during inspiration (Hess, 2000). The AeroEclipse nebuliser
(Monaghan Medical Corporation, USA) can operate in a continuous or breathactuated mode in order to satisfy different delivery strategies (Placke et al., 2002).
The breath-actuated nebuliser HaloLite (Medic-Aid, U.K.) employs electronic
sensors which analyse the breathing pattern of individual patients in order to
programme the aerosol generation accordingly (Placke et al., 2002).

Ultrasonic nebulisers

Ultrasonic nebulisers were first developed in the 1960s and were used for
humidification in respiratory care units (Tovell and D’Ambruoso, 1962). Ultrasonic
nebulisers utilise a piezoelectric crystal transducer vibrating at high frequency (1-3
MHz) to atomise liquid into aerosols (Fig. 1.6) (Taylor and McCallion, 2002). When
vibrations are transmitted to fluid within the nebuliser, a fountain of liquid is
produced at the surface, with large droplets being generated from the apex of the
fluid and a fog of smaller droplets being generated from the lower regions (Taylor
and McCallion, 2002). As occurs in jet nebulisers, large droplets may be recycled
because of the baffles while smaller ones (secondary aerosols) may be released for
inhalation. Modem ultrasonic nebulisers often incorporate a fan with adjustable
speed to aid the delivery of aerosols at the required rate.

Ultrasonic nebulisers vary greatly in their design, performance, and other features
determining device portability such as size, and weight. Unlike early devices which
required a main electricity supply, portability has been greatly enhanced in recent
years by manufacturing hand-held battery-powered devices, e.g. Liberty nebuliser
(Clement Clarke, U.K.). However, most ultrasonic nebulisers produce aerosol
droplets of high polydispersity, and hence a considerable fraction of the generated
aerosols may not be “respirable”.
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Fig. 1.6. A schematic diagram o f an ultrasonic nebuliser showing the generation o f
aerosols from the apex o f the fluid crystal vibrating underneath (Source:
O'Callaghan and Barry, 1997).
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mechanisms are proposed to describe aerosol generation by ultrasonic

nebulisers, which are capillary-wave theory and cavitation bubble formation
(Fig. 1.7). Vibration of the piezoelectric crystal at low frequency causes vibrations in
the bulk of the liquid and the formation of short-lived cavitation bubbles which move
to the air-liquid interface. Cavitation bubbles at the air-liquid interface will burst
when internal and external pressure of the bubble are equal, resulting in droplet
liberation from the turbulent bulk liquid (Fig. 1.7) (Dalby et al., 1996; Taylor and
McCallion, 2002). At high frequency vibrations, the bulk of the liquid generates
capillary waves, leading to the formation of peaks and a central geyser. When the
amplitude of the applied energy is sufficiently high, the crests of the capillary waves
break off, and droplets are formed (Taylor and McCallion, 2002). It has been
proposed that droplet formed by the capillary waves may be initiated and driven by
cavitation bubbles (Boguslavskii and Eknadiosyants, 1969).
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The rate of generation of capillary waves is dependent on the physicochemical
properties of the fluid and the intensity of ultrasonic vibration as shown by equation
1.1 (Mercer, 1981):

A = 4 v /A

Eq.1.1

where A is the threshold value, v is the kinematic viscosity of the liquid to be
atomised, / is the acoustic frequency, and X is the capillary wavelength.

Fig. 1.7. Suggested mechanisms o f aerosol generation using ultrasonic nebulisers.
A. Cavitation bubble theory. B. Capillary wave theory (Source: Taylor and
McCallion, 2002).

An ultrasonic nebuliser with a static mesh of defined aperture size has been
introduced to provide a more robust control on the size and polydispersity of the
generated aerosol. Omron U1 (Omron Healthcare, Japan) utilises a piezoelectric
crystal vibrating around a feeding tube to act as a peristaltic micropump which
extrudes the liquid through a mesh of defined pore size in order to generate the
aerosol (Fig. 1.8) (O'Callaghan and Barry, 1997; Taylor and McCallion, 1997). This
nebuliser has been shown to be superior to air-jet and ultrasonic nebulisers in
delivering the protein lactate dehydrogenase without causing marked deactivation.
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which is possibly attributed to m inimum shearing applied as well as less heat
generation during atomisation (Khatri et al., 2001).

Fig. 1.8. A schematic diagram o f a static mesh fo r generating aerosols o f the
Bespak Piezo Electric Actuator (Source: Taylor and McCallion, 1997)
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In contrast to air-jet nebulisers, ultrasonic nebulisers may produce less solvent
evaporation, less tendency to concentrate solute during nébulisation, and shorter
nébulisation time (Newman et al., 1987). However, unlike jet-nebulisers, ultrasonic
nebulisers are generally inefficient in delivering suspensions (McCallion et al.,
1996b) and highly viscous solutions (M cCallion and Patel, 1996). Furthermore,
ultrasonic energy may generate heat and markedly increase the temperature of the
fluid during nébulisation (Taylor and Hoare, 1993), resulting in the degradation of
labile substances such as proteins (Niven et al., 1995) or some antibiotics in solution
(Dennis and Hendrick, 1992).

Heat generation during ultrasonic atomisation may be desirable in particular
circumstances. For instance, drugs with poor aqueous solubility (e.g. pentamidine
isethionate) may precipitate during jet-nebulisation due to solvent evaporation and
cooling, resulting in compromised drug output (Taylor et al., 1992). Furthermore, the
decrease in temperature of the fluid by 10-15 °C during jet-nebulisation (Clay et al.,
1983; Taylor et al., 1992) may induce bronchoconstriction in asthmatic patients
(Lewis,

1983). Thus, ultrasonic nebulisers may replace jet nebulisers in such

occasions.
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Vibrating-mesh nebulisers

Vibrating-mesh nebulisers may be also called electronic nebulisers, or perforated
membrane nebulisers. All vibrating-mesh nebulisers employ a vibrating-mesh or a
plate with multiple apertures to generate the aerosol, and all are hand-held and can be
operated using batteries (Dhand, 2002). However, these devices are different in
design, performance, and the mechanism employed to generate the aerosols using the
mesh. Based on the mechanism of aerosol generation, vibrating-mesh devices may be
classified into passively (low-energy) and actively vibrating-mesh nebulisers.

Passively (Low-energy) vibrating-mesh nebulisers incorporate a piezoelectric
crystal which vibrates at high frequency when an electrical current is applied. The
piezoelectric crystal is attached to a transducer horn which transmits the vibrations to
a perforated mesh on top of it. This causes a “passive” upward and downward
movements or vibrations of the mesh, resulting in the extrusion of the medication
fluid through the mesh apertures (approx. 3 pm in diameter for the Omron NE U22)
and subsequently the generation of the aerosol (Dhand, 2002; manufacturer personal
communication). The mesh comprises up to 6000 tapered holes which amplify the
vibrations of the transducer horn in contact with fluid and hence minimise the energy
required to generate the aerosol (Dhand, 2002). Nebulisers utilising this operation
principle are: Omron NE-U03, Omron NE-U22 (Omron HealthCare, Japan), and
Prodose Handheld (Profile Therapeutics pic, U.K.).

The Omron NE-U03 nebuliser (Fig. 1.9) employs a vibrating piezoelectric crystal
surrounding a hollow transducer horn which transmits the vibrations to an upper
ceramic mesh. The mesh comprises several hundred holes and a spring to give a
support against breakage. The liquid is passed through the centre of the horn and
extruded through the holes of the “passively” vibrating-mesh to generate the aerosol
(Dhand, 2002).
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Fig.1.9. Omron NE-U03 vibrating-mesh nebuliser (Source: Dhand, 2003).
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The Omron NE-U22 nebuliser (Fig. 1.10 A) employs a piezoelectric crystal which
transmits vibrations to a horn transducer which induces passive vibrations of an
electro-formed perforated plate made of metal alloy (Fig. 1.10 B). The liquid passes
from the medication bottle alongside the horn transducer to be extruded through the
mesh holes and generates the aerosol (Fig. 1.10 C) (Dhand, 2002).

Fig. 1.10. A. Omron NE-U22 nebuliser. B. The vibrating element comprises a
piezoelectric crystal, transducer horn and the mesh plate. C. The nebuliser
reservoir comprises the medication bottle, and the vibrating structures (Source:
Dhand, 2003).
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The mesh of the NE-U22 device is more durable and resistant
I

to corrosions

compared to the ceramic-mesh of the NE-U03 nebuliser. In addition, the NE-U22
produces smaller droplets and higher output rate compared to the NE-U03
(manufacturer data sheets). The NE-U22 nebuliser is reported to produce a very high
output so that medication remains in the reservoir may be negligible (Dhand, 2002,
Kishida et al., 2003; Ismail and Chrystyn, 2004). Moreover, the NE-U22 nebuliser
has been demonstrated to be more efficient in delivering steroid suspensions
compared to the older model NE-U03 (Yoshiyama et al., 2002).

Prodose Handheld (Profile Therapeutics pic, U.K.) is a portable and fast vibratingmesh nebuliser which delivers a volume ranging from 0.25 to 1.4 ml using an
adjustable vibrating power in order to optimise medication output rate (Denyer et al.,
2004). This device has shown capable of delivering solutions and a steroid
suspension with a droplet size and output rate being approx. 5 pm and 0.4 g/ min
respectively, for all formulations investigated (Denyer et al., 2004).

Alternatively,

actively

vibrating-mesh

nebulisers generate

aerosols

by

a

“micropump” system employing an aerosol generator which comprises up to 1000
electroformed dome-shaped apertures surrounded by a ceramic vibrational element
(Fig. 1.11) (Fink et al., 2001a; Gopalakrishnan and Uster; 2001; Dhand, 2002). The
vibrational element expands and contracts when an electrical current is applied,
which results in upward and downward movements of the mesh by a few
micrometers (Dhand, 2002). This technology generates slow-moving aerosols with
droplet size and nébulisation rate being dependent on the aperture size of the mesh
(Gopalakrishnan and Uster, 2001).

Nebulisers which use this technology are the Aeroneb Pro, Aeroneb Go, and
Aeroneb Portable system (Aerogen, Inc., USA). These are different in design to suit
different medical applications. For instance, Aeroneb Pro (Fig.1.11) is recommended
for the use during mechanical ventilation so that it can be connected in the
inspiratory limb of the ventilator circuit while nébulisation is continuous (Fink et al.,
2001a). The Aeroneb Go and Aeroneb Portable nebulisers may offer more flexible
use by ambulatory or hospitalised patients. A novel vibrating-mesh device for nasal
inhalation by infants has been developed (Fink et al., 2005).
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Fig. 1.IL A. Aeroneb Pro nebuliser. B. Aerogen aerosol generator (OnQ^‘^) which
comprises a piezoceramic vibrational element surrounding the mesh plate. C.
Morphology o f the apertures (Source: www.aerogen.com).
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In contrast to ultrasonic nebulisers, the fluid temperature does not increase during
atomisation, and hence proteins may remain stable (Fink et ah, 2001a). Aerogen
vibrating-mesh nebulisers have been reported to be as efficient as jet nebulisers in
delivering ciclosporin (Eskandar et ah, 2003) and steroid suspensions (Fink et ah,
2001c; Fink and Simmons, 2004). The fraction of nebulised albuterol (salbutamol)
solution in the “respirable dose” using an Aeroneb Go was equivalent to that using a
Pari LC Star jet nebuliser and superior to that produced by the Omron NE-U22
nebuliser in vitro (Simmons et ah, 2004).

In contrast to air-jet nebulisers, Aerogen nebulisers do not concentrate solute during
nébulisation (Fink et ah, 2001b). Initial investigation suggested that the Aeroneb Pro
is more efficient in delivering liposomal bronchodilators than the air-jet nebuliser
MicroMist (Aboudan et ah, 2004), suggesting that liposome sedimentation and
accumulation due to solvent evaporation and cooling, as commonly occurs within jet
nebulisers, was avoided using the vibrating-mesh device.

As an alternative to Aerogen nebulisers, TouchSpray technology may provide a
means of generating aerosols. The novel vibrating-mesh (electronic) nebuliser eFlow
(Pari, GmbH, Germany) has a TouchSpray atomising head which incorporates a
piezoelectric actuator and a perforated membrane which is a circular, wafer-thin
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metal plate with micrometer-size tapered holes (Fig. 1.12) (Stangl et al., 2000;
Ledermüller et al., 2003). The piezoelectric actuator is driven by an electronic circuit
in order to vibrate the membrane against the medication fluid. Small jets of fluid are
formed and passed through a perforated membrane in order to form droplets of
controlled size and low velocity (Dhand, 2002). The nebulised droplets of a steroid
suspension were smaller and more uniform using the eFlow nebuliser compared to
droplets generated from the Pari LC Plus/ Proneb Turbo air-jet system (Jauernig et
al., 2003).

Fig. 1.12. The principle o f aerosol generation by TouchSpray technology used in
an eFlow vibrating-mesh nebuliser (Source: Ledermüller et al, 2003).
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1.10.4. Soft mist inhalers (SMIs)

Soft mist inhalers are propellant-free devices which produce slow moving aerosols
from drug solutions over an extended period of time (Hindle, 2004). SMIs available
are the Respimat® (Boeringer Ingelheim, Germany), AERx® (Aradigm Corp., USA),
Mystic™

(Ventaira

Pharmaceuticals,

Inc.,

USA),

and

Aria™

(Chrysalis

Technologies Incorporated, USA).

Respimat' SMI

In the Respimat® inhaler, the drug solution is stored in a collapsible bag within a
sealed plastic container surrounded by a cartridge. The manual compression of a
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tension spring results in the suction of the medication fluid through a capillary tube.
A metered dose of the fluid is forced through a uniblock that produces two fine jets
of liquid which collide in a controlled angle to produce the soft mist (Dalby et al.,
2004). In contrast to pMDIs, the process of aerosol generation from the Respimat is
purely mechanical and no propellant is included in the formulation (Dalby et al.,
2004). The Aerosol generated from Respimat is long-lasting and slow-moving
compared to aerosols generated from a conventional pMDI (Hochrainer and Holz,
2001), with “respirable fraction” reported to be dependent on nozzle type of the
device (Steed et al., 1997).

AERx system

The AERx® system generates the aerosols by forcing a dose of solution formulation
through a nozzle array comprising laser-drilled holes. The system comprises a unit
dose disposable container equipped with a nozzle array, a piston assembly, and an
electronic system associated with breath actuation and compliance monitoring
functions (Placke et al., 2002). The fraction of aerosols delivered from the AERx® in
a “respirable dose” was reported to be higher than that delivered by pMDIs in vitro
(Schuster et al., 1997; Farr et al., 2000) and in vivo (Farr et al., 2000). Using this
system, the delivery of DNA-liposome complexes has been

demonstrated

(Deshpande et al., 2002; Mudumba et al., 2004).

Mystic^^ inhaler

The Mystic™ inhaler generates aerosols from solutions or suspensions by an
electrohydrodynamic (EHD) principle. EHD atomisation may produce almost
complete atomisation with monodisperse, micrometer-size droplets (Greenspan,
1996). The Mystic™ inhaler applies an electrical field to the liquid within the spray
nozzle and this imparts an electrical charge on the surface of the liquid at the nozzle.
The aerosol is generated when the repulsion forces overcomes the surface tension of
the liquid (Hindle, 2004).

57

Aria™

The Aria™ is commonly called a capillary aerosol generator which generates
aerosols by forcing the drug fluid through a narrow electrically- heated capillary
(Hindle, 2004). The droplet size generated by this device is inversely proportional to
the amount of energy supplied to the capillary up to an optimal level, above which
droplet size increases (Shen et al., 2004). Aerosol performance generated by this
technology has been shown to be greatly dependent on the ratio of ethanol to water
within formulations (Hindle et al., 2004).

1.11. Liposomes for pulmonary delivery

Although pulmonary administration offers rapid onset of action of inhaled drugs, the
duration of drug activity is often short-lived due to rapid absorption or metabolism
(Byron, 1986). This may necessitate frequent dosing which usually results in
increased therapy expenses and may compromise patient compliance. Controlled
drug delivery systems have been researched as a means of prolonging the retention
time of medications in the pulmonary system (Zeng et al., 1995). Liposomes are
potentially very suitable carrier particles for inhalation since these are made of
phospholipids which are similar to the components of lung surfactant, and hence are
biocompatible and biodegradable (Kellaway and Farr, 1990; Taylor and Farr, 1993).

The Phospholipid composition of liposomes may also influence the distribution of
phospholipid in the pulmonary tissues (Smith and Anderson, 1993) and clearance
rate from the lungs (Fielding and Abra, 1992). Pulmonary deposition and clearance
of liposomes may be dependent on the size of droplet incorporating liposomes rather
than liposome size (Farr et al., 1985) and on pathological conditions (Saari et al.,
1998). For example, the peripheral airways deposition has been found to be higher
and clearance to be slower in mild asthmatic patients compared to severe asthmatic
patients (Saari et al., 1998). Furthermore, long-acting B 2 agonists, e.g. formoterol
have been suggested to enhance peripheral deposition of inhaled steroid-entrapped
liposomes (Saari et al., 2002).
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1.12. Pulmonary uptake, distribution and clearance of liposomes

Pulmonary delivery of liposome-entrapped drugs via oral inhalation may offer
therapeutic advantages over inhalation of non-entrapped drugs. When liposomes are
delivered to the lungs, they may localise the action of entrapped material within the
airways for prolonged periods of time, offering possible avoidance of adverse side
effects in distal organs (Juliano and McCullough, 1980).

Liposomal DPPC has been shown to be rapidly taken up by the pulmonary tissues of
rat after intratracheal instillation, with more than half of the amount remained in the
lungs 24 h after administration (Morimoto and Adachi, 1982). Barker et al., 1994
compared the retention of free marker 99m-technitium to liposome-encapsulated
marker in the lungs of human volunteers using nébulisation. The radiolabelled
activity of the free marker was not detected after 8 h of administration whilst approx.
45% of the activity of liposome-encapsulated marker was detected 24 h after
inhalation, indicating prolonged residence of the entrapped material in the airways.
Using 6-carboxyfluorescein as a marker, the rate of liposomal phospholipid uptake
was reported to be dependent on the quantity of phospholipid administered and the
surface charge of liposomes, with more rapid absorption of the marker from
negatively

charged

(phosphatidylglycerol-containing)

vesicles

compared

to

uncharged liposomes (Woolfrey et al., 1988).

Lung surfactant may protect against alveolar airspace collapse, and prevent
pulmonary oedema. The major constituent of^ the pulmonary surfactant in
mammalians is a mixture of lipids and proteins, with predominant lipids being
phosphatidylcholine, cholesterol and^holestervl esters (Finley et al., 1986), and the
major phosphatidylcholine being DPPC (King, 1984). This explains the interest in
delivering liposomes for the treatment or protection against respiratory distress
syndrome (RDS) (Ivey et al., 1977; Morimoto and Adachi, 1982). Lung surfactants
are synthesised by the alveolar epithelial type II cells and cleared by being engulfed
by the alveolar macrophages at the alveolar surface (Kellaway and Farr, 1990; Taylor
and Farr, 1993). In spite of the similarity between pulmonary surfactant and
liposomes, the clearance of liposomal phospholipids may be slow compared to lung
surfactant phospholipid (Oguchi et al., 1985; Pettenazzo et al., 1989).
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1.13. Safety of liposomes for pulmonary delivery

Inhalation of hydrogenated soya phosphatidylcholine (HSPC) liposomes has been
shown to be safe in animals, since no pathological effects or histological changes on
alveolar macrophages were observed upon acute or chronic exposure to liposomes
(Myers et al., 1993). No physiologically abnormal observations have been reported
in the lungs of sheep upon the inhalation of nebulised drug-free liposomes made
from SPC or HSPC in aqueous concentrations of 15 or 150 mg/ ml for 30 min using
a Collison nebuliser (Schreier et al., 1992). Moreover, incubation of liposomes with
isolated alveolar macrophages in vitro did not affect the viability of macrophages
(Gonzalez-Rothi et al., 1991). In humans, inhaled SPC liposomes have produced no
acute detrimental effects on the pulmonary function (Thomas et al., 1991).

Many studies have shown that drugs entrapped in liposomes are safe for pulmonary
delivery in animals and man. No adverse effects on the histology or function of the
lungs

were

reported

following

repeated

administration

of liposome-pDNA

complexes via the pulmonary route (Canonico et al., 1994). Inhaled liposomeentrapped beclometasone was well-tolerated in man when given in doses equivalent
to these given via pMDIs or DPIs (Waldrep et al., 1997b). Nebulised DLPCciclosporin A has been shown to produce no tracheal irritation or abnormal lung
function in normal volunteers (Gilbert et al., 1997). Inhaled interleukin-2 was
relatively non-toxic and effective in dog (Khanna et al., 1997) and man (Skubitz and
Anderson, 2000; Ten et al., 2002). In addition, nébulisation of 9-nitrocamptothecin
has been reported to be feasible and safe in patients with advanced pulmonary
malignancies in phase II clinical trial (Verschraegen et al., 2004). Nébulisation of
liposomal insulin to animal lungs has also been reported to be safe with no observed
histological abnormalities (Jendle et al., 1995). Nébulisation of all-trans-retinoic acid
in liposomes to the lungs of mice has localised the drug action within the respiratory
airways with no apparent pulmonary toxicity (Parthasarathy et al., 1999).

However, although liposomes are promising and safe carriers for prolonging the drug
action in the respiratory tract, their delivery is a considerable challenge. Section 1.14
to 1.16 will discuss the delivery of liposome or phospholipid formulations using
medical devices.
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1.14. Approaches to liposome formulations using pMDIs

In situ formation of liposomes in the aqueous phase of a single stage liquid impinger
has been demonstrated when phospholipid dissolved in CFC was released from a
pMDI (Farr et al., 1987). The “respirable dose” was reported to be dependent on
formulation and device. A high phospholipid concentration, low propellant vapour
pressure and using a relatively large orifice (diameter= 0.58mm) may compromise
the “respirable dose” of the phospholipid released (Farr et al., 1987). Problems which
are still required to resolve for this pMDI formulation may be the low entrapment of
delivered hydrophilic salbutamol, and the necessity of adding ethanol as cosolvent
since this may compromise the aerosol fraction delivered (Farr et al., 1989).

Vyas and Sakthivel (1994) have shown that delivery of CFC solution of phospholipid
and isoprenaline via pMDIs results in formation of liposomes in an in vitro aerosolcollection model, with entrapment efficiency obtained between 32 and 35%. Tarara
et al. (2004) have introduced a novel pMDI formulation comprising low density
lipid-coated microcrystals of budesonide suspended in HFA-134a, by spray-drying of
the micronised microcrystals of the drug in the presence of phospholipid-coated
emulsion droplets. The aerodynamic size of particles aerosolised from this system
was reported to be in the range of 3.2 to 3.4 pm (Tarara et al., 2004). This suggests
that future research may involve development of proliposome dispersions for
pulmonary delivery via pMDIs.

1.15. Approaches to liposome formulations using DPIs

An aqueous dispersion of liposome-drug may be spray-dried to produce low density
particles of less than 2 pm for inhalation from a capsule-based DPI. Rehydration of
dehydrated

vesicles

is

presumed

to

occur

in

situ

within

patient’s

lung

(Radhakrishenan et al., 1990). Seville et al. (2002) have prepared lipid-polycationpDNA particles by spray-drying from lactose solution. These provided more potent
transfection than the formulation before spray-drying.
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Freeze-dried liposomes using cryoprotectantsjhave been suggested for pulmonary
administration (Joshi and Misra, 2001a, b) with the “respirable dose” in vitro being
dependent on lipid composition (Shah and Misra, 2004a). Liposome surface charge,
the flow rate in the twin impinger, and the presence of fine lactose particles within
the formulation significantly influenced the deposition of a “respirable dose” of
liposomes (Shah and Misra, 2004b, c). Intratracheal delivery of freeze-dried
liposomes containing ketotifen in model animals has been shown to prolong the drug
residence in the lungs compared to the free corresponding drugs (Joshi and Misra,
2003).

Freeze-drying of liposomes followed by jet-milling has also been suggested (Schreier
et al., 1994, Holzner et al., 1998; Mobley, 1998). Unfortunately, milling may exert a
deleterious effect on liposomes integrity, resulting in significant leakage of drug
entrapped (Mobley, 1998; Desai et al., 2002b). To avoid this, a proliposome
approach has been suggested by micronisation of a powder mixture of phospholipid,
drug and carrier e.g. lactose (Desai et al., 2002b; 2003a).

Alternatively, spray-drying of alcoholic solution of phospholipid may produce
inhalable proliposomes (Alves and Santana, 2004). Spray-drying of a liquefied
propellant dispersed in a hydrophilic drug solution containing a bulking agent (e.g.
lactose) and a surfactant (e.g. phosphatidylcholine) may produce inhalable low
density porous particles, with a size being dependent on aqueous phase composition
(Steckel

and Brandes,

2004).

Moreover,

spray-drying of lipid-based

formulations comprising lipid-polycation-pDNA, trehalose as a carrier,

gene
and

cyclodextrin as an absorption enhancer is suggested (Li et al., 2005). The inclusion
of cyclodextrin before spray-drying has been reported to enhance the deposition in
“respirable dose” and improve transfection (Li et al., 2005).

1.16. Delivery of liposomes using air-jet nebulisers

Unlike pMDIs or DPIs, liposomes can be converted into aerosols for inhalation as
soon as they are prepared, without further processing. The fate of liposomes
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delivered to the human lungs has been investigated using nebulisers (Farr et al.,
1985; Barker et al., 1994).

Studies with latex spheres have indicated that relatively rigid particles dispersed in
aqueous phase can be delivered from jet nebulisers (McCallion et al., 1996b) with
larger particles being more resistant to delivery compared to small ones, and aerosols
droplet size being dependent on nebuliser design (Bridges and Taylor, 1998).
However, liposomes are not conventional particles since their non-rigid structures
may result in their fragmentation into smaller vesicles during jet-nebulisation
(Gilbert et al., 1988, Taylor et al., 1990b; Bridges and Taylor, 1998; Saari et al.,
1999). Saari et al. (1999) have shown that MLVs (approx. 5pm) can be markedly
reduced in size (< 1 pm) during jet-nebulisation and efficiently delivered to the lung
of human volunteers in aerosol droplets of 1.3 pm median size. Jet-nebulisation has
been reported to deliver BDP-liposome aerosols in a “fine particle fraction”
exceeding 93% of the delivered dose with output rate being much greater using
DLPC compared to DPPC liposomes (Saari et al., 1999). This suggests that low Tm
phospholipids may be desirable for delivering entrapped hydrophobic drugs.
Nébulisation of polydisperse ciclosporin-DLPC liposomes ( 1 to 50 pm) has resulted
in liposome fragmentation to a small size appropriate for delivery whilst
formulations made from higher Tm phospholipids such as DMPC or DPPC were not
efficiently nebulised (Waldrep et al., 1993).

Increased lipid concentration compromises nebuliser output (Bridges and Taylor,
2000a; Lange et al., 2001) and output rate (Waldrep et al., 1997a) and increases
droplet median size (Bridges et al., 1995; Bridges and Taylor, 1998; 2000a) possibly
due to an accompanied increase in formulation viscosity (Waldrep et al., 1997a). For
aqueous solutions, increased viscosity compromises nebuliser output and, unlike for
liposomes, results in decreased droplet median size (McCallion et al., 1995;
McCallion and Patel, 1996). This suggests that the increased droplet size for
liposome formulations may be attributed to aggregation of aerosolised concentrated
liposomes (Bridges and Taylor, 2000a) or reduced water evaporation from the
droplets because of the surface activity of phospholipid (Marks et al., 1983).
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Aerosol droplet size has been shown to be dependent on nebuliser design and
independent of liposome size or phospholipid composition (Bridges and Taylor,
1998). Cholesterol incorporation within liposomes may result in agglomeration
during nébulisation (Lange et al., 2001) probably because increased vesicle rigidity
results in failed delivery of large vesicles which subsequently accumulated and
aggregated in the nebuliser. Reducing the size of EPCrChol (1:1) MLVs from 5 pm
to 1 pm prior to nébulisation may enhance aerosols output particularly if high lipid
concentrations in aqueous dispersion are employed e.g. >20 mg/ml (Bridges and
Taylor, 2000a). Cooling of liposome formulation induced by jet-nebulisation may
result in the sedimentation and accummulation of phospholipids with high Tm e.g.
DPPC within nebuliser (Waldrep et al., 1994; Lange et al., 2001). By contrast
liposomes made from low Tm such as DLPC:DMPG or DMPCiDMPG (3:1)
demonstrated a greater aerosol output (Lange et al., 2001).

1.17. Stability of liposomes to jet-nebulisation

Liposomes are “delicate” vesicles and hence shearing within a jet nebuliser may lead
to their disruption and subsequent loss of entrapped hydrophilic material, with
greatest losses from large liposomes (Taylor et al., 1990b; Niven et al., 1991). Taylor
et al. (1990b) have demonstrated that the mean size of egg PC:Chol (1:1) MLVs and
REVs was considerably reduced during jet-nebulisation with a significant loss of the
originally entrapped hydrophilic drug sodium cromoglicate (SCG). Drug loss and
liposome size reduction on nébulisation were markedly deceased when liposomes
were reduced in size to 1 pm by extrusion through a polycarbonate membrane filter
prior to nébulisation (Taylor et al., 1990b). Nébulisation of SPC:DPPG (7:3) MLVs
(5 pm size) for 80 min resulted in leakage of 76.8% of CF originally entrapped,
whereas only 7.9% of the marker leaked from vesicles extruded through 0.2 pm
polycarbonate membrane filter before nébulisation (Niven et al., 1991). It has been
suggested that using liposomes of smaller size than that of the nebulised droplets
may minimise liposome disruption since vesicles would be incorporated into the
aerosol without undergoing significant size reduction by the shearing applied (Niven
et al., 1991).
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Leakage of the entrapped hydrophilic marker CF from liposomes during 80 min jetnebulisation was greatly dependent on phospholipid composition of liposomes, with
leakage from MLVs (extruded through 1 pm polycarbonate membrane) being in the
range of 12.7% to 60.9% from HSPC:Choi (7:3) or SPC:DPPG (7:3) liposomes
respectively (Niven and Schreier, 1990). This agrees with Bridges and Taylor’s
(1998) observation that the inclusion of cholesterol or DPPC in liposome formulation
increased vesicle resistance to shearing and reduced liposome instability during jetnebulisation. This suggests that high Tm phospholipids or cholesterol may be
desirable components to increase vesicle rigidity and minimise liposomes instability
during jet-nebulisation. However, nebuliser design may also influence the magnitude
of shearing exerted on liposomes, with more liposome disruption shown on using
nebulisers generating very small droplets for targeting the alveoli e.g. Respirgard II
(Bridges and Taylor, 1998).

Losses of the entrapped CF during jet-nebulisation were minimised by reducing the
air pressure used to atomise the liquid, maintaining the temperature of dispersion
below the Tm of phospholipid mixture, and using hypertonic dispersion media (Niven
et al., 1992). Liposomes made from HSPC:DPPG (9:1) and extruded to 1 pm prior to
jet-nebulisation exhibited an air pressure-dependent leakage of the originally
entrapped CF, with losses, as measured from nebuliser contents after 80 min
nébulisation, ranging between 1.3% to 88.2% using an air pressure range between 4
psig (2.4 L/min flow rate) and 50 psig (11.1 L/min flow rate) respectively (Niven et
al., 1992). Nébulisation at temperatures exceeding the Tm of liposomal phospholipids
enhanced the air-jet shearing on liposomes and increased the amount leaked of the
entrapped marker (Niven et al., 1992).

Freeze-drying of cryoprotected vesicles has been investigated as a strategy to deliver
stable liposomes by rehydration prior to jet-nebulisation (Bridges and Taylor, 2000b).
Rehydration of freeze-dried EPC or EPC:Chol (1:1) liposomes without adding
trehalose cryoprotectant within formulation has resulted in the generation of large
liposomes and liposome aggregates which were very unstable to jet-nebulisation
compared to non-freeze dried liposomes (Bridges and Taylor, 2000b). The addition
of the cryprotectant trehalose within formulation (trehalose: lipid, 1:1 w/w) and size
reduction of liposomes to 2.5 or 1 ^m prior to freeze-drying has resulted in reduced
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instability of rehydrated vesicles to jet-nebulisation, as the increased median size of
liposomes on rehydration was minimised (Bridges and Taylor, 2000b).

Darwis and Kellaway (2001) have shown that liposomes freeze-dried after extrusion
through 0.2 pm polycarbonate membrane filter have significantly aggregated or
fused, with reported median size of liposomes ranging between 5.84 pm and 15.78
pm depending on phospholipid employed. Accordingly, even the smallest size i.e.
5.84 pm may be very unstable to jet-nebulisation as has been previously shown by
Bridges and Taylor (2000b) for similar liposome size. Thus, adding a cryoprotectant
within liposome formulations prior to freeze-drying may be necessary to prevent
such marked increase in the size of rehydrated vesicles and minimise liposome
instability during jet-nebulisation (Bridges and Taylor, 2000b).

Unlike hydrophilic materials which exhibit significant losses from large liposomes
during jet-nebulisation (Taylor et al,, 1990b; Niven et al., 1991), the loss of
hydrophobic materials may be less significant if the appropriate phospholipid is
chosen. Hydrophobic drugs entrapped within or bound to liposomal bilayers may
remain largely entrapped after shearing by jet-nebulisation (Saari et al., 1999; Lange
et al., 2001; Desai et al., 2002a), or extrusion through polycarbonate membrane
filters (Darwis and Kellaway, 2001). Nébulisation of beclometasone dipropionate
(BDP) has shown a prolonged retention within the human respiratory tract, although
liposomes underwent significant size reduction during nébulisation, being from 3.49
to 0.83 [xm and from 5.07 to 0.91 |xm for DLPC and DPPC liposomes respectively
(Saari et al., 1999), suggesting drug loss during jet-nebulisation was minimal if not
absent, or drug lost has been re-associated with the bilayers in vivo. Prolonged drug
retention in the human respiratory tract has been demonstrated for radiolabelled
BDP-DLPC liposomes, with nebulisers generating smaller droplets being more
desirable to prolong the retention, suggesting that the entrapped drug was not
markedly leaked by increased shearing (Vidgren et al., 1995).

Desai et al. (2002a) showed that nebulisation-induced leakage of drugs was greater
for a hydrophilic drug than hydrophobic drugs. Lange et al. (2001) have shown that
the retained entrapment of the bilayer bound cationic peptide CM3 in DLPC:DMPC
(3:1) MLVs was 86.5% in nebulised dispersions using a Pari LC Star air-jet nebuliser.
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again indicating that bilayer associating materials exhibit minimum loss during jetnebulisation. Aerosolisation of ciprofloxacin associated with PC:Choi (55:45)
liposomes (0.2 pm) by a range of nebulisers resulted in drug loss which was
dependent on the nebuliser, although most devices tended to retain the majority of
the drug fraction originally entrapped (Finlay and Wong, 1998).

These studies suggest that when the phospholipid composition is appropriate for a
particular hydrophobic drug, the most important issue is to select a suitable nebuliser
which is capable of delivering a high fraction of the liposome formulation to the
target site within the respiratory tract. In general liposomes made from low Tm
phospholipids may be more desirable for incorporating hydrophobic drugs since the
fluidity of the bi layers may enhance accommodation of drugs and increase delivery
of liposome-drug from nebulisers compared to liposomes made from high Tm
phospholipids (Darwis and Kellaway, 2001).

Desai et al. (2003b) have shown that adding surfactants (Tween 80 and Span 20) in
certain concentrations within DMPG MLV formulations may enhance delivery and
provide a 100% entrapment of the hydrophilic polymyxin sulphate, with no leakage
of the drug delivered using a Pari LC Star jet nebuliser. This might be attributed to an
electrostatic interaction between the drug and phospholipid rather than entrapment,
since the instability of MLVs to jet-nebulisation is well established (Taylor et al.,
1990b; Niven et al., 1991; Bridges and Taylor 2000b).

Proteins may undergo significant degradation by the shearing provided during jetnebulisation, necessitating the addition of protective materials (Niven et al., 1994;
1996; Fângmark and Carpin, 1998). Liposomes may provide protection for proteins
during jet-nebulisation (Kanaoka et al., 1999; Khatri et al., 2004). The protein IFN-y
has been demonstrated to fully degrade during jet-nebulisation, so that detected
active protein in aerosolised fraction was only 0.4 ±0.2% (Kanaoka et al., 1999).
Entrapment of the protein in SUVs made from a range of phospholipids prior to jetnebulisation resulted in a degree of protection which was dependent on phospholipid
composition (Kanaoka et al., 1999). The model protein lactate dehydrogenase (LDH)
was also significantly degraded during nébulisation in a range of nebulisers,
particularly jet nebulisers (Khatri et al., 2001). However, when the protein was
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entrapped in DMPC liposomes (median size 150-170 nm) prior to nébulisation, the
degradation was minimal, suggesting liposomes may confer physical protection on
the entrapped protein, which may be enhanced by a direct interaction of LDH with
the liposomal bilayers (Khatri et al., 2004).

Gene therapy via the nasal route has been suggested to treat diseases with a genetic
basis within the respiratory tract (Caplen et al., 1995), and nébulisation has been
demonstrated to be an efficient means of delivering therapeutic doses of pDNA to
sites deep within the lung (Eastman et al., 1997). However, genes are labile to
enzymatic (chemical) degradation or physical degradation induced by shearing
during jet-nebulisation, resulting in loss of activity. Cationic liposomes may complex
with the negatively-charged pDNA to provide protection against enzymatic
degradation in cells (Crook et al., 1996) or physical degradation within the jet
nebuliser (Crook et al., 1996; Eastman et al., 1997). The successful protection of the
gene during jet-nebulisation has been shown to be dependent on nebuliser type and
phospholipid composition of the cationic liposomes (Schwarz et al., 1996). Birchall
et al. (2000) have shown that both the physical stability and in vitro biological
activity of the nebulised liposome-pDNA may be enhanced by the incorporation of
the polycationic peptide protamine. The transfection of liposome-DNA complexes
obtained after jet-nebulisation was dependent on formulation (Stern et al., 1998;
Densmore et al., 1999) and composition of the compressed gas employed in
atomisation (Stern et al., 1998).

1.18. Delivery of liposomes using ultrasonic nebulisers

Ultrasonic nebulisers are less commonly used for liposome delivery compared to airjet nebulisers since they are generally inefficient in delivering high viscosity fluids
(McCallion et al., 1995) and some suspensions (McCallion et al., 1996b). In contrast
to air-jet nebulisers, ultrasonic nebulisers tend to heat liquids during atomisation,
resulting in instability of liposomes (Leung et al., 1996). Over 10 min ultrasonic
nébulisation of EPC MLVs (5 pm), the mean vesicle size was reduced to less than 1
pm, with the production of a small subpopulation of vesicles having a mean size of
approx. 13 pm. This suggests that after a prolonged time, when the fluid temperature
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within nebuliser was at its highest, some aggregation and/or fusion of vesicles
occurred besides continuous size reduction of the main liposome population (Leung
et al., 1996). Compared to EPC, EPC:Choi (1:1) MLVs were more resistant to
nebulisation-induced disruption with size reduction of liposomes throughout
atomisation being very slight (Leung et al., 1996).

It has been demonstrated that extruded PC:Choi (55:45) liposomes (0.2 pm) of
ciprofloxacin-(PC:Chol, 55:45) were stable to ultrasonic nébulisation, with minimal
leakage of the originally entrapped ciprofloxacin in the delivered fraction (Finlay and
Wong, 1998). This suggests that reducing the size of vesicles prior to nébulisation
may provide a strategy to enhance liposome stability to ultrasonic nébulisation.
Ultrasonic nébulisation of liposome-DNA after brief bath sonication has been
reported to elicit successful transfection in animals (Guillaume et al., 2001),
suggesting that liposomes protected DNA during ultrasonic nébulisation.

1.19. Medical applications of liposomes in pulmonary delivery

1.19.1. Asthma and inflammatory lung diseases

Early studies showed that pulmonary delivery of liposome-entrapped antiasthma
drugs may localise drug within the airways in animal (McCalden et al., 1989) or man
(Taylor et al., 1989) and reduce systemic side effects compared to unentrapped drug
(McCalden et al., 1989). This has been attributed to the lower plasma levels of the
drug when delivered in the liposome-entrapped form (Meisner et al., 1989; Taylor et
al., 1989).

Using guinea pig as a model animal, intratracheal instillation of liposome-entrapped
Bi-agonists such as metaproterenol (orciprenaline) or salbutamol has been shown to
sustain drug action in the lungs (McCalden et al.,

1989; McCalden and

Radhakrishnan, 1991) and reduce cardiovascular side effects compared to the free
drug (McCalden et al., 1989).

Taylor and co-workers (1989) have used jet-

nebulisation to deliver liposome-entrapped or free SCG to the lungs of healthy
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volunteers. Inhaled free SCG solution produced peak plasma levels more than seven
fold greater than these produced by the liposome-entrapped SCG. Moreover, free
drug was rapidly cleared from the plasma and not detected after 24 h whilst drug
delivered in entrapped form remained detected. Similar findings have been reported
for liposome-entrapped atropine delivered to the lung of rabbit (Meisner et al., 1989).

The pulmonary retention of radiolabelled liposomal beclometasone delivered
intranasally in anaesthetised mice has been investigated (Vidgren et al., 1995). Half
of the radiolabelled marker deposited in the lungs was retained as measured 24 h
after administration whilst marker solution was cleared from the lungs within a few
minutes of inhalation. In another study, the clearance of nebulised radiolabelled
liposome-beclometasone from the human lungs may increase in severe asthma
compared to mild asthma (Saari et al., 1998) and is largely independent of
phospholipid composition (Saari et al., 1999). Since beclometasone has shown less
peripheral deposition in the lungs of severely asthmatic compared to mildly
asthmatic subjects (Saari et al., 1998), the co-administration of long-acting B2agonists, e.g. formoterol with liposome-beclometasone has been suggested and
shown to enhance the deposition of liposomal beclometasone in the peripheral
airways (Saari et al., 2002). Weekly administration of budesonide entrapped in
sterically stabilised liposomes may be at least equivalent to daily administration of
free budesonide in decreasing lung inflammation in mice (Konduri et al., 2003;
Konduri et al., 2005).

Based on recent findings, liposomes may enhance the pharmacologic action of the
entrapped drug in pulmonary tissues. Nagarsenker and Londhe (2003) have shown
that the inhibition of neutrophile efflux was enhanced when SCG was entrapped in
liposomes compared to free SCG.

1.19.2. Acute lung injuries

Lung injury may be induced by reactive oxygen species (Bend et al., 1985).
Liposomes may augment the activity of pulmonary antioxidant enzymes (Freeman
and Tanswell, 1985). Studies on animals have shown that liposome-entrapped
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antioxidants may provide an enhanced prophylaxis against oxidative lung injuries
(Padmanabhan et al., 1985; Jurima-Romet et al., 1990; Thibeault et al., 1991;
Barnard et al., 1993; Suntres et al., 1993; Suntres and Shek, 1994; 1995a). Protection
against oxidative damage to lung tissues in vitro using liposome-entrapped
antioxidants has been also demonstrated (Tanswell et al., 1990; Rengel et al., 2005).
This was attributed to liposomes causing a prolonged retention of entrapped
antioxidant in the pulmonary cells (Jurima-Romet et al., 1990; Smith et al., 1992;
Suntres et al., 1993; Suntres and Shek, 1994; 1998b) which was dependent on
phospholipid composition of liposomes (Jurima-Romet and Shek, 1991). This
prophylactic effect provided by liposomes has been investigated on animals using
different inducers of oxidative damage to the airways such as the herbicide paraquat
(Zacharias et al., 1992; Suntres and Shek, 1995b; 1996; Zacharias et al., 1996),
bacterial lipopolysaccharides (Suntres and Shek, 1998a; Fan et al., 2000; Zacharias et
al., 2000), or drugs toxic to the lung, e.g. bleomycin (Ledwozyw 1991; Suntres and
Shek, 1997).

1.19.3, Delivery of chemotherapeutic agents

Animal studies have shown that intratracheal delivery of liposomes may prolong the
residence of entrapped antimicrobials in the airways (Demaeyer et al., 1993; Omri et
al., 1994; Marier et al., 2003). The antibacterial activity of liposome-entrapped
antimicrobials has been demonstrated to be dependent on lipid composition of
liposomes (McAllister et al., 1999), and the pulmonary retention has been shown to
be dependent on the pathological status of the respiratory tract (Omri et al., 1994).
Liposomes may also comprise a physical barrier against the adherence of
pseudomonas aeruginosa to the lung epithelium and limit the deleterious effect of
bacterial by-products (Girod et al., 1994).

Aerosolisation of liposome-entrapped antimicrobials has been demonstrated to be
efficient in the treatment of respiratory tract infections in mice (Gilbert et al., 1994;
Conley et al., 1997), and safe when aerosolised to the respiratory tract of man
(Knight and Gilbert, 1988). Moreover, liposomal aerosols of amphotericin B have
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been shown to improve survival in rats compared to aerosolised amphotericin B
desoxycholate (Ruijgrok et al., 2001).

Intratracheal (Koshkina et al., 1999) or aerosol (Knight et al., 1999; 2000, Koshkina
et al., 2000; 2001; Lawson et al., 2003) delivery of liposomal anticancer 9nitrocamptothecin has been shown to reduce lung cancers, and to be safe for treating
lung cancers via the pulmonary route (Verschraegen et al., 2004). Moreover, the use
of nebulised liposome-entrapped anticancers for targeting organs distant from the
lungs, e.g. breast has been also suggested (Knight et al., 1999).

1.19.4. Delivery of amino acids, peptides, and proteins

The hypoglycaemic effect of intratracheally instilled liposome-insulin is dependent
on the crystal form of insulin (Liu et al., 1993), phospholipid concentration,
phospholipid composition, liposome surface charge (Li and Mitra, 1996). Liposomes
can enhance the uptake of insulin by type II cells in vitro and in vivo using a rat
model, with hypoglycaemic effect being enhanced using a physical mixture of
liposomes and insulin rather than liposome-entrapped insulin (Mitra et al., 2001).

Jet-nebulisation

of liposome-associated insulin

has

resulted in considerable

deposition in the peripheral airways and considerable retention within the lungs of
intubated model animals (Jendle et al., 1995). Aerosolisation of ciclosporin A
liposomes has been reported to produce sufficient immunosupression for the
treatment of lung diseases (Gilbert et al., 1993; Waldrep et al., 1993) and no systemic
toxicity (Waldrep et al., 1993) possibly because of the rapid absorption and
prolonged pulmonary retention of the drug (Letsou et al., 1999). Aerosolisation of
entrapped interferon-gamma (IFN-gamma) and the immunomodulator muramyl
tripeptide in liposomes has resulted in greater tumoricidal activity of mice alveolar
macrophages in vitro compared to aerosolisation of free IFN-gamma and entrapped
muramyl tripeptide (Goldbach et al., 1996). Moreover, intratracheal instillation of the
antifibrotic agent cis-4-hydroxy-L-proline in liposomes prolonged pulmonary
retention of the encapsulated material and prevented bleomycin-induced pulmonary
fibrosis in rats (Poiani et al., 1994).
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1.19.5. Gene therapy

Gene therapy aims to deliver genetic material to diseased cells in order to repair the
cause of diseases. Since genetic materials are large hydrophilic compounds, their
ability to penetrate target cells and be subsequently expressed may be poor,
necessitating the presence of viral or non-viral (e.g. liposomes) vectors. Although
cationic liposomes as gene vectors have been reported to be far less efficient than
adenovirus treatment (Fortunati et al., 1996) and short-lived (Rochat and Morris,
2002), liposomes are far safer than viral gene vectors (Ledley, 1994; Coutelle and
Williamson, 1996).

Intratracheal instillation of cationic liposome-gene complex may enhance or localise
the gene expression in the pulmonary system of model animals (Brigham et al., 1989;
Hazinski et al., 1991; Yoshimura et al., 1992; Bout et al., 1993). Intratracheal
administration of manganese superoxide dismutase-plasmid/ liposome 24 h prior to
irradiation therapy has been shown to protect the lung from irradiation-induced
damage (Epperly et al., 2002; Guo et al., 2003). Moreover, liposomes can protect
complexed pDNA against oxidative degradation induced by the formation of reactive
oxygen species within the respiratory tract (Luo et al., 2003). In another study,
liposomes complexed with CFTR plasmid have shown to be desirable for treatment
of cystic fibrosis when delivered to the lungs of mice intratracheally (Yoshimura et
al., 1992, Hyde et al., 1993) or by aerosols (Alton et al., 1993).

The majority of lung cancers are characterised by mutations in the tumour suppressor
p53 (Takahashi et al., 1991). Intratracheal delivery of liposome-based p53 gene in
mice has been reported to be a potentially effective strategy for the treatment of early
bronchial cancers (Zou et al., 1998). This approach was effective in mice following
aerosol delivery of p53 gene complexed with cationic liposomes (Gautam et al.,
2002). The prevention of lung tumours by liposome-DNA may be dependent on
formulation factors such as lipid composition, lipid/ DNA ratio and particle size of
the complex (Zou et al., 2000). Delivery of aerosolised liposome-transferrin
mediating endostatin gene in mice has been demonstrated to be desirable to inhibit
angiogenesis and the growth of mouse xenograft liver tumors (Li et al., 2003).
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Intratracheal delivery of the genes of cytokines such as IFN-gamma may reduce the
severity of allergen-induced airway hyperresponsiveness (AHR) in rodent models
(Dow et al., 1999). A novel therapeutic approach has been investigated on a rat
model,

by

delivering

aerosols

of

liposome-entrapped

Syk

antisense

oligodeoxynucleotides in order to inhibit the expression of tyrosine kinase Syk in
inflammatory cells (Stenton et al., 2002). This has resulted in inhibition of antigeninduced inflammatory cell infiltrate and suppression of tracheal contraction,
suggesting a new strategy to treat asthma (Stenton et al., 2002). Moreover, the
incorporation of polycationic peptides (Birchall et al., 2000) or polycationic
polymers (Lee et al., 2003) within the cationic liposome-DNA complexes has been
suggested for pulmonary delivery since they may enhance the biological activity and
decrease cell toxicity.

1.19.6. Vaccination

A vaccine is a prophylactic agent which prevents the future development of a
particular disease. This may be achieved by the administration of an antigen in order
to elicit an immune response within the body. Pulmonary delivery of liposomes as
carriers for vaccines has been investigated. For instance. Intratracheal instillation of
liposome-entrapped vaccine of formaldehyde-inactivated ricin toxoid against ricin
toxoid into rat lungs has produced greater immune responses than a solution
preparation of the vaccine (Griffiths et al., 1997). Thus, liposomes are particularly
promising carriers, not only for conventional drugs but also for genes and vaccines.

1.20. Aims of the thesis

Liposome delivery to the respiratory tract using air-jet and ultrasonic nebulisers
comprises an attractive approach for prolonging the action of entrapped drug in the
pulmonary system. However, issues like difficulty of scaling up liposomes, liposome
instability to nébulisation, and poor knowledge about the role of nébulisation
mechanism in efficient delivery and physical stability of liposomes, all require more
research to be conducted.
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This work focused on investigating the potential of proliposome technology in
liposome delivery using medical nebulisers of different operating principles. In this
work two proliposome systems were developed based on published literature. These
proliposome formulations are easy to prepare, convenient to store, and possible to
manufacture on a large scale. They are of two main types: particulate-based
proliposomes and ethanol-based proliposomes.

Liposomes generated from proliposomes were characterised for their size distribution
and microscopic morphology. The optimised proliposome formulations were
investigated for being capable of generating deliverable liposomes in situ within
medical nebulisers by exploiting the energy employed for atomisation using the two
proliposome systems and various lipid phase compositions. The influence of
nébulisation mechanism and formulation on the stability of liposomes was
investigated. The potential of proliposome formulation in delivering liposomes
entrapping

hydrophilic

(e.g.

salbutamol

sulphate)

or

hydrophobic

(e.g.

beclometasone dipropionate) drugs was studied. Importantly, a prime concern was
given to the potential of the recently commercialised vibrating-mesh nebulisers in
delivery of liposomes generated from proliposomes and the relation between
formulation physicochemical properties and nebuliser performance (e.g. output,
droplet size, etc) and this was compared to conventional nebulisers operating by
different principles. The influence of liposome formulation approach and steroid
inclusion on the phase behaviour of the liposomal bilayers was also investigated.
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CHAPTER TWO:
GENERAL METHODOLOGY
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2.1. M aterials

2.1.1. Chemicals

Sucrose, lactose monohydrate (LMH), sorbitol, ammonium thiocyanate, ferrie
chloride, chloroform, absolute ethanol were all “AnalaR” grade and purchased from
BDH. Egg phosphatidylcholine (EPC) (Lipoid E-lOO) and soya phosphatidylcholine
(SPC) (Lipoid S-100) were a gift from Lipoid, Germany. Triton X-100, sodium
hexane sulphonate, cholesterol, dimyristoylphosphatidylcholine (DMPC, approx.
99%), biphenyl, phenyl salicylate, and anhydrous talc were all purchased from
Sigma-Aldrich, UK. Phosphotungestic acid (PTA) 1% was analytical grade reagent
and purchased from TAAB Laboratories Equipment Ltd., UK. Salbutamol sulphate
(99%) was supplied by Avocado Research Chemical, Ltd., UK. Beclometasone
dipropionate (BDP) was supplied by GlaxoSmithKline, UK. Water and methanol
used in HPLC assay were both HPLC-grade and purchased from Fisher Scientific
Ltd., UK.

2.1.2. Nebulisers

Pari LC Plus air-jet nebuliser/ Pari Master compressor (Pan GmbH, Germany).
Liberty ultrasonic nebuliser (Clement Clarke International, UK).
Omron Micro Air NE-U22 vibrating-mesh nebuliser (Omron Healthcare, UK Ltd.,
UK).
Aeroneb Go vibrating-mesh nebuliser (Aerogen. Inc., USA).
Aeroneb Pro vibrating-mesh nebuliser (Aerogen, Inc., USA).
Aeroneb Pro (customised large mesh apertures, 8 pm) vibrating-mesh nebuliser
(Aerogen, Inc., USA).

77

2.2. M ethods

2.2.1. P reparation of different size fractions of carbohydrate carriers

Sucrose was ground in a ball mill (Pascall Engineering Co. Ltd., UK) rotated on a
roll mixer (1600-VS-A roll mixer, Pascall Engineering Co. Ltd., UK) at a medium
speed for 10 min. The resultant powder was sieved and size fractions of 106-300,
300-500, and 500-710 fim were collected. Sorbitol as purchased was sieved and the
size fractions were collected. Since lactose monohydrate (LMH) was too fine, size
enlargement was carried out. LMH (200 g) was placed in a Kenwood Chef KM200
planetary mixer (Kenwood, UK). The shaft speed of the mixer was set up on 1 and a
little deionised water was sprayed on the powder using a wash bottle. After 2 min
mixing, the mixer was turned off and manual mixing took place using a large
stainless steel spatula. This procedure was repeated until the “wet mass” formed.
This was pressed through a sieve (710 pm) and collected on a clean stainless steel
tray and dried in an oven at 55°C with a fan operated for approx. 3 h, when constant
weight of product was obtained, indicating granules were properly formed. Sieving
took place and the appropriate size fractions were collected.

2.2.2. Manufacture of particulate-based proliposomes

Carbohydrate carrier particles of the desired size fraction (section 2.2.1) were placed
in a 100 ml pear-shaped flask and attached to a modified rotary evaporator (Biichi
Rotavapor R-114, Biichi, Switzerland) with a feed-line tube (Biichi, Switzerland),
and immersed in a 35°C water bath (Biichi Waterbathe B-480, Biichi, Switzerland)
(Fig.2.1). The vacuum was operated using a vacuum pump (Biichi Vac V-501) and
rotation speed was set at maximum. A chloroformic solution of lipid (60 mg/ ml) in a
glass vial was injected in portions (0.5 to 1 ml each) via the feed-line using a syringe
and by releasing the vacuum within the rotary evaporator for few seconds using a
valve fitted on top of the condenser to allow lipid solution to be drawn through the
feed-line and be sprayed onto the carrier particles within the flask (Fig.2.1). After
each addition, complete evaporation of chloroform was allowed before injecting the
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next portion. When the lipid solution was consumed, pure chloroform (1 ml) was
used to rinse the vial and that was again injected into the rotary evaporator. Complete
solvent evaporation was allowed for at least 30 min before releasing the vacuum,
detaching the flask, and collecting the proliposomes using a clean spatula.
Proliposomes were stored in a glass vial in the freezer (-18°C).

Fig.2,L A modified rotary evaporator with a feed-line to suit the manufacture o f
particulate-based proliposomes (Adapted from: Song etaL, 2002).
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2.2.3. Manufacture of thin phospholipid films

Phospholipid was dissolved in chloroform (60 mg/ ml) in a 100 ml pear-shaped flask
and attached to the rotary evaporator without using the feed-line. A vacuum was
applied, rotation speed was set at maximum, and the water bath was set at 35°C.
After 1 h, the vacuum pump was turned off, negative pressure released, and the flask
was detached. The thin film formed was flushed for few min with nitrogen to fully
remove any solvent residues. Hydration with aqueous phase was carried out as
outlined in section 2.2.4.
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2.2.4. Hydration protocol for particulate-based proliposomes and phospholipid
films

Particulate-based proliposomes or thin phospholipid films were hydrated in a pearshaped flask by the addition of the desired type and amount of aqueous phase
significantly above Tm of the lipid. Preparations were shaken by hand vigorously for
10 min to generate the liposomes. Flask was immersed in the water bath (40°C) for
15 min, followed by another 10 min hand shaking to ensure complete lipid hydration.
Liposomes were allowed to “anneal” for approx 2 or 3 h above Tm of the employed
lipid before carrying out other procedures. Annealing of liposomes above the Tm of
the lipid was reported to be desirable to overcome structural defects of the bilayers
(Lawaczeck et al., 1976).

2.2.5. Manufacture and hydration of ethanol-hased proliposomçs

This protocol was adapted from that of Perrett et al. (1991). Lipid phase comprising
SPC:Chol (1:1) was dissolved in absolute ethanol at 70°C for 1 min in a 7 ml glass
vial to obtain a clear ethanolic solution comprising 5:6 w/w lipid to ethanol ratio.
Aqueous phase was added in the required amount immediately to avoid lipid phase
solidification on cooling, and vigorous hand shaking took place for 1 min to generate
the liposomes. Alternatively, SPC or DMPC was dissolved in absolute ethanol in a 7
ml glass vial to obtain a clear ethanolic solution comprising 5:4 w/w lipid to ethanol
ratio (Perrett et al., 1991). Aqueous phase was added above Tm of the employed lipid
in the desired amount and vigorous hand shaking took place for 1 min to generate the
liposomes.

2.2.6. Scanning electron microscopy (SEM)

Carbohydrate carriers or particulate-based proliposomes made of different carrier
size fractions (106-300, 300-500, and 500-710 pm) using EPC, SPC, or SPC:Chol
(1:1) and a phospholipid to carrier ratio of 1:20 or 1:5 w/w, were air-dried onto an
SEM stub (TAAB Laboratories Equipment Ltd., UK), and gold coated in an
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EMITECH K550 sputter coater (EMITECH, UK) for 3 min at 30 MA. Samples were
viewed, photographed, and video printed using a Philips XL 20 scanning electron
microscope (Philips Electron Optics BV, the Netherlands).

2.2.7. Light microscopy

A drop of liposome dispersion was placed on a glass slide with a cover slip and
viewed on a TV monitor using Nikon Microphot FXA photomicroscope (Nikon,
Japan). Alternatively, using the same technique, the process of liposome formation
from particulate-based proliposomes was monitored by spreading a few proliposome
granules on the slide and adding a drop or two of deionised water. The process of
liposome formation was monitored and photographed every 30 s.

2.2.8. Transmission electron microscopy (TEM)

A drop of liposome dispersion was placed on carbon-coated copper grids (400 mesh)
(TAAB

Laboratories

Equipment

Ltd.,

UK),

negatively

stained

with

1%

phosphotungestic acid (PTA), and then viewed and photographed using a Philips CM
120 Bio-Twin TEM (Philips Electron Optics BV, the Netherlands).

2.2.9. Liposome particle size analysis using laser diffraction

The size distribution of liposomes was determined using laser diffraction (Malvern
Mastersizer S, Malvern Instruments Ltd., UK). The 50% undersize or volume median
diameter (VMD), Span, and 90% undersize were reported. Span= (90% undersize10% undersize)/ VMD. Measurements were conducted using an active beam length
of 14.3 mm, MS7-magnetically stirred cell (Malvern Instruments Ltd., UK), a
polydisperse analysis model, and a moderate stirrer speed. The laser diffraction
instrument employed in this study measures particle size according to “Mie theory”
which requires the input of refractive indices for particles in question (i.e. liposomes)
and dispersion medium, which were 1.6 and 3.33 respectively (manufacturer
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personal comm unication). The dispersion medium was em ployed above Tm of the
lipid em ployed and often com prised all com ponents o f the dispersion excluding
liposom es.

Currently, laser diffraction is one o f the most widely used sizing techniques in
pharm aceutical research and industry, since it is rapid, and convenient. A laser beam
em itted from laser producing lamp, e.g. helium lamp is designed so that it is incident
on particles in the sample suspension (Fig.2.2). As a consequence, the laser beam is
diffracted at an angle which is m easured by a photodetector connected to a com puter
to calculate the size distribution o f particles based on volume (Fig.2.2).

Laser diffraction may be overestim ating in sizing non-spherical particles (Xu and
G uida, 2003). Fortunately, liposom es are reasonably spherical. Laser diffraction has
been em ployed in size determ ination o f liposomes (e.g. Leung et al., 1996; Bridges
and Taylor, 1998; Castile and Taylor, 1999).

Fig.2.2. A schematic illustration o f size analysis o f liquid dispersions using laser
diffraction.
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2.2.10. Preparation of phospholipid dilutions for construction of a calibration
curve

Phospholipid (100 mg) was dissolved in chloroform (60 mg/ ml) in a 100 ml pearshaped flask. Thin film was made and hydrated as described in sections 2.2.3 and
2.2.4 respectively to obtain liposom e dispersion in deionised w ater (10 mg/ ml).
Liposom es were further diluted to yield lipid concentrations ranging from 0.02 mg/
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ml to 0.2 mg/ ml. Stewart assay (Stewart, 1980) was performed as described in
section 2.2.11 to construct the calibration curve.

2.2.11. Phospholipid assay

A 1 ml sample from liposome dispersion was placed in a 15 ml glass tube using a
Gilson pipette (Pipetman, France). This was done in triplicate for each sample. To
each tube, absolute ethanol (1 ml) was added to convert liposomes into ethanolic
solution of lipid. Tubes were kept in an oven at 90°C overnight to evaporate solvent
and form a film of dried lipid in the tubes. Phospholipid films were quantified by
utilising the capability of phospholipids to develop a colour when react with
ammonium ferrothiocyanate in chloroformic solution (Stewart, 1980). Chloroform (2
ml) was added using the Gilson pipette to dissolve the phospholipid within the tubes,
and an equal volume of ammonium ferrothiocyanate solution (prepared by dissolving
6.76 g ferric chloride and 7,6 g ammonium thiocyanate in deionised water made up
to 250 ml) was added. Tubes were covered by two layers of Parafilm (Parafilm® “M”
laboratory film, USA) and mixed vigorously for 1 min using a vortex mixer
(WhirlMixer™, Fisherbrand, Fisher, UK). Tubes were spun for 5 min at 300 g and
4°C using a 3K30 bench centrifuge with 38 g tube adaptors (Sigma Laboratory
Centrifuge, Germany). The lower (chloroformic) layer was aspirated using a Pasteur
pipette, and the amount of phospholipid complexed with ammonium ferrothiocyanate
was estimated

at 488 nm (Stewart,

1980) using a Cary 3E UV-Visible

spectrophotometer (Varian, USA).

2.2.12. Assembly of the two stage impinger

The two stage impinger (Hallworth and Westmoreland, 1987) also known as the twin
impinger, or the Single Stage Glass Impinger comprises two stages. Simplistically,
the upper stage represents the upper airways, and the lower stage represents the
lower respiratory airways with a cut-off aerodynamic diameter of 6.4 pm at 60 U
min flow rate (Hallworth and Westmoreland, 1987) (Fig.2.3). NaCl (0.9% w/v) was
used as an aerosol collection medium in the impinger so that 30 ml and 7 ml were
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placed in the low er and upper stages respectively. H ow ever, for phospholipid assay
o f the contents within the im pinger, deionised w ater was used as a collection m edium
in order to avoid possible interference of NaCI w ith the colorim etric analysis. Flow
rate was set at 60 L/ min for collecting the aerosols generated from nebulisers.

Fig.2.3. The two stage (twin) impinger comprises the upper stage (stage 1) and the
lower stage (stage 2) (Source: Copley Scientific Limited, UK).
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2.2.13. Determination of nébulisation time

Form ulation (5 m l) was placed in a nebuliser with its m outhpiece being directed
tow ards the “throat” of the two stage im pinger, and nébulisation com m enced to
“dryness” or “dryness iVi" which is half of the tim e required to achieve “dryness” .
“ D ryness” is achieved when aerosol generation is ceased for at least 30 s. F or jet
nebulisers, “dryness” is usually achieved after few min o f “sputtering” (i.e. erratic
and interm ittent nébulisation). During “ sputtering” nebuliser was gently tapped by
hand on the side w alls in order to m axim ise the output.
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2.2.14. Aerosol droplet size analysis using laser diffraction

Using the Malvern 2600c laser diffraction size analyser (M alvern Instruments Ltd.,
UK) with a 63 mm lens, the aerosols generated from a nebuliser were directed
perpendicularly through the laser beam and drawn across it with a vacuum pump and
aerosols having a 2.5 cm distance from the lens (Fig.2.4). The VM D, Span, and 90%
undersize were recorded at tim e intervals during nébulisation to “dryness” .

Fig.2.4. A schematic diagram showing analysis o f size distribution o f the generated
aerosol from a nebuliser.
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Laser diffraction is com m only em ployed in com bination with inertial impaction
techniques (e.g. two stage im pinger) to measure the size of aerosol droplets
generated from nebulisers. This is because the flow rates em ployed to collect the
aerosols using the impingers may result in considerable solvent evaporation from the
ejected droplets and subsequently an overestim ated predicted “fine particle dose”
(M itchell and Nagel, 2003). Laser diffraction has been shown to be reliable and
robust for droplet size m easurem ent as the measured VM D by laser diffraction may
be equivalent to M MAD for non-volatile aerosols, and correlating well with in vivo
deposition data (Clark, 1995).
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CHAPTER THREE:
CHARACTERISATION OF LIPOSOMES GENERATED
FROM PARTICULATE-BASED PROLIPOSOMES
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3.1. Introduction

Conventional methods of liposome manufacture such as the thin film technique are
difficult to scale up, and phospholipids in liquid dispersion are liable to hydrolysis
(Kensil and Dennis, 1981; Grit et al., 1989), and oxidation (Hunt and Tsang, 1981),
as well as liposomes may aggregate, and lose the entrapped material.

As an alternative to conventional methods of liposome formulation, particulate-based
proliposomes are soluble carrier particles coated with lipids, in order to generate
liposomes by addition of aqueous phase prior to administration (Payne et al., 1986a,
b). Manufacturing particulate-based proliposomes on a large scale has been
suggested using fluidised-bed dryers (Chen and Alii, 1987; Katare et al., 1990). The
resultant liposomes, using a porous carrier such as sorbitol, have been shown to have
a smaller size than those formed by the conventional thin film method (Payne et al.,
1986a). Liposome generation from sorbitol-based proliposomes under static
conditions has been demonstrated (Payne et al., 1986b; Ahn et al., 1995a), indicating
that the energy required (e.g. shaking) for liposome formation was minimal.

The experiments in this chapter aimed to investigate the effect of formulation
variables of particulate-based proliposomes on the size and morphology of liposomes
generated. The prime objective of this is to suggest a particulate-based proliposome
formulation for in situ formation of deliverable liposomes within medical nebulisers.
Three model particulate carriers were investigated, the porous carrier sorbitol and the
non-porous carriers lactose monohydrate (LMH) and sucrose.

3.2. Methodology

3.2.1. Manufacture of sorbitol-based and LMH-based proliposomes

According to the method outlined in section 2.2.2, EPC or SPC was loaded onto
lactose monohydrate (LMH) or sorbitol carrier particles (2 g) comprising a size
fraction of 106-300, 300-500, or 500-710 pm (section 2.2.1), in 1:20 or 1:5 w/w
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phospholipid to carrier ratio. In another experiment, using SPC: LMH (1:5 w/w),
beclometasone dipropionate (BDP) was included in the lipid phase at 2.5 mole%.
Hydration of proliposome formulations was achieved according to the method
described in section 2.2.4 using 40 ml deionised water to give a 5% w/v carrier
concentration in the aqueous phase.

3.2.2. Manufacture of sucrose-based proliposomes

Sucrose-based proliposomes were made by coating sucrose particles (2 g) with EPC,
SPC, or SPC:Chol (1:1) using 300-500 pm carrier size, and 1:20 or 1:5 w/w lipid to
carrier ratio by following the method described in section 2.2.2. Proliposomes were
hydrated according to the protocol described in section 2.2.4 using deionised water
(40 ml) or (21.6 ml) to give a carrier concentration of 5% or 9.25% w/v in water
respectively.

3.2.3. Formulation of “conventional liposomes”

Phospholipid (100 mg) comprising EPC, SPC or SPC:Chol (1:1) was used to yield a
thin film of lipid as described in section 2.2.3. The phospholipid film was hydrated as
outlined in section 2.2.4 using 40 ml deionised water.

3.2.4. Characterisation of proliposome morphology

Using a carrier size fraction of 106-300, 300-500, or 500-710 pm, the surface
morphology of sorbitol and LMH was investigated before and after coating with EPC
or SPC in a phospholipid to carrier ratio of 1:20 or 1:5 w/w using SEM (section
2.2.6). Similarly, sucrose carrier particles (300-500 pm) were characterised before
and after coating with EPC, SPC, or SPC:Chol (1:1) in a lipid to carrier ratio of 1:20
or 1:5 w/w.
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3.2.5. Generation of liposomes from proliposomes under static conditions

The process of liposome generation from proliposomes under static conditions was
observed using light microscopy as outlined in section 2.2.7. Photographs were taken
every 0.5 min, and the process of liposome generation was divided into three stages
which are: “budding o ff’, liposome aggregates, and liposome dispersion.

3.2.6. Characterisation of liposomes generated by manual dispersion of
proliposomes

Size distribution of liposomes generated by manual dispersion of proliposomes was
analysed using laser diffraction (section 2.2.9) and VMD and Span were reported.
Using TEM (section 2.2.8) the morphology of liposomes was investigated and
compared to that of liposomes formed by the conventional thin film method.

3.3. Results and discussion

3.3.1. Proliposome morphology

Sorbitol was found to be a porous carrier (Fig.S.la) whilst LMH had a smooth nonporous structure (Fig.3.2a). Regardless of the carrier size fraction or phospholipid
composition, after loading carriers with phospholipids, the porosity of sorbitol was
partially lost at low phospholipid to carrier ratio (1:20 w/w) (Fig.3.1b) and was
greatly lost at the higher ratio (1:5 w/w) with apparently more phospholipid
deposition on the outer surface of the carrier (Fig,3.1c), although a considerable
fraction of phospholipid may have been accommodated within the porous structure.

By contrast, LMH particles were coated incompletely at 1:20 w/w phospholipid to
carrier ratio (Fig.3.2b) and apparently completely with evidence of particle
aggregation at a 1:5 w/w ratio (Fig.3.2c), regardless of carrier size fraction or
phospholipid composition.
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Payne et al., 1986a showed that sorbitol maintained its porosity and flowablity after
loading with 1:4.13 w/w phospholipid to carrier ratio, indicating successful
accommodation of phospholipid within the sorbitol particulate structure, or the
amount of phospholipid deposited on the outer surface of the carrier was not
sufficient to compromise proliposome flowability. However, when NaCl was used as
a carrier, sticky proliposomes resulted after loading, particularly when low Tm lipids
such as EPC were employed (Payne et al., 1986a). Ahn et al., 1995a showed that at a
low EPC to sorbitol ratio (1:10 w/w) carrier flowability was enhanced and porosity
maintained, whilst when the proportion of proliposomes was doubled, porosity
started to be lost and flowability decreased. In a more recent study, the flowability of
sorbitol particles was maintained using an EPC to carrier ratio of 1:14.3 w/w,
although some of the lipid was reported to appear on the surface of the carrier (Song
et al., 2002).

Thus, the non-porous nature of LMH resulted in more phospholipid deposition on the
surface of the carrier particles, resulting in loss of carrier morphology and
aggregation. By contrast, sorbitol particles apparently accommodated greater
amounts of phospholipid within their porous structure, resulting in less aggregation
between the carrier particles.
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Fig.3.1. SEM o f sorbitol particles before and after loading with phospholipids.

(a) A sorbitol particle ( 106-300 pm) before loading with phospholipids.

(b) Proliposomes ( 1:20 w/w SPC: carrier), carrier size fraction 106-300 pm.
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(c) Proliposomes ( 1:5 w/w SPC: carrier), carrier size fraction 106-300 pm.
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Fig. 3.2. SEM o f LMH particles before and after loading with phospholipids.

(a) LMH granules ( 106-300 pm) before loading with phospholipids.

(h) Proliposonies {1:20 w/w SPC: carrier), carrier size fraction 106-300 pm.
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(c) Proliposomes ( 1:5 w/w SPC: carrier), carrier size fraction 106-300 pm.
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3.3.2. Liposome formation under static conditions

In this study, the mechanism of liposome generation from proliposomes under static
conditions is divided into three stages as observed by light microscopy: (a) “Budding
o ff’ stage, (b) stage of liposome aggregates, and (c) stage of liposomes dispersion
(deaggregation). “Budding o ff’, an expression suggested by Payne et al., 1986b, is
the process of liposome liberation from proliposomes as a result of aqueous phase
addition above Tm of the lipid phase.

In this work, the process of liposomes formation from proliposomes was found to be
dependent on carrier type, and independent of carrier size fraction, phospholipid
composition or phospholipid to carrier ratio. Liposomes “budded o ff’ from
proliposomes immediately on addition of hydration medium for less than 1 min for
both carriers (Fig.3.3a, Fig.3.4a). The vesicles generated from LMH-based
proliposomes remained aggregated for about 5 min before complete dispersion
(Fig.3.3). By contrast, vesicles generated from sorbitol-based proliposomes dispersed
as soon as they “budded o ff’ and the liposomes aggregates stage was bypassed
(Fig.3.4).

The faster dispersion of liposomes generated from sorbitol-based proliposomes might
be attributed to more rapid hydration of phospholipids. This is probably because the
porosity of sorbitol particles provided a larger surface area for coating by
phospholipid and hence a larger surface area of phospholipid was available for
hydration. Moreover, the slow dissolution rate of LMH probably prolonged the stage
of liposome aggregates by reducing the surface area of lipid available for hydration.
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Fig.3.3. Light microscopy showing the hydration with deionised water o f LMHbased proliposomes using SPC and 300-500 pm carrier size fraction and 1:20 w/w
phospholipid to carrier ratio.
(a) “Budding off” process; 1 min after water addition, (bar= 40 pm).

(b) Stage of liposome aggregates; 3 min after water addition, (bar= 40 pm).

(c) Stage of liposome dispersion; 5 min after water addition, (bar= 40 pm).
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Fig.3.4. Light microscopy showing the hydration with deionised water o f sorbitolbased proliposomes using SPC and 300-500 pm carrier size fraction and 1:20 w/w
phospholipid to carrier ratio.
(a) “Budding off ” process; 0.5 min after water addition, (bar- 40 pm).

(h) Stage o f liposomes dispersion; I min after water addition, (har= 40 pm).
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The generation of liposomes from sorbitol-based proliposom es in vivo within the
nasal cavity of rat was reported to take up to 80.4 min (Ahn et al., 1995b). This is
probably because the humidity provided in the nasal cavity was insufficient for rapid
hydration of proliposom es, suggesting the am ount of available hydration m edium is
important for the speed of liposomes form ation from proliposomes.

As shown by TEM , liposomes generated from sorbitol-based proliposom es by hand
shaking were predom inantly MLVs (Fig.3.5) whilst these generated from LM Hbased proliposom es were rich in worm -like bilayer structures (Fig.3.6), indicating
that liposome morphology was dependent on carrier type. The thin film m ethod also
generated worm -like structures (Fig.3.7). This possibly suggests that form ation of
worm-like structures was due to slow deaggregation of liposomes when carrier was
insoluble (inner flask) or slowly soluble (e.g. LM H). By contrast, sorbitol instantly
dissolved to leave all phospholipid exposed for instant and complete hydration, and
deaggregation.

Fig.3.5. TEM o f an MLV generated by hand shaking o f sorbitol-based
proliposomes using 1:5 w/w EPC: carrier and 300-500 pm carrier size.

200 nm
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Fig.3.6. TEM o f a worm-like liposome generated by hand shaking of LMH-based
proliposomes using 1:5 w/w EPC: carrier and 500-710pm carrier size.

=200 nm

Fig. 3.7. TEM o f worm-like structures generated by thin film method using EPC.

1
=200 nm
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3.3.3. Size of liposomes generated from proliposomes by manual dispersion

The effect of carrier type, carrier size fraction, phospholipid composition and
phospholipid to carrier ratio on the size of liposomes generated from proliposomes
by manual dispersion was studied. Fig.3.8 and Fig.3.9 show the effect of formulation
on the VMD of liposomes generated from sorbitol-based and LMH-based
proliposomes respectively.

For each formulation the effect of the carrier size fraction on the VMD was not
significant (P<0.05) (Fig.3.8, Fig.3.9). For this reason the difference in VMD
between formulations was investigated on the intermediate carrier size fraction; 300500 pm.

Liposomes generated from SPC had a slightly but significantly (P<0.05) smaller
VMD compared to EPC for similar carrier type and phospholipid to carrier ratio
(Fig.3.8, Fig.3.9). Moreover, the greater phospholipid to carrier ratio resulted in a
significantly (P<0.05) higher VMD for similar carrier type and phospholipid
composition (Fig.3.8, Fig.3.9). However, LMH-based proliposomes generated
liposomes with slightly but significantly (P<0.05) smaller VMD than vesicles
generated from sorbitol-based proliposomes, except for the SPC 1:20 w/w lipid to
carrier which showed no significant (P>0.05) difference (Fig.3.8, Fig.3.9).

Thus, formulation had only a small effect on the VMD of liposomes generated from
particulate-based proliposomes. For instance, using sorbitol as a carrier and 300-500
[xm as a carrier size, the smallest measured VMD was 4.81 ±0.15 pm for SPC: carrier
(1:20) and the largest was 6.83 ±0.17 pm for EPC: carrier (1:5) (Fig.3.8).

Noteworthy, size values obtained by laser diffraction were in the micrometers range
whilst liposomes shown previously by TEM were in the nanometres range. The aim
of TEM in this study is to investigate the morphology of liposomes and not liposome
size. The negative pressure employed during sample observation or artefacts of the
TEM stain may result in disruption of large vesicles which are subsequently not
observed by TEM.
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Fig.3.8. Size o f liposomes generated from sorbitol-based proliposomes by hand
shaking (n=3 ±sd).
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Fig.3.9. Size o f liposomes generated from LMH-based proliposomes by hand
shaking (n=3 ±sd).
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SPC :LM H (1:5)

Span values of liposomes generated from particulate-based proliposomes were
independent of formulation using sorbitol (Fig.3.10) or LMH (Fig. 3.11) as carrier
particles. This indicates that the formulation variables investigated have exerted only
a small effect on the size distribution of liposomes. However, the Span was most
influenced by the carrier type, with LMH (Fig.3.11) generating significantly
(P<0.05) smaller Span values than sorbitol (Fig.3.10). This possibly suggests that
less liposome aggregates were formed using LMH rather than sorbitol.

The advantage of using sorbitol as a carrier, owing to its porous structure, is the
provision of a high surface area for deposition of a thin film (Payne et al., 1986a).
However, for formation of a thin lipid film, an efficient means of distributing
phospholipid uniformly over the porous structure is required, and this was probably
not achieved in this work. Instead, phospholipid accommodated within porous
structure of sorbitol may have exhibited a thick phospholipid film extending from the
central core to the outer surface of the carrier, which may result in formation of
larger liposomes or liposome aggregates compared to vesicles generated using the
non-porous LMH.

Payne et al. (1986a) reported that sorbitol-based proliposomes using DMPCiDMPG
(7:3 mole ratio) generated liposomes in the nanometres range, whilst EPC generated
liposomes in the micrometers range, which was attributed to the presence of charge
in the earlier formulation. In another study conducted by the same authors, EPC
proliposomes were shown to generate vesicles in both nanometres and micrometers
size range (Payne et al., 1986b), which may be explained by the use of different
sizing techniques for different liposome formulations.
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Fig.3.10.
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Fig.3.II. Size distribution o f liposomes generated from LMH-based proliposomes
by hand shaking (n=3 ±sd).
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The inclusion of a model hydrophobic drug such as beclometasone dipropionate
(BDP) caused no significant change (P>0.05) in the VMD and Span of liposomes
generated from LMH-based proliposomes (Table 3.1).

Table 3.1. Effect o f BDP inclusion in 2.5 mole% o f the lipid phase on the size o f
liposomes generated from LMH-based proliposomes using 1:5 w/w SPC: carrier
(n=3 ±sd).
Proliposome formulation

VMD (pm)

Span

BDP-free proliposomes

5.45 ±0.23

1.44 ±0.07

BDP-containing proliposomes

5.13 ±0.12

1.37 ±0.07

The ultimate aim of this work is to suggest a proliposome formulation capable of
generating liposomes within medical nebulisers by exploiting the energy provided
for fluid atomisation. However, liposome size is extremely important since shearing
forces induced by jet-nebulisation may result in liposome disruption and leakage of
entrapped hydrophilic material with greatest losses from large liposomes (Taylor et
al., 1990b; Niven et al., 1991). Moreover, McCallion et al. (1996b) have shown that
large latex spheres were more resistant to jet-nebulisation compared to the smaller
spheres. If liposomes are so doing, the production of large vesicles may be
undesirable and result in low nebuliser output and poor delivery of entrapped
hydrophilic and hydrophobic materials. Therefore, greater vesicle stability and
enhanced performance of jet-nebulisers may be achieved by using small liposomes
and rapidly soluble carriers.

Although formulation provided no great influence on liposome size, LMH-based
proliposomes generated liposomes with slightly smaller size and narrower size
distribution compared to sorbitol-based proliposomes. On the other hand, sorbitol
exhibited greater dissolution rate and generated dispersed liposomes much more
rapidly than LMH as well as providing a reasonable alternative for patients who are
intolerant to lactose. Aiming to formulate isotonic liposome formulations, LMH
forms isotonic solution in water at 9.75% w/v, whilst sorbitol achieves that at 4.75%
w/v. This means that, for an equal weight of proliposomes, a larger phospholipid
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amount for drug entrapment may be provided using LMH carrier compared to
sorbitol carrier.

Overall, neither LMH nor sorbitol seemed to be ideal, and therefore, a third carrier
was investigated. Sucrose exhibits a comparable solubility and dissolution rate to
sorbitol, and comparable isotonicity (9.25% w/v) to LMH.

3.3.4. Liposomes generated from sucrose-based proliposomes
Using sucrose carrier particles (300-500 pm), the effect of formulation variables on
the morphology of carrier, and the size and morphology of generated liposomes was
studied. The process of liposomes formation from proliposomes under static
conditions was described. In order to generate an isotonic liposome dispersion from
particulate-based proliposomes within a nebuliser, a certain amount of the carrier is
required to be present in the fill volume of the nebuliser. Thus, the effect of carrier
concentration in the aqueous phase on the size of liposomes was investigated.

As for LMH, SEM showed that regardless of phospholipid composition, the nonporous structure of sucrose particles was coated partially at 1:20 w/w and completely
at 1:5 w/w phospholipid to carrier ratio (Fig.3.12). Moreover, sucrose carrier
particles greatly agglomerated upon coating with phospholipids (Fig.3.12), regardless
of phospholipid type and phospholipid to carrier ratio.
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Fig.3.12. SEM o f sucrose carrier particles before and after loading with
phospholipids.
(a) Sucrose carrier particles before size reduction or loading with phospholipids.
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(h) Proliposomes ( 1:20 w/w SPC: carrier), carrier size fraction 300-500 pm.
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(c) Proliposomes (1:5 w/w SPC: carrier), carrier size fraction 300-500 pm.
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Under static conditions, “budding o f f ’ of liposom es was instant (Fig.3.13a) as
previously observed for LMH (Fig.3.3a) and sorbitol (Fig.3.4a) carrier-based
proliposom es. Unlike sorbitol-based proliposom es, vesicles rem ained aggregated for
approx. 4 min before complete dispersion (Fig.3.13), suggesting a porous structure
may be necessary for im m ediate liposom es dispersion when agitation was absent.
This suggests that sucrose may be the carrier of choice only if shearing provided by
nebuliser is sufficient to deaggregate the liposomes.

Fig.3.13. Light microscopy showing the hydration with deionised water o f SPC:
sucrose (1:20 w/w) proliposomes.
(a) “Budding o ff” stage; 0.5 min after water addition, (har= 40jum).

(h) Liposome aggregates stage; 3 min after water addition, (bar= 40fim).

105

(c) Liposomes dispersion stage; 4.5 min after water addition, (bar= dOpm).

Regardless of phospholipid composition and phospholipid to carrier ratio, TEM
indicated that liposom es generated from sucrose-based proliposomes were M LVs
with apparently no worm -like stm ctures (Fig.3.14).

Fig.3.I4. TEM o f an M LV form ed from EPC: sucrose (1:5 w/w) proliposomes by
hand shaking.
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The presence of worm -like structures might be due to prolonged aggregation of
liposom es. This assum ption was supported by the observation of the liposomes
form ed under static conditions being eventually elongated (Fig.3.13c). This possibly
indicated that shaking has provided a means of overcom ing the aggregation stage
when sucrose was used as a carrier. By contrast, liposom es generated from LMHbased proliposomes were elongated regardless of shaking; suggesting aggregation
stage was not bypassed by shaking, probably because phospholipid was coated onto a
slowly soluble carrier (LM H). This suggests that m orphology o f liposomes generated
from proliposomes was dependent not only on carrier type but also on shaking
conditions.

Fig.3.15 shows that, for each sucrose concentration in the final liposome dispersion,
form ulation had a slight but significant effect (P<0.05) on the measured VM D of
liposom es. By contrast, the small effect of form ulation on Span values was only
significant (P<0.05) for the 5% sucrose form ulations (Fig.3.16). M oreover, sucrose
concentration in the dispersions had a slight or no effect on the measured VM D and
Span, with a trend of sm aller values for form ulations containing the high sucrose
concentration (Fig.3.15, Fig.3.16).

Fig.3.15. Size o f liposomes generated from sucrose-based proliposomes by hand
shaking (n=3 ±sd).
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Cholesterol inclusion at an equim olar ratio with the phospholipid had no effect on the
m easured VMD and Span of liposom es generated from sucrose-based proliposom es
(Table 3.2). This suggests that cholesterol inclusion may be desirable since it may
provide more liposome rigidity with no increase in liposome VM D or Span. These
findings indicated that the overall effect of form ulation on the size of liposom es was
small.

Table 3.2. Effect o f cholesterol inclusion on the size o f liposomes generated from
sucrose-based proliposomes (9.25%) (n=3 ±sd).
Proliposom e formulation

V M D (pm )

Span

SPC: sucrose (1:5)

6.20 ±0.13

1.68 ±0.05

SPC:Chol (1:1): sucrose ( 1:5)

6.10 ±0.21

1.68 ±0.21

108

3.4. Conclusions

A particulate-based proliposome method using sorbitol (porous) or LMH (nonporous) carriers was able to generate liposomes on addition of aqueous phase with or
without shaking. Liposomes generated by hand shaking from sorbitol-based
proliposomes were MLVs whilst those generated from LMH-based proliposomes
were worm-like structures as observed by TEM.

Under static hydration conditions, light microscopy showed that liposomes “budded
o ff’ immediately from proliposomes regardless of the formulation. This was
followed by spontaneous deaggregation of vesicles generated from sorbitol-based
proliposomes, whilst those generated from LMH carrier required 5 min to
deaggregate.

Proliposome formulation did not greatly affect the measured VMD or Span of the
liposomes generated by hand shaking although vesicles generated from LMH-based
proliposomes had a smaller VMD and Span compared to vesicles generated from
sorbitol-based proliposomes.

Sucrose carrier particles were investigated as the best compromise between sorbitol
and LMH carriers. Sucrose has similar solubility to sorbitol, which may offer a rapid
dissolution of carrier and liberation of liposomes. Moreover, the amount of sucrose
required to achieve isotonicity in water is equivalent to that provided by LMH, and
hence relatively large lipid amount may be available for hydration and entrapment of
the included therapeutic agents.

Liposomes generated from sucrose-based proliposomes by hand shaking were MLVs
as shown by TEM. Under static conditions, vesicles instantly “budded o f f ’ and the
carrier completely dissolved, but liposomes so produced required 4 min to
deaggregate. Liposome VMD and Span were not greatly affected by sucrose-based
proliposome formulation although SPC, low phospholipid to carrier ratio and
isotonic formulations tended to generate smaller VMD liposomes compared to EPC,
high phospholipid to carrier ratio and hypotonic fo rm u la tio n s 'respectively.
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The inclusion of the hydrophobic drug beclometasone dipropionate (BDP) or
cholesterol had no effect on the VMD or Span of liposomes generated from
particulate-based proliposomes. The multilamellarity of liposomes generated by this
formulation approach suggests that these vesicles may not be very good candidates
for efficient entrapment of hydrophilic drugs, although the high level of lamellarity
provides many barriers for drug diffusion and hence prolong the drug release.
Moreover, the large size and size distribution of these liposomes suggest that vesicles
may be physically unstable to jet-nebulisation. Thus, the potential of these
formulations seems initially to be for entrapment of hydrophobic drugs rather than
hydrophilic drugs where the physical instability of liposomes to jet-nebulisation may
not be essential.

Overall, liposomes generated from particulate-based proliposomes were MLVs with
relatively large VMD and Span. Sucrose may be the best carrier because of its high
solubility and ability to generate liposomes from greater amounts of lipid when
hydrated by aqueous phase to formulate an isotonic preparation.
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CHAPTER FOUR:
DELIVERY OF PARTICULATE-BASED
PROLIPOSOMES VIA MEDICAL NEBULISERS
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4.1. Introduction

Liposomes may entrap drugs and, when nebulised to the lungs, localise and prolong
drug action within the airways (Taylor et ah, 1989; Saari et al., 1999). It has been
demonstrated that atomisation in air-jet nebulisers causes size reduction of large
liposomes, and subsequent loss of entrapped hydrophilic material (Taylor et al.,
1990b; Niven et al., 1991). Freeze-drying of cryoprotected liposomes has been
suggested as a means of enhancing the stability of liposomes to jet-nebulisation
(Bridges and Taylor, 2000b). However, compared to liposomes freeze-dried,
particulate-based proliposomes (Payne et al., 1986a, b) are cheap and easy to
manufacture. Proliposomes are soluble carrier particles coated with phospholipids
which generate liposomes by addition of aqueous phase above the Tm of the
employed phospholipid (Payne et al., 1986a, b).

In this chapter, particulate-based proliposome formulations were investigated for
being able to generate deliverable liposomes when hydrated in situ within medical
nebulisers operating at different principles, by exploiting the energy provided for
fluid atomisation. The stability of liposomes generated in situ from proliposomes was
evaluated by investigating the size of vesicles in nebulisers and those delivered to a
two stage impinger. In addition, the potential of this proliposome approach for
delivering hydrophobic molecules from nebulisers was initially evaluated by
studying phospholipid output and phospholipid fraction deposited in the lower stage
of the impinger. This work also aimed to compare proliposome formulations and the
corresponding aqueous solutions in terms of the performance of nebulisers employed.

In this study, three nebulisers were employed, which are:
1- Pari LC Plus air-jet nebuliser/ Pari Master compressor (Pari GmbH, Germany).
2- Liberty ultrasonic nebuliser (Clement Clarke International, UK).
3- Omron Micro Air NE-U22 vibrating-mesh nebuliser (Omron Healthcare, UK Ltd.,
UK).
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Sucrose-based proliposomes comprising EPC, SPC or SPCiChol (1:1) were
investigated for being capable of generating isotonic liposome dispersions in situ
within the air-jet nebuliser Pari LC Plus. The microscopic morphology and size of
liposomes generated within the nebuliser and those delivered to the two stage
impinger were investigated. Nébulisation performance (i.e. output, droplet size, etc.)
of proliposomes was studied. The influence of nébulisation time on formulation mass
and phospholipid outputs was also evaluated.
Findings obtained using the jet nebuliser were compared to these using a model
ultrasonic (Liberty) and a novel vibrating-mesh (Omron NE-U22) nebulisers by
employing the SPCiChol (1:1) proliposome formulation. Moreover, the performance
of these medical nebulisers using proliposomes was compared to that using the
conventional corresponding isotonic solutions.

4.2. Methodology

4.2.1. Manufacture of proliposomes

Proliposomes were manufactured as described in section 2.2.2 by coating sucrose
carrier particles (2 g, 300-500 |im) with EPC, SPC, or SPC:Chol (1:1) in 1:5 w/w
lipid to carrier ratio.

4.2.2. Manual dispersion of proliposomes

proliposomes were hydrated by hand shaking at ambient temperature using deionised
water as outlined in section 2.2.4, to yield 9.25% w/v sucrose in aqueous phase.
Preparation was left to “anneal” for at least 2 h at ambient temperature before
carrying out nébulisation studies.
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4.2.3. Delivery of liposomes generated in situ within nebulisers

Proliposomes (0.56 g) were placed in a Pari (Jet), Liberty (Ultrasonic), or Omron
(vibrating-mesh) nebulisers. The mouthpiece of nebuliser was directed towards the
“throat” of the two stage impinger assembled and operated as described in section
2.2.12. Deionised water (5 ml) was added to proliposomes within nebulisers, and
nébulisation commenced immediately to “dryness” or “dryness tVi” without prior
shaking for the jet and ultrasonic nebulisers, and after turning on the fan of the
ultrasonic device at the maximum speed. The vibrating-mesh nebuliser was shaken
manually for 1 min before commencing nébulisation. Samples were collected from
the nebulisers at 1, 2.5, 5, 10, and 15 min and from the nebuliser and impinger stages
at “dryness” or “dryness iVi' for TEM (section 2.2.8), and laser diffraction (section
2.2.9). These experiments aimed to investigate the potential of generating deliverable
liposomes from proliposomes in situ within medical nebulisers. For comparison with
this approach, liposomes (5 ml) prepared by manual dispersion of SPCiChol (1:1)
proliposomes (section 4.2.2) were nebulised to “dryness” using a Pari (Jet) nebuliser
and samples were taken from nebuliser reservoir at 1, 2.5, 5, 10, 15 min and
“dryness” for size analysis by laser diffraction (section 2.2.9).

4.2.4. Mass and phospholipid output studies

Mass output (%) was determined by calculating the weight difference of the
nebuliser before and after nébulisation to “dryness” or “dryness ti/2” using the two
stage impinger (section 2.2.12) for collection of the aerosol. Nebuliser and impinger
stages were thoroughly and separately washed with deionised water to collect
deposited material. The phospholipid assay (section 2.2.11) was performed to
estimate the distribution of the lipid employed between the three compartments, i.e.
nebuliser reservoir, upper stage, and lower stage. Phospholipid output was also
determined as the percentage delivered to the impinger out of the overall amount
collected from the three compartments.
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4.2.5. Aerosol size analysis

Form ulations were nebulised to “dryness” and aerosol droplet size was m easured
every 2 min using the laser diffraction m ethod described in section 2.2.14.

4.3. Results and discussion

4.3.1. In situ formation of liposomes from proliposomes within a jet nebuliser
W hen proliposom es were hydrated in a Pari (Jet) nebuliser, the m easured VM D was
approx. 8 pm after 1 min of com m encing nébulisation of all form ulations (Fig.4.1),
suggesting that sucrose carrier particles were com pletely dissolved and liposom es
were form ed. This was supported by TEM observations showing the form ation of
elongated m ultilam ellar vesicles with no evidence of unhydrated phospholipid or
undissolved carrier (Fig.4.2). The m easured VM D continued to decrease at 2.5, and 5
min, suggesting progressive liposome deaggregation and some size reduction
(Fig.4.1).

Fig.4.1. Size o f liposomes generated from proliposome formulations within a Pari
(Jet) nebuliser (n=3 ±sd).
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Fig.4.2. TEM o f an elongated M LV form ed in situ fro m EPC proliposomes within
a Pari (Jet) nebuliser after 1 min nébulisation.

The measured VM D (Fig.4.1) and morphology (Fig.4.3) of liposomes formed from
proliposom es both indicate that 5 min was appropriate for hydrating phospholipids
and generating liposom es in situ within this jet nebuliser.

Fig.4.3. TEM o f an M L V form ed in situ from SPC proliposomes within a Pari
nebuliser, after 5 min nébulisation.

=100 nm
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For all formulations, the VMD decreased until 15 min, and increased at “dryness”
(approx. 25 min), suggesting concentration and aggregation, or fusion of vesicles
towards the end of nébulisation (Fig.4.1). The effect of jet-nebulisation on the VMD
of liposomes following formation of discrete vesicles and prior to aggregation was
investigated by considering nébulisation between 5 and 15 min. The reduction in
VMD was not significant (P>0.05) for cholesterol-containing formulations whilst
significant (P<0.05) for cholesterol-free formulations, suggesting that cholesterolcontaining liposomes were more resistant to shearing and less unstable to jetnebulisation than cholesterol-free vesicles.

When 5 min was compared to 15 min nébulisation. Span significantly (P<0.05)
decreased for EPC liposomes and did not significantly change (P>0.05) for SPC or
SPC: Choi (1:1) liposomes (Table 4.1). This suggested that SPC-containing
liposomes were more resistant to shearing within the Pari air-jet nebuliser than the
EPC vesicles.
There was a statistically insignificant (P>0.05) increase in Span for all formulations
at “dryness” (approx. 25 min) compared to 5 min (Table 4.1), indicating the tendency
of accumulation of large liposomes and liposome aggregates (Fig.4.4), or
aggregation of disrupted multilamellar structures within the nebuliser (Fig.4.5)
towards the end of nébulisation. SPC and SPC:Chol (1:1) formulations showed a
large increase in Span at “dryness” (Table 4.1), suggesting more accumulation of
SPC-containing formulations in the nebuliser compared to the EPC formulation.

Table 4.1. Size distribution o f liposomes generated from proliposomes within a
Pari nebuliser (n=3 ±sd).
Span value of liposomes of different phospholipid compositions
Time (min)

EPC

SPC

S P C :C hol(l:l)

5

2.15 ±0.12

1.90 ±0.07

1.76 ±0.13

15

1.38 ±0.08

2.31 ±1.17

8.96 ±6.60

25 (“dryness”)

2.39 ±0.23

4.01 ±2.01

9.97 ±7.99
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Fig.4.4. TEM o f a large EPC M LV surrounded by smaller MLVs remaining in the
Pari nebuliser at “dryness^\

Fig.4.5. TEM o f disrupted SPC:Chol (1:1) multilamellar structures in a Pari
nebuliser at ^^dryness”.
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4.3.2. Influence of jet-nebulisation on the size of liposomes generated from
proliposomes using different methods

This study shows the effect of jet-nebulisation on the size of liposomes generated
from SPCiChol (1:1) proliposom es by manual dispersion and on vesicles form ed in
situ within nebuliser (Fig.4.6).
At all time intervals, liposomes generated m anually prior to nébulisation produced
smaller VMDs com pared to these of vesicles generated in situ within the Pari
nebuliser (Fig.4.6). At the beginning of nébulisation (1 min), a relatively large VM D
was measured which decreased at 2.5 min for both preparations (Fig.4.6). A big
difference although not significant (P>0.05)

was observed between the two

preparations, as studied after 1 or 2.5 min (Fig.4.6). This indicated that up to 2.5 min,
time was not sufficient for proliposomes to generate liposomes in situ with a
reproducible VM D, possibly suggesting some vesicles were still aggregated.

Fig.4.6. Influence o f jet-nebulisation on the size o f liposomes generated manually
from SPC.'Chol proliposomes and on that o f vesicles generated in situ during
nébulisation within the Pari nebuliser (n=3 ±sd).
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At 5 and 10 min intervals, VMD decreased with statistically significant differences
(P<0.05) between the two preparations (Fig.4.6). Between 10 and 15 min, the VMD
of manually prepared liposomes continued to decrease whilst that of in situ formed
vesicles did not (Fig.4.6), suggesting that in situ formed vesicles were less unstable
to jet-nebulisation than the manually generated liposomes. At the end of nébulisation
(25 min), a trend of size reduction was shown for the liposomes prepared manually,
whilst a non reproducible increase in the VMD of liposomes formed in situ took
place, indicating a non-reproducible aggregation of these vesicles within this
nebuliser.

It is suggested that 5 min is the time required to generate discrete liposomes from
proliposomes in situ within this nebuliser (Fig.4.1, Fig.4.3). By contrast, liposomes
generated by manual dispersion of proliposomes prior to nébulisation may exhibit
liposome size reduction as soon as nébulisation is commenced. This suggests that the
approach of in situ liposome formation may provide a means of exploiting the energy
supplied by the compressed air to generate liposomes from hydrating lipids rather
than to disrupt the already formed vesicles as occurs for liposomes prepared by
manual dispersion. For the in situ formed vesicles, considering 5 to 15 min
nébulisation period (i.e. after deaggregation and before liposome accumulation), no
significant (P>0.05) change in the measured VMD was detected (Fig.4.6). By
contrast, liposomes generated manually have shown a significant (P<0.05) reduction
in VMD at the same nébulisation period (Fig.4.6). Overall, this suggested that
liposomes generated in situ within the employed jet nebuliser were less unstable to
jet-nebulisation compared to vesicles formed by manual dispersion.

4.3.3. Size analysis of liposomes in the two stage impinger and nebuliser at
“dryness”

Liposomes generated in situ within the Pari nebuliser from EPC, SPC, or SPCiChol
(1:1) proliposomes were successfully delivered to the two stage impinger. Liposomes
delivered were MLVs as shown by TEM (Fig.4.7); suggesting multilamellarity of
vesicles was not apparently affected by delivery although liposomes were reduced in
size within nebuliser during nébulisation as previously demonstrated (Fig.4.1).
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Fig.4.7. TEM o f MLVs delivered to the lower stage o f the two stage impinger from
SPC.'Chol (1:1) proliposomes using a Pari nebuliser.

For all form ulations (Table 4.2), liposom es delivered were sm aller than vesicles
which rem ained undelivered in the nebuliser. The VMD measured in the lower stage
of the im pinger was smaller than those in the upper stage which was significant
(P<0.05) only for cholesterol-free form ulations (Table 4.2), suggesting that vesicle
VM D correlates with droplet M M AD, with larger vesicles being deposited in larger
droplets in the upper stage of the im pinger. This suggests that delivery of small
liposom es (VM D) in small droplets (M M A D ) was dependent on form ulation, with
such a “fractionation” effect being less obvious for the relatively “rigid” cholesterolcontaining vesicles.

Liposom es generated from different proliposom e formulations showed a significant
size difference (P<0.05) only in the low er stage of the im pinger (Table 4.2), which
was attributed to the delivery of larger liposom es or liposome aggregates from the
cholesterol-containing formulation to the lower stage of the im pinger (Fig.4.1).

For liposom es remained undelivered in the nebuliser reservoir, SPC:Chol (1:1)
proliposom e formulation showed very non-reproducible VMD m easurem ents (Table
4.2). This suggests non-reproducible accum ulation of cholesterol-containing vesicles
at the end of nébulisation compared to liposom es generated from cholesterol-free
proliposom es.
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Table 4.2. Size o f liposomes generated from proliposomes as measured in nebuliser
reservoir and impinger stages (n=3 ±sd).
VMD (pm) of liposomes in nebuliser and impinger stages
Formulation

Nebuliser

Upper stage

Lower stage

EPC

4.08 ±0.29

3.43 ±0.21

2.10 ±0.05

SPC

3.81 ±0.55

3.45 ±0.28

1.97 ±0.13

SPCiChol (1:1)

6.74 ±5.45

3.76 ±0.18

3.18 ±0.44

4.3.4. Influence of nébulisation time on the size of delivered liposomes

The effect of nébulisation time (“dryness” or “dryness tVi') on the VMD of SPC
liposomes generated in situ and delivered by the Pari air-jet nebuliser was
investigated. Liposomes delivered to the upper stage showed similar VMDs at
“dryness” and “dryness tVi’* (Table 4.3). By contrast, the VMD of vesicle delivered
to the lower stage at “dryness” was significantly (P<0.05) smaller than at “dryness
tVi” (Table 4.3). The difference of VMD in the lower stage at “dryness” and “dryness
tV ï’ is due to the prolonged shearing applied within the nebuliser, which caused more
size reduction of vesicles processed to “dryness”.

Table 4.3. Size o f delivered liposomes generated from SPC proliposomes within a
Pari nebuliser (n=3 ±sd).
Nébulisation time

Upper stage

Lower stage

“Dryness tVi”

3.58 ±0.11

2.34 ±0.04

“Dryness”

3.45± 0.28

1.97 ±0.13

4.3.5. Mass and phospholipid outputs of proliposome formulations

Mass output and phospholipid output at “dryness” were studied for EPC, SPC, and
SPCiChol (1:1) sucrose-based proliposome formulations using the Pari air-jet
nebuliser.
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M ass output for all form ulations was significantly (P<0.05) higher than phospholipid
output (Fig.4.8), indicating liposom es were concentrated during nébulisation as a
result of solvent evaporation or physical retention o f large vesicles within the
nebuliser. Consequently, the high VM D (Fig.4.1) and Span (Table 4.1) measured at
“dryness” within

nebuliser may be ascribed

to

liposom e concentration

and

aggregation in the nebuliser reservoir at the end of nébulisation. Formulations were
not significantly different (P<0.05) for mass or phospholipid outputs, suggesting that
output performance of such proliposom es was largely independent of form ulation.
How ever, phospholipid output from the SPCiChol (1:1) proliposom e formulation
was more variable than that of cholesterol-free form ulations, which correlates with
the greatest variability of size increase at the end o f nébulisation (Fig.4.1), possibly
reflecting variable aggregation of liposomes.

Fig.4.8. Mass and phospholipid outputs o f liposomes generated from proliposomes
using a Pari nebuliser (n=3 ±sd).
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M ass output study at “dryness” and “dryness tVz” of SPC proliposom es indicated
that most of the form ulation mass was delivered in the first half whilst most of the
phospholipid mass was delivered in the second half of nébulisation (Fig.4.9). The
low er phospholipid output in the first half of nébulisation com pared to the second
half (Fig.4.9) may be due to liposom es being relatively larger in size at the beginning
of nébulisation (Fig.4.1) and hence relatively more resistant to nébulisation and less
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capable to be incorporated into the em itted droplets. As nébulisation proceeded,
liposom es underw ent size reduction and becam e less resistant to nébulisation and
more capable to be incorporated into the aerosol droplets, resulting in greater
phospholipid output (Fig.4.9). This suggests that phospholipid output is highly
dependent on liposome size. M cCallion et al. (1996b) have shown that large latex
spheres were more resistant to jet-nebulisation compared to the sm aller spheres,
which agrees with proliposome findings in this work.

Fig.4.9. Effect o f nébulisation time on mass and phospholipid outputs o f SPC
proliposome formulation using the Pari nebuliser (n=3 ±sd).
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The higher output of the total mass in the first half of nébulisation (Fig.4.9) may be
attributed to total output of aerosols being decreased during the sputtering period at
the end of nébulisation, or because form ulation became more viscous as a result of
liposom e accumulation in nebuliser towards the end of nébulisation. It has been
reported that increased lipid concentration within nebuliser may com prom ise the
device output (Bridges and Taylor, 2000a; Lange et al., 2001), possibly because of
the associated increase in form ulation viscosity (Bridges et al., 1995; W aldrep et al.,
1997a).
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4.3.6. Phospholipid distribution between nebuliser and impinger stages

All proliposom e form ulations showed high phospholipid (%) delivered to the lower
stage of the im pinger (Fig.4.10). Phospholipid deposited in the lower stage was 54.34
±1.50%, 53.03 ±1.24% , and 45.23 ±6.12% for EPC, SPC, and SPC:Chol (1:1)
proliposom e form ulations respectively, with a statistically significant difference
(P<0.05) betw een form ulations (F ig.4.10). By contrast, phospholipid delivered to the
upper stage was small and statistically not significantly different (P>0.05) between
form ulations, being 11.09 ±0.90%, 9.60 ±2.94% , and 11.30 ±0.61% for EPC, SPC,
and SPCiChol (1:1) proliposome form ulations respectively (F ig.4.10).

Fig.4.10. Phospholipid distribution between the Pari nebuliser and impinger stages
(n=3 ±sd).
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Phospholipid delivery in the “fine particle dose” may be calculated by considering
the amount o f lipid deposited in the lower stage o f the impinger as a fraction of total
phospholipid output. The “fine particle dose” as calculated using this m ethod was not
significantly different (P>0.05) between form ulations, being 83.04 ±1.45, 84.76
±4.31, and 79.85 ±2.42 for EPC, SPC, and SPC:Chol form ulations respectively.
However, this method of calculation will not be commonly used throughout this
project because it ignores the fraction of lipid rem ained undelivered in nebuliser.
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Overall, phospholipid distribution between the nebuliser and impinger stages was
slightly different between the different form ulations, with a trend of less deposition
in the lower stage and m ore accumulation in the nebuliser for the SPC:Chol
proliposome form ulation (Fig.4.10). Com pared to cholesterol-free liposomes, the
greater rigidity and resistance to air-jet shearing o f SPC iC hol (1:1) liposomes may be
responsible for their greater accum ulation in the nebuliser, and may have resulted in
larger liposomes being delivered and hence lower fraction o f delivered vesicles being
incorporated in the sm aller droplets deposited in the low er stage of the impinger.

4.3.7. Aerosol droplet size analysis for proliposome formulations

F ig .4 .11 shows that aerosols generated from each proliposom e formulation generally
had

similar

VM D

m easurem ents

throughout

nébulisation.

When

different

proliposome form ulations were com pared at 10 min interval, the VMD and Span of
aerosol droplets were not significantly different (P>0.05) (Table 4.4), indicating that
droplet size was not dependent on formulation using the Pan (Jet) nebuliser.

Fig.4.11. Size o f aerosol droplets during nébulisation o f liposomes generated in
situ from proliposome formulations (n=3 ±sd).
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Table 4.4. Size o f the aerosol droplets measured after 10 min nébulisation o f
liposomes generated in situ from proliposome formulations (n=3 ±sd).
Formulation

VMD (pm)

Span

EPC

2.47 ±0.12

2.53 ±0.14

SPC

2.45 ±0.09

2.47 ±0.08

S P C :C hol(l:l)

2.50 ±0.31

2.51 ±0.17

While the VMD measurements of aerosol droplets for all formulations were similar
throughout nébulisation (Fig.4.11), size distribution tended to broaden (i.e. Span
increased) during sputtering with slight changes in VMD, indicating erratic
nébulisation. An example of this is SPCiChol (1:1) formulation which showed
different aerosol droplet size measurements during sputtering (22 min) when
compared to midway nébulisation (10 min) (Table 4.5). The VMD of SPCiChol (1:1)
aerosol droplets increased significantly (P<0.05) at 22 min when compared to VMD
at 10 min, with a trend of broadened size distribution (insignificantly higher Span),
and a significantly (P<0.05) higher 90% undersize (Table 4.5).

Table 4.5. Effect o f measurement time during jet-nebulisation on the aerosol
droplet size using SPC.'Chol (1:1) proliposome formulation (n=3 ±sd).
Time (min)

VMD (pm)

Span

90% undersize (pm)

10

2.50 ±0.31

2.51 ±0.17

7.1 ±0.37

22 (sputtering)

3.34 ±0.26

2.71 ±0.04

9.95 ±0.69

The nebulised droplet size is dependent on nebuliser design rather than liposome size
or lipid composition (Bridges and Taylor, 1998). Possible increase in droplet size for
nebulised liposomes may be due to aggregation of concentrated vesicles within
droplets (Bridges and Taylor, 2000a) or reduced water evaporation because of the
surface activity of phospholipid (Marks et al., 1983). In this study, such increases in
droplet size occurred only for the cholesterol-containing proliposome formulation
(Fig.4.11 ), which might be attributed to the presence of liposome aggregates in

127

nebulised droplets. This correlates with the greater accumulation of lipids for this
formulation at “dryness” compared to the cholesterol-free formulations (Fig.4.10).

It has been previously reported that successful delivery from a nebuliser may require
the suspended drug particles to be in the range of 1 to 2 pm in size in order to be
efficiently delivered from a device producing aerosol droplets of 3 pm (Dahlback,
1994). Thus, droplet VMD suggests that liposomes formed in situ within the Pari
nebuliser would not be readily incorporated into the generated aerosols and most of
the vesicles would remain in the nebuliser reservoir, because the VMD of liposomes
in the nebuliser (Fig.4.1) is larger than that of aerosol droplets (Fig.4.11, Table 4.4).
However, most of the available phospholipid was delivered from all formulations
(Fig.4.8) with large fractions deposited in the lower stage of the impinger (Fig.4.10).
The possible explanations of this are outlined in four main justifications.

Firstly, droplet size measurement using laser diffraction may be an underestimate
due to solvent evaporation, resulting in shrinkage of droplets and liposomes.
Secondly, size measured in the nebuliser reservoir is not necessarily the VMD of
liposomes themselves but rather is the size of liposome aggregates, whilst aerosol
droplet size is the measurement of individual droplets possibly carrying deaggregated
liposomes. Thirdly, vesicles in the nebuliser were violently disrupted into
“phospholipid fragments” to be involved into the aerosol droplets and these
“fragments” were converted back into liposomes when rehydrated in the impinger.
Fourthly, the relatively high Span of aerosolised droplets with high 90% undersize
values means that a large fraction of liposome vesicles can be incorporated into
aerosol droplets. For example, comparing the VMD of SPC:Chol (1:1) particles in
the nebuliser reservoir to the 90% undersize of aerosol droplets (Fig.4.12), it was
found that liposomes of a size even larger than the VMD could be readily
incorporated in the aerosols which have a clearly greater size values throughout
nébulisation. The slight increase of the 90% undersize of aerosols during sputtering
(after 20 min) (Fig.4.12) may allow some liposome aggregates to be delivered in
aerosols, which explains the enhanced phospholipid output in the second half of
nébulisation.
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Fig.4.12. Relationship between aerosol 90% undersize and VMD o f liposomes in
the reservoir o f the Pari nebuliser (n=3 ±sd).
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4.3.8. In situ formation of liposomes from proliposomes using air-jet, ultrasonic,
and vibrating-mesh nebulisers

In the sections 4.3.1 to 4.3.7 , nébulisation performance of proliposome formulations
was investigated using a conventional air-jet nebuliser (Pari LC Plus). In the
forthcoming sections a conventional ultrasonic nebuliser (Liberty ultrasonic) and a
novel vibrating-mesh nebuliser (Omron NE-U22) are compared to the jet nebuliser.
The decision was made to continue using SPC:Chol (1:1) proliposome formulation
for the following studies in this chapter, since liposomes generated in situ from this
formulation were less unstable to jet-nebulisation than vesicles generated from
cholesterol-free proliposomes.

The Liberty (Ultrasonic) nebuliser converts liquid into aerosols by means of a
piezoelectric crystal vibrating at high frequency (2.45 MHz), and controls the
delivery rate by employing a fan operating at different speeds (manufacturer
instruction handbook). In this work, the energy provided by the piezoelectric crystal
was exploited in the formation of liposomes from proliposomes within the nebuliser.
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For the Omron (Mesh) nebuliser, unlike conventional ultrasonic devices, energy
provided by the vibrating piezoelectric crystal is not transferred directly to the
nebuliser fluid. Instead, energy is supplied to a horn transducer which vibrates in
order to induce “passive” vibrations of the mesh plate. Preliminary studies indicated
that the Omron nebuliser did not provided suitable conditions for the in situ
formation of deliverable liposomes. This might be subsequently attributed to the
shaking within the Omron being less “energetic” compared to jet or ultrasonic
devices. To overcome this problem, proliposomes were added to water in the
nebuliser, and manually shaken within the device for 1 min before commencing
nébulisation. The manual dispersion dissolved the carrier (sucrose particles) and
partially hydrated the phospholipid to generate liposomes and liposome aggregates. It
was anticipated that the energy supplied by the Omron nebuliser between the horn
transducer and the mesh plate would suffice to deaggregate liposomes and deliver
them in the proper size through the mesh pores.

TEM showed that MLVs were formed after 1 min shaking within nebulisers, with
more occasional presence of liposome aggregates in the Liberty and Omron. After
2.5 min, formation of discrete liposomes apparently predominated for all nebulisers
(Fig.4.13).

Fig.4.13. TEM o f an M LV sampled after 2.5 min from the Omron (Mesh)
nebuliser.

nmh-

130

F ig .4 .14 shows the relationship between liposom e VM D and nébulisation. The large
VM D values after 1 min (Table 4.6) are om itted from F ig.4.14 for clarity. The
Liberty (U ltrasonic) and Pari (Jet) nebulisers were superior to the Om ron (M esh) in
generating m uch smaller liposomes at 2.5 min, since the measured VM Ds were 3.75
±3.67,

10.07 ±2.77, and 25.22 ±7.48 pm for the Pari, Liberty, and Omron,

respectively, with no significant differences (P>0.05) between the Pari and Liberty
nebulisers (F ig .4 .14).

Fig.4.14. Size o f liposomes generated from

SPC.'Chol (1:1) sucrose-based

proliposomes within nebulisers operated to ‘‘dryness” (n=3 ±sd).
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The VM D continued to decrease between 2.5 and 5 min, with a significant (P<0.05)
particle size reduction only for the Omron nebuliser (F ig.4.14). The m easured VM Ds
at 5 min were significantly different (P<0.05), being 5.42 ±0.04, 8.75 ±1.67, and
12.63 ±2.19 pm for the Pari, Liberty, and Om ron respectively (F ig.4.14).

When 5, 10, and 15 min intervals were considered, all nebulisers showed no
statistically significant difference (P>0.05) in the measured VM D. The Liberty
(Ultrasonic) showed a slight decrease in the VM D from 8.75 ±1.67 pm at 5 min to
6.50 ±0.40 pm at 10 min (F ig.4.14), suggesting that this nebuliser provided a good
means of form ing liposomes having a sim ilar size to MLVs of the same com position
formed from proliposomes by manual hydration (section 3.3.5). By contrast.
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dispersions in the Omron (Mesh) nebuliser had VMDs of 12.63 ±2.19 pm at 5 min,
14.97 ±2.78 pm at 10 min, and 13.07 ±3.03 pm at 15 min (Fig.4.14), suggesting that
liposomes were not properly deaggregated within the nebuliser.

The first 5 min agitation within the nebulisers seemed to be the time required for
liposome formation and deaggregation. The VMD of liposomes sampled at 5 min
was compared to that at 1 min to investigate the effect of agitation in nebulisers on
the size of liposomes (Table 4.6).

Table 4.6. Size o f liposomes generated from SPC.'Chol sucrose-based proliposomes
within nebulisers (n=3 ±sd).
VMD of liposomes (pm) using nebulisers
Time (min)

Pari (Jet)

Liberty (Ultrasonic)

Omron (Mesh)

1

9.04 ±4.06

64.29 ±37.01

49.93 ±9.63

5

5.42 ±0.04

8.75 ±1.67

12.63 ±2.19

For all nebulisers, the measured VMD after 5 min largely decreased compared to 1
min with a size indicating discrete vesicle formation within the Pari (Jet) or Liberty
(Ultrasonic) nebulisers after 5 min agitation within nebulisers (Table 4.6). The
significantly larger (P<0.05) particles in the Liberty compared to the Pari at 5 min
(Table 4.6) suggests that shearing provided by ultrasonic vibrations within nebuliser
fluids was less efficient in reducing liposome size than that provided by the jet of
compressed air. However, compared to the jet and ultrasonic devices employed, the
larger measured VMD in the Omron (Mesh) nebuliser indicates that fluid agitation
within the reservoir of this device was much less “energetic” than for the Pari and
Liberty nebulisers.
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4.3.9. Delivery of liposomes to the two stage impinger using air-jet, ultrasonic,
and vibrating-mesh nebulisers

In situ formed MLVs were successfully delivered to both stages of the two stage
im pinger when Pari (Jet) and Om ron (Mesh) were em ployed to generate aerosols to
“dryness” (F ig.4.15). By contrast, although the Liberty (Ultrasonic) generated
liposom es in situ (F ig.4.14), no vesicles were detected in the aerosol delivered from
this nebuliser to the two stage impinger. This may suggest that ultrasonic
nébulisation is inefficient at delivering liposomes generated in situ from this
proliposom e formulation.

Fig.4.15. TEM o f an M L V delivered by the Omron (Mesh) nebuliser to the lower
stage o f the two stage impinger.
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The VM D of liposomes delivered to the two stage im pinger was sm aller than that of
liposom es undelivered when Pari (Jet) or Omron (M esh) nebulisers were employed
(Table 4.7), indicating that liposom es were nebulised after being broken up or
deaggregated to a size appropriate for delivery by the air-jet shearing within the jet
nebuliser or by extrusion through the mesh pores of the vibrating-m esh device. By
contrast, the Liberty (Ultrasonic) nebuliser failed to deliver liposomes to the
im pinger in detectable concentrations. Ultrasonic nebulisers were reported to be
inefficient in delivering latex sphere suspensions (M cCallion et al., 1996b). Since
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aerosol generation from ultrasonic nebulisers occurs from the surface, it is suggested
that the large size of liposomes and liposome aggregates formed from proliposomes
within the Liberty nebuliser resulted in vesicle sedimentation and exclusion from
droplets nebulised.

Table 4.7. Size o f liposomes delivered to the two stage impinger and remaining in
nebulisers (n=3 ±sd).
VMD (fxm) of liposomes in nebuliser and impinger stages
Nebuliser type

Nebuliser

Upper stage

Lower stage

Pari (Jet)

6.74 ±5.45

3.76 ±0.18

3.18 ±0.44

Liberty (Ultrasonic)

6.50 ±0.40

Not detected

Not detected

Omron (Mesh)

15.76 ±3.52

3.55 ±0.11

4.00 ±0.41

Jet-nebulisation of conventional liposomes has been shown to break up liposomes
into a size appropriate for their incorporation into the nebulised droplets (Waldrep et
al., 1993; Saari et al., 1999). In the Omron nebuliser, vesicle size reduction may
occur by extruding the liposomes or liposome aggregates through the mesh, resulting
in delivery of liposomes having a size similar to that of the pores through which they
have been extruded (approx. 3 fxm). This correlates with findings obtained by
extruding liposomes through polycarbonate membrane filters for vesicle size
reduction (Olson et al., 1979; Hope et al., 1986). Thus, vibrating-mesh nebulisers
may disrupt liposome structures but in a mode different from that provided by air-jet
nebulisers.

On one hand, liposome size reduction within nebulisers may result in loss of
entrapped hydrophilic materials (Taylor et al., 1990b; Niven et al., 1991). On the
other hand, even huge decreases in the size of liposomes incorporating a steroid
(hydrophobic) within a jet nebuliser (e.g. from approx. 5 to 1 fxm) did not apparently
compromise the sustained drug release in the human respiratory tract (Saari et al.,
1999), indicating that the entrapped hydrophobic drug was not lost by nébulisation.
This probably suggests that for delivering liposome-entrapped hydrophobic drugs,
finding the appropriate delivery technology to convert liposome formulations into
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inhalable aerosols may be more essential than the issue of liposome instability
caused by nébulisation. For this reason, the Pari (Jet) and Omron (Mesh) seem to be
promising for delivery of liposomes incorporating hydrophobic drugs.

Although the Omron (Mesh) was less efficient than the Pari (Jet) in deaggregating
liposomes sampled from nebuliser reservoirs (Fig.4.14), the VMD of the vesicles
delivered by the Omron indicated deaggregation (Table 4.7), suggesting aggregates
were broken up as they were extruded through the mesh pores. This indicates that the
brief manual dispersion in the Omron before commencing nébulisation is a
convenient and applicable approach to generate liposome aggregates which
deaggregate as they pass through the mesh of the nebuliser. The measured VMD
showed slight and insignificant differences (P>0.05) between samples collected from
the upper stage and lower stage of the impinger for the Pari or Omron nebulisers
(Table 4.7), indicating that “fractionation” was apparently absent using the SPCiChol
(1:1) proliposome formulation.

The Span values of liposomes remaining in the nebulisers were larger than these for
vesicles delivered to the impinger stages (Table 4.8), indicating greater liposome
aggregation within nebuliser reservoirs and/or liposome deaggregation on delivery.
Moreover, the Omron (Mesh) nebuliser delivered liposomes with smaller Span
values than the Pari (Jet) nebuliser (significant only in the lower stage, P<0.05)
(Table 4.8), suggesting that the mesh dimensions of the vibrating-mesh device
provided a more robust control on the size distribution of liposomes delivered than
the air-jet and baffling system of the jet nebuliser.

Table 4.8. Size distribution o f liposomes delivered to the two stage impinger and
vesicles remaining undelivered in nebulisers (n=3 ±sd).
Span of liposomes in nebuliser and impinger stages
Nebuliser type

Nebuliser

Upper stage

Lower stage

Pari (Jet)

9.97 ±7.99

1.60 ±0.14

7.51 ±2.05

Liberty (Ultrasonic)

1.64 ±0.11

Not detected

Not detected

Omron (Mesh)

10.38 ±0.79

1.28 ±0.14

3.95 ±0.50
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4.3.10.

Mass

and

phospholipid

outputs

for

liposomes

generated

from

proliposomes within nebulisers

Regardless of the nebuliser em ployed, mass output significantly (P<0.05) exceeded
phospholipid output (F ig.4.16), indicating an increase in phospholipid concentration
w ithin nebulisers during nébulisation. Mass output was also found to be significantly
different (P<0.05) in the order, Om ron > Pari »

Liberty nebulisers (F ig.4.16).

Phospholipid output was significantly different (P<0.05) in the order. Pari > Omron
» > Liberty nebulisers (F ig .4 .16).

A lthough phospholipid output was higher for the Pari (Jet) than for the Omron
(M esh), the latter provided a higher mass output than the form er (F ig.4.16),
suggesting the Omron may be the nebuliser of choice for delivering solutions or
particulate dispersions of sm aller particle size. This agrees with previous reports of
small residual volumes for nebulised solutions (Dhand et al., 2002; Ismail and
C hrystyn, 2004) or conventional steroid suspensions (Y oshiyam a et al., 2002) using
this vibrating-mesh nebuliser.

Fig.4.16. Mass and phospholipid outputs fo r liposomes generated within nebulisers
from SPC.'Chol (1:1) proliposomes (n=3 ±sd).
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4.3.11. Phospholipid distribution between nebulisers and the two stage impinger

Although a large fraction of phospholipid rem ained undelivered in the Pari (Jet) and
Om ron (M esh) nebulisers, a large fraction was delivered to the lower stage of the
im pinger (F ig .4 ,17). By contrast, the Liberty (Ultrasonic) nebuliser provided poor
phospholipid delivery (F ig.4.16, F ig .4 .17) and subsequently poor phospholipid
deposition in the lower stage of the im pinger (F ig.4.17). Phospholipid delivery to the
lower stage was 45.23 ±6.12%, 3.01 ±1.26% , and 34.41 ±4.68% for Pari, Liberty,
and Om ron nebulisers respectively, with no significant difference (P<0.05) between
the Pari and Om ron (F ig.4.17). A small proportion of phospholipid was deposited in
the upper stage of the impinger by all of the nebulisers investigated (F ig .4 .17).
Values were 11.30 ±0.61%, 1.56 ±0.55% , and 6.65 ±4.46% for Pari, Liberty, and
Om ron nebulisers respectively (F ig.4.17).

Fig.4.17. Phospholipid distribution between nebuliser and impinger stages fo r
liposomes generated from SPC.'Chol (1:1) proliposomes within nebulisers (n=3
±sd).
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The proportion o f undelivered phospholipid was highest for the Liberty (Ultrasonic)
nebuliser (95.43 ±1.80%) (F ig.4.16, F ig .4 .17), which explains why liposom es formed
within the Liberty nebuliser were not detected in the two stage im pinger by laser
diffraction (Table 4.7, Table 4.8).
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Overall, the Pari (Jet) and Omron (Mesh) nebulisers were shown to be capable of
producing aerosols with high phospholipid output, with a large fraction deposited in
the lower stage o f the two stage impinger.

4.3.12. Size analysis of aerosol droplets generated from proliposomes using airjet, ultrasonic, and vibrating-mesh nebulisers

Aerosols droplet size was studied using laser diffraction by taking m easurem ents
every 2 min throughout nébulisation. This was up to 20, 10, and 24 min for Pari,
Liberty, and Om ron nebulisers, respectively (F ig .4 .18, F ig.4.19).

The VMD (F ig .4 .18) and Span (F ig.4.19) for each nebuliser did not significantly
(P>0.05) vary for aerosol droplets generated at all tim e intervals. However, aerosols
generated by the ultrasonic nebuliser were erratic and inconsistent throughout
nébulisation (F ig .4 .18, F ig.4.19), indicating that this nebuliser is unsuitable for
generating aerosols with consistent size and size distribution from the proliposom e
formulation em ployed in this study.

Fig.4.18. Size o f aerosol droplets generated by nebulisers throughout nébulisation
(n=3 ±sd).
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Fig.4.19. Size distribution o f aerosol droplets generated by nebulisers throughout
nébulisation (n=3 ±sd).
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Nebulisers were compared in terms of droplet VM D, Span, and 90% undersize by
selecting a point around “dryness iVi" for each nebuliser. This was 10, 4, and 14 min
for Pari, Liberty, and Omron nebulisers respectively (Table 4.9).

Table 4.9. Droplet size and size distribution o f aerosols generated at 10, 4, and 14
min fo r Pari, Liberty, and Omron nebulisers respectively (n=3 ±sd).
II

Nebuliser type

VM D (pm )

Span

90% undersize (pm )

Pari (Jet)

2.50 ±0.31

2.51 ±0.17

7.1 ±0.37

Liberty (Ultrasonic)

3.91 ±0.39

3.09 ±1.48

13.80 ±7.40

Omron (Mesh)

4.61 ±0.08

1.64 ±0.05

8.62 ±0.11

Droplet VMD significantly differed (P<0.05) for the different nebulisers, being in the
ascending order as Pari < Liberty < Omron (Table 4.9). Although droplet VMD was
significantly (P<0.05) larger for the Omron (M esh) com pared to the Pari (Jet)
nebuliser, the vibrating-m esh device delivered droplets of significantly (P<0.05)
sm aller Span (i.e. narrower size distribution) (Table 4.9). This indicates that the mesh
dim ensions of the Omron nebuliser provided a more robust control on the droplet
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size distribution compared to the air-jet and baffling system of the Pari nebuliser.
The small Span of droplets generated by the Omron nebuliser reflected the droplet
90% undersize which was comparable to that produced by the Pari nebuliser (Table
4.9). This explains why the Omron is comparable to Pari in generating aerosols with
most of the delivered fraction of phospholipid depositing in the lower stage of the
impinger (Fig.4.17). The Liberty (Ultrasonic) nebuliser produced droplets with non
reproducible size and size distribution (Table 4.9), supporting the impression of
unsuitability of this nebuliser in the delivery of liposomes generated by this
proliposome approach.

4.3.13. A comparative study of nebulised liposomes and simple isotonic solutions

Liposomes generated from SPC:Chol (1:1) sucrose-based proliposomes within
nebulisers were compared to the corresponding isotonic aqueous solutions in terms
of aerosol droplet size and mass output when nebulisers were operated to “dryness”.
This study was conducted using Pari (Jet), Liberty (Ultrasonic), and Omron (Mesh)
nebulisers.

Air- jet nébulisation

Using the Pari (Jet) nebuliser, aerosol droplets generated from liposome dispersion
had a slightly larger VMD and a slightly smaller Span than these generated from
sucrose (9.25%) solution with no significant differences (P>0.05) (Table 4.10). The
aerosol 90% undersize values of the two preparations were not significantly different
(P>0.05), being 7.10 ±0.37 and 6.99 ±0.43 pm for proliposome formulation and
sucrose (9.25%) solution respectively. Overall, this shows that droplet size produced
from the Pari nebuliser was not affected by formulation.
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Table 4.10. Size o f aerosol droplets generated from proliposome formulation and
sucrose (9.25%) solution after 10 min nébulisation using the Pari nebuliser (n=3
±sd).
Formulation

VMD (pm)

Span

Proliposomes

2.50 ±0.31

2.51 ±0.17

Sucrose (9.25%)

2.24 ±0.11

2.86 ±0.18

Mass output of proliposome formulation was equivalent to that of sucrose (9.25%)
solution (Table 4.11). This shows that proliposomes have no effect on the apparent
amount of aerosols delivered from the Pari (Jet) nebuliser.

Table 4.11. Mass output o f proliposome formulation and sucrose (9.25%) solution
nebulised to “dryness’*using the Pari nebuliser (n=3 ±sd).
Formulation

Mass output (%)

Proliposomes

85.97 ±1.16

Sucrose (9.25%)

82.68 ±1.87

Overall, both preparations had the same droplet size (Table 4.10) and the presence of
proliposomes would not be likely to have a detrimental effect on the amount of
aerosols produced from this jet nebuliser (Table 4.11).

Ultrasonic nébulisation

VMD (Fig.4.20) and Span (Fig.4.21) measurements of the aerosol droplets generated
from proliposomes were erratic and inconsistent throughout nébulisation when
compared to measurements of sucrose (9.25%) solution. This suggests that the
Liberty nebuliser may be more appropriate for aerosolising aqueous solutions rather
than liposomes generated from proliposomes.
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Fig.4.20. Size o f aerosol droplets generated from proliposome formulation and
sucrose (9.25%) solution using the Liberty nebuliser (n=3 ±sd).
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Fig.4.21. Size distribution o f aerosol droplets generated from proliposome
formulation and sucrose (9.25%) solution using the Liberty nebuliser (n=3 ±sd).
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At 4 min, proliposome formulation produced smaller VMD and larger Span aerosols
than sucrose (9.25%) solution (Table 4.12). The short time required to achieve
“dryness” for the proliposome formulation (approx. 11 min) might be attributed to
the large increase in lipid concentration within the nebuliser reservoir and
subsequently the increase in content viscosity during nébulisation. This justification
is supported by particle size analysis in the two stage impinger where no particles
were detected (Table 4.7, Table 4.8) and poor phospholipid output (Fig.4.16). By
contrast, for sucrose (9.25%) solution, “dryness” was achieved at approx. 14 min and
nébulisation was consistent throughout, as droplet VMD and Span measurements
were reproducible and consistent (Fig.4.20, Fig.4.21, Table 4.12).

Table 4.12. Size o f aerosol droplets generated from proliposome formulation and
sucrose (9.25%) solution after 4 min nébulisation using the Liberty nebuliser (n=3
±sd).
Formulation

VMD (|im)

Span

Proliposomes

3.91 ±0.39

3.09 ±1.48

Sucrose (9.25%)

4.45 ±0.30

2.14 ±0.25

Mass output of proliposome formulation was much lower than that of isotonic
sucrose solution (Table 4.13), showing that approx. half of the mass of the
proliposome formulation remained in the nebuliser compared to only 15% for the
sucrose (9.25%) solution.

Table 4.13. Mass output o f proliposome formulation and sucrose (9.25%) solution^
nebulised to ^‘dryness^* using the Liberty nebuliser (n=3 ±sd).
Formulation

Mass output (%)

Proliposomes

52.72 ±6.27

Sucrose (9.25%)

85.44 ±0.62
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Vibrating-mesh nébulisation

Aerosols were not generated from the isotonic sucrose solution using the Omron
(Mesh) nebuliser. However, the nebuliser performed very well when isotonic NaCl
solution was used instead of isotonic sucrose solution. The relatively high viscosity
of sucrose solution may not be the only reason behind poor performance since
liposomes generated from proliposomes were dispersed in the same concentration of
sucrose solution (i.e. 9.25% w/v). This suggested that phospholipids played a role in
enhancing aerosol production in the presence of sucrose, probably by lowering the
fluid surface tension. This observation opened a gate for further investigation of the
effect of physical properties of solutions and dispersions on the nébulisation
performance

of

vibrating-mesh

nebulisers.

This

investigation

constituted

a

considerable part of this project in “Chapter Five” using another proliposome system.
However, in this study, sucrose-based proliposomes were compared to isotonic NaCl
solution in terms of aerosols droplet size and formulation mass output.

Aerosols size analysis showed that droplets generated from the proliposome
formulation were similar in VMD and slightly but significantly (P<0.05) smaller in
Span than NaCl (0.9%) solution (Table 4.14). The slightly narrower size distribution
(i.e. smaller Span) of droplets generated from the proliposome formulation might be
attributed to different physicochemical properties or to partial blockage of the mesh
apertures caused by large liposomes or liposome aggregates. The time needed to
achieve “dryness” was approx. 30 min for proliposomes whilst only 12 min for
isotonic NaCl solution. This again suggests that this nebuliser may be appropriate in
delivering solutions.

Table 4.14. Size o f aerosol droplets generated from proliposome formulation and
NaCl (0.9%) solution after 4 min nébulisation using the Omron nebuliser (n=3
±sd).
Formulation

VMD (pm)

Span

Proliposomes

4.93 ±0.12

1.62 ±0.02

NaCl (0.9%)

5.04 ±0.18

1.75 ±0.03
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Mass output was high for both preparations with no significant (P>0.05) difference
(Table 4.15). However, it should be noted that due to the longer time required to
achieve “dryness” for the proliposome formulation compared to NaCl (0.9%)
solution, mass output rate of the solution preparation is much higher than that of the
proliposome formulation.

Table 4.15. Mass output o f proliposome formulation and NaCl (0.9%) solution
nebulised to ‘‘dryness” using the Omron nebuliser (n=3 ±sd).
Formulation

Mass output

Proliposomes

92.59 ±3.03

NaCl (0.9%)

96.47 ±1.64

4.4. Conclusions

This study has shown

that MLVs were generated from particulate-based

proliposomes in situ within model air-jet (Pari), and ultrasonic (Liberty) nebulisers
with no need for prior shaking. The vibrating-mesh nebuliser (Omron) needed 1 min
hand shaking within nebuliser before commencing nébulisation to ensure satisfactory
liposome formation.

The air-jet and vibrating-mesh nebulisers successfully delivered liposomes to a two
stage impinger with a high deposition in the lower stage of the impinger. This was
supported by size analysis of the aerosols generated. Liposomes delivered to the
impinger were MLVs, as shown by TEM and laser diffraction. The Liberty nebuliser
failed to deliver liposomes and showed erratic aerosol droplet size measurements,
indicating the unsuitability of this nebuliser for delivering liposomes using this
proliposome approach. For all nebulisers, mass output exceeded phospholipid output,
indicating a degree of liposome accumulation within devices. However, the extent of
mass and phospholipid outputs was dependent on the nebuliser employed.

Both the air-jet and the vibrating-mesh nebulisers had a disrupting effect on the
liposomes formed from proliposomes. This was evident from the measured size of
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liposomes delivered to the impinger stages being smaller than that of vesicles
sampled from nebulisers at all time intervals.

The model air-jet nebuliser performed well with proliposomes and corresponding
aqueous solutions, and nébulisation performance was independent of the formulation.
However, the model ultrasonic nebuliser performed well only with solutions, and the
performance of the vibrating-mesh nebuliser seemed to be greatly influenced by the
physicochemical properties of the formulation.

Using the jet nebuliser, liposomes were delivered to the lower stage of the two stage
impinger in large fractions for all proliposome formulations, although a considerable
fraction remained undelivered within nebuliser. Aerosol droplet size and size
distribution were independent of formulation. Cholesterol-containing formulation
may be superior in terms of physical stability to jet-nebulisation when compared to
cholesterol-free proliposome formulations. Moreover, Liposomes generated from
proliposomes within the jet nebuliser were less unstable than liposomes nebulised
after being prepared from proliposomes by hand shaking.

Finally, the air-jet (Pari) and the vibrating-mesh (Omron) nebulisers have been
shown to be capable of generating liposomal aerosols having high mass and
phospholipid outputs, with a large fraction of phospholipids deposited in the lower
stage of a two stage impinger. This indicates that the particulate-based proliposomes
employed may provide a potential for delivery of hydrophobic drugs, as liposome
stability to nébulisation may not be essential in that case. However, to ascertain
whether this is applicable on the formulation approach employed in this study,
further work is required.
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CHAPTER FIVE:
DELIVERY OF ETHANOL-BASED PROLIPOSOMES
VIA MEDICAL NEBULISERS
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5.1. Introduction

Particulate-based proliposome formulations may provide a convenient means of
delivering liposomes using air-jet or vibrating-mesh nebulisers (Chapter Four). As an
alternative to particulate-based proliposomes, ethanol-based proliposomes are
ethanolic solutions of lipid which generate oligolamellar liposomes by addition of
aqueous phase above Tm of the lipid employed (Perrett et al., 1991). Liposomes
produced by this proliposome method have been shown to provide a very high
entrapment of hydrophilic materials, being in the range of approx. 65 to 80%
depending on lipid composition (Perrett et al., 1991) and approx. 30 to 85%
depending on hydration procedure (Turanek et al., 1997). By contrast, conventional
liposomes provide poor entrapment for hydrophilic materials (New, 1990b), being,
for instance, in the range of 3 to 8% for the hydrophilic drug sodium cromoglicate
(Taylor et al., 1990a).

In this chapter, the potential of delivery of liposomes generated from ethanol-based
proliposomes using air-jet and vibrating-mesh nebulisers was investigated. A prime
concern of this study is to explore the role of physichochemical properties on the
performance of nebulisers operating at different principles. Moreover, the effect of
nébulisation mechanism and nebuliser design on the stability of liposomes
encapsulating the hydrophilic bronchodilator salbutamol sulphate was studied.

In this study, four nebulisers were employed, which are:
1- Pari LC Plus jet nebuliser/ Pari Master compressor (Pari GmbH, Germany).
2- Aeroneb Go vibrating-mesh nebuliser (Aerogen, Inc., USA).
3- Aeroneb Pro vibrating-mesh nebuliser (Aerogen, Inc., USA).
4- Aeroneb Pro (customised large mesh, 8 pm) vibrating-mesh nebuliser (Aerogen,
Inc., USA).
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The formation of liposomes from EPC and SPG proliposomes in situ within a Pari
(Jet) nebuliser was demonstrated. Unfortunately, this was not applicable for the
SPC:Chol (1:1) proliposomes since these were required to be heated up to 70°C in
order to form the ethanolic solution, which solidified immediately upon cooling to
ambient temperature. Thus, the aqueous phase was added as soon as the ethanolic
solution was formed, and liposomes were generated by manual dispersion before
nébulisation.

Delivery of liposomes generated from SPCiChol (1:1) proliposomes was investigated
using a Pari (Jet) and an Aeroneb Pro (Mesh) nebulisers. The influence of liposome
dispersion medium (i.e. sucrose (9.25%) or NaCl (0.9%) solution) on the
nébulisation performance was investigated and compared to that for the dispersion
media (i.e. without liposomes). The effect of viscosity and surface tension on the
performance of nebulisers was studied.

The stability of liposomes to nébulisation was evaluated by comparing the size of
liposomes delivered to a two stage impinger to the size before nébulisation. The
influence of the design of a vibrating-mesh nebuliser (Aeroneb Go) on the delivery
of liposomes was investigated. Moreover, the influence of liposomes on the delivery
of salbutamol sulphate from the Aeroneb Pro nebuliser was studied.

The entrapment of salbutamol sulphate in liposomes generated from SPC:Chol (1:1)
proliposomes was determined and compared to that entrapped in MLVs prepared by
the conventional thin film method. The effect of nébulisation on the entrapment of
the drug was studied using a range of air-jet and vibrating-mesh nebulisers.
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5.2. M ethodology

5.2.1. Form ation of liposomes from proliposomes within a je t nebuliser

A lipid phase (50 mg) comprising EPC or SPC dissolved in ethanol (40 mg) was
placed in a Pari (Jet) nebuliser attached to a Pari Master compressor. Sucrose
(9.25%) solution (5 ml) was added and nébulisation commenced immediately to
“dryness”. Samples from the nebuliser reservoir were taken for laser diffraction
(section 2.2.9) and TEM (section 2.2.8) at 1, 2.5, 5, 10, 15 min and at “dryness”.

5.2.2. Manufacture of liposomes from proliposomes by manual dispersion

Lipid phase (50 mg) comprising SPCiChol (1:1), or SPC was used to manufacture
and hydrate the proliposomes in order to produce liposomes as described in section
2.2.5 using sucrose (9.25%) or NaCl (0.9% w/v) solutions (5 ml) for hydration at
ambient temperature. Samples were taken for laser diffraction (section 2.2.9) and
TEM (section 2.2.8). For producing liposomes encapsulating salbutamol sulphate,
SPCiChol (1:1) proliposome formulation was hydrated with 0.1 ml NaCl (0.9%)
solution containing drug (5 mg) with mild hand shaking for 1 min. This was made up
to 5 ml using a drug-free NaCl (0.9%) solution followed by vigorous hand shaking
for 1 min (i.e. a two-step hydration procedure).

5.2.3. Liposome manufacture using the thin film method

Lipid phase (50 mg) comprising SPC:Chol (1:1) was manufactured as outlined in
section 2.2.3, and hydrated with NaCl (0.9%) solution (5 ml) containing salbutamol
sulphate (1 mg/ ml) as described in section 2.2.4 to produce the liposomes.
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5.2.4. Separation of entrapped and unentrapped drug

Salbutamol sulphate-containing liposome formulation was diluted with drug-free
NaCl (0.9%) solution to at least 25 ml and centrifuged for 50 min at 40,000 g and
4°C using a 3K30 bench centrifuge (Sigma Laboratory Centrifuge, Germany). The
supernatant was collected and liposome pellets in the centrifuge tubes were
redispersed in NaCl (0.9%) solution (10 ml) and the centrifugation procedure was
repeated. The supernatant was again collected and added to the first supernatant to
comprise the unentrapped fraction of the drug. Liposomes in the pellets were
solubilised using Triton X-100 (0.5%) and the drug released was assayed as the
entrapped fraction. Drug entrapment was calculated by HPLC (section 5.2.5).

5.2.5. High performance liquid chromatography (HPLC) analysis of salbutamol
sulphate

A buffer comprising sodium hexane sulphonate (5mM) in water was mixed with
methanol in 75:25 v/v to comprise the mobile phase. Glacial acetic acid was added to
comprise 1% of the total volume of the mobile phase. A Symmetry® CIS column
(150 mm X 4.6mm, 5 pm; Waters Ltd., UK) was set up in the HPLC instrument (HP
1050 with a UV detector, Hewlett-Packard Co., USA) and samples were analysed at
276 nm. The flow rate of the mobile phase was set at 1 ml/ min at 40°C, and injection
volume was 10 pi. A calibration curve of salbutamol sulphate was constructed using
drug concentrations between 1 to 100 pg/ ml, and drug in samples was quantified
accordingly. Drug entrapment was expressed as entrapment efficiency (% of
available drug entrapped in liposomes) and as entrapment capacity (mg of drug
entrapped per 100 mg of lipid).

5.2.6. Measurement of viscosity using a cone and plate viscometer

In this experiment, the rheological properties and viscosity of liposomes generated
from SPCiChol (1:1) ethanol-based proliposomes were investigated and compared to
these of the dispersion media employed (i.e. NaCl (0.9%) and sucrose (9.25%)
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solutions). The study was conducted using a Carri-Med CSL^ 500 Rheometer (TA
Instruments Thermal Analysis and Rheology, USA). The instrument comprises a
stationary plate and a rotating low angle cone attached to a motor-driven column
(Fig.5.1). The instrument was set up according to the standard operating procedures.
Accordingly, the gas generator was turned on, the compressed air was set at
maximum (i.e. 37.5 psi), and a water circulation was supplied. The computer
attached to the rheometer was turned on, and using the software, the geometric
inertia was calibrated, sample details were inserted, and the plate temperature was set
at 25°C. The sample (approx. 1.5 ml) was placed on the stationary plate, and the cone
was lowered so that the gap between the stationary plate and the cone was approx. 5
mm, in order to allow the cone to touch the sample without damaging the stationary
plate. An ascending shear rate (1/s) was applied on the sample and plotted against
shear stress or viscosity. Viscosity was calculated by the instrument according to
equation 5.1.

r|= 3 M 0/ 2 7Ü Q

Eq.5.1

where r\ is the viscosity, M is the torque, 9 is the angle of the cone, r is the radius of
the cone, and Q is the rotation speed.

Fig.5.1. A schem atic diagram o f the cone a n d plate viscometer.

A motor-driven
column
The cone
Liquidsample

A stationary plate

5.2.7. Measurement of viscosity using a suspended level viscometer

The viscosity of sucrose (9.25%) or NaCl (0.9%) solutions was determined using a
suspended-level viscometer (size A) (Poulten Selfe& Lee, Ltd., UK) (Fig.5.2). This
is a galls-made apparatus comprising three hollow arms, which are “A ”, “B” and the
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ventilating arm “C” (Fig.5.2). The lower half of the viscometer was immersed in a
water bath (25°C) using a suitable stand, taking into account that the apparatus is
fragile. Samples were allowed to attain this temperature in the water bath before
performing the measurements. Liquid was fed via arm “A” until it filled the
elongated bulb close to the bottom of the viscometer. Arm “C” was closed and liquid
was drawn from arm “A” through arm “B” using a pipette filler (Pipette Pump™,
Bel-Art Products, USA) until the upper mark of the measurement bulb in arm “B”
was exceeded. Arm “C” was then opened and pipette removed simultaneously to
allow the liquid to flow through the capillary under the effect of gravity. The time
required for the liquid to pass from the upper mark to the lower mark of the bulb in
arm “B” was accurately measured. Viscosity was calculated with relevance to that of
deionised water at 25°C (0.8902 mPas.s) according to equation 5.2.

Eq.5.2

where rjw and r|x are the viscosity values for water and liquid in question respectively,
and tw and tx are the periods of time required for water and liquid in question
respectively to fall from the upper mark to the lower mark (Fig.5.2).

Fig.5.2. A schematic diagram o f a suspended-level viscometer (Adapted from:
Marriott^ 2002).
Arm “B
Arm “C”
Arm “A

The upper mark
The lower mark

The capillary

The elongated bulb
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5.2.8. M easurem ent of surface tension

Surface tension measurements were performed using a Kibron Delta-8 multichannel
microtensiometer (Kibron, Finland). The first row (8 wells) of a standard 12 rows
plate (Kibron, Finland) was filled with 160 pi of the sample to be analysed using an
8 channel pipette (Pipetman, France). The remaining wells of the plate, i.e. from row
2 to row 12 were filled with 80 pi deionised water. The 8 channel pipette was used to
place 80 pi from wells of the row 1 to row 2, which was followed by a gentle mixing
within the wells by aspirating liquid in the tip and dispensing it again several times.
The contents of the wells in row 3 were diluted as occurred for row 2 and so on for
the other wells up to row 11. The wells in row 12 were filled with deionised water
only, to end up with a series of descending concentrations of the active material.
Using the 8 channel pipette, 50 pi from the dilution series were placed to the wells of
the “detection plate” which is used for surface tension measurements. The detection
plate was allowed to stand under a lid for 5 min to achieve sufficient equilibration
between the bulk and the surface. This instrument was used in this study to measure
the surface tension of NaCl (0.9%) solution, sucrose (9.25%) solution, and liposomes
prepared by manual dispersion of proliposomes in NaCl (0.9%) or sucrose (9.25%)
solutions.

5.2.9. Aerosol droplet size analysis

VMD, Span, and 90% undersize of the aerosol droplets generated from nebulisers
were measured every 2.5 min using the Malvern 2600c laser diffraction size analyser
(Malvern Instruments, Malvern Instruments Ltd., UK) (section 2.2.14).

5.2.10. Size analysis of liposomes in nebulisers and the two stage impinger

Liposomes (5 ml) prepared from SPCiChol (1:1) proliposomes by dispersion in
sucrose (9.25%) solution (section 5.2.2) were placed in nebuliser with its mouthpiece
being directed towards the “throat” of the two stage impinger (section 2.2.12).
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Nebuliser was operated to “dryness” and samples were taken from nebuliser and
impinger stages for laser diffraction (section 2.2.9) and TEM (section 2.2.8).

5.2.11. Determination of mass and phospholipid outputs

Liposomes (5 ml) prepared by hydrating SPCiChol (1:1) proliposomes with sucrose
(9.25%) or NaCl (0.9%) solutions (section 5.2.2) were placed in nebuliser. The
mouthpiece of the nebuliser was directed towards the “throat” of a two stage
impinger (section 2.2.12), and nébulisation commenced to “dryness”. Mass output
was calculated by weight difference of the nebuliser before and after nébulisation.
Phospholipid output and distribution between nebuliser and impinger stages were
estimated using Stewart assay (section 2.2.11) after collecting the deposited material
in each stage of the impinger and in the nebuliser by washing with deionised water.

5.2.12. Effect of nébulisation on the entrapment of salbutamol sulphate

Liposome formulation (5 ml) containing salbutamol sulphate (5 mg) (section 5.2.2)
was placed in nebuliser, and nébulisation commenced to “dryness” using the two
stage impinger for collecting the aerosol. Nebuliser reservoir, upper stage, and lower
stage of the impinger were washed separately with NaCl (0.9%) solution up to 35, 35,
and 70 ml respectively. The entrapped drug was separated from that unentrapped
(section 5.2.4) and HPLC was performed (section 5.2.5) to determine the entrapment
efficiency. The retained entrapment (RE) in each compartment was also calculated
according to equation 5.3.

RE (%) = (Fraction entrapped

(after d e liv e r y )

/ Fraction entrapped

(before delivery))

X 100%
Eq.5.3
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5.3. Results and discussion

5.3.1. In situ formation of liposomes from proliposomes within a je t nebuliser

Fig.5.3 shows that after 1 min nébulisation within a Pari (Jet) nebuliser, EPC or SPC
proliposome formulations generated liposomes in situ with a measured VM D being
5.22 ±0.30 and 5.71 ±0.54 pm respectively, suggesting MLVs were formed. This was
confirmed by TEM which showed that MLVs were generated within the nebuliser,
with no evidence of vesicle aggregation or incomplete lipid hydration in all times
investigated (Fig.5.4).

For both formulations, the measured VM D decreased up to 15 min, being 3.26 ±0.22
and 2.98 ±0.19 pm for EPC and SPC liposomes respectively (Fig.5.3). Towards the
end of nébulisation (approx. 25 min) both formulations exhibited no significant
change (P>0.05) for the measured VMD when compared to that at 15 min (Fig.5.3).

Fig.5.3. Size o f liposomes generated from EPC and SPC proliposome formulations
within a Pari (Jet) nebuliser {n-3 ±sd).
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Fig.5.4. TEM o f an M LV formed within a Pari (Jet) nebuliser after 5 min
nébulisation o f SPC ethanol-based proliposome formulation.

=100 nm

The measured VM D of the two proliposome formulations at all time intervals
exhibited minimal differences (Fig.5.3), indicating the effect of jet-nebulisation on
liposome size was similar for both formulations. Both formulations exhibited a
significant change (P<0.()5) in the VMD (Fig.5.3), indicating that liposome size was
affected by the shearing within this nebuliser. This detrimental effect of jetnebulisation on the physical integrity of liposomes has been previously reported and
is accompanied by leakage of entrapped hydrophilic materials (Taylor et al., 1990b;
Niven et al., 1991). It has been shown earlier that liposomes generated in situ from
particulate-based proliposomes showed a degree of instability (Fig.4.1), which agrees
with findings for ethanol-based proliposomes (Fig.5.3).

5.3.2. Size of liposomes generated from proliposomes using manual dispersion

When proliposomes were hydrated by manual shaking for 1 min, TEM showed that
MLVs were formed (Fig.5.5). The inclusion of cholesterol or changing hydration
medium showed no effect (P>0.05) on the measured VMD or Span (Table 5.1),
indicating that the size of liposomes generated from ethanol-based proliposomes was
unaffected by possible differences in formulation physicochemical properties caused
by cholesterol inclusion, or change in the dispersion medium.
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Fig.5.5. TEM o f MLVs form ed from SPC.'Chol (1:1) ethanol-based proliposomes
by manual dispersion fo r 1 min using sucrose (9.25%) solution.

Table 5.1. Size o f liposomes generated from ethanol-based proliposomes o f
different lipid compositions and hydrating solutions (n=3 ±sd).
Formulation

VMD (pm)

Span

SPC/ NaCl

4.2 ±0.32

1.66 ±0.07

SPCiChol (l:l)/N a C l

4.92 ±0.34

1.98 ±0.21

SPCiChol (111)/Sucrose

4.59 ±0.37

2.31 ±0.66

Cholesterol

inclusion

has been

shown

to enhance the physical

stability of

conventional liposomes to nébulisation (Bridges and Taylor, 1998). Consequently,
SPCiChol (1:1) was used in the further studies in this chapter unless otherwise stated.
However, cholesterol inclusion resulted in insolubility of the lipid phase in ethanol
unless the ethanolic mixture was heated up to 70°C for 1 min. This made liposome
generation within nebuliser practically inconvenient. Thus, proliposomes were
hydrated outside the nebuliser by manual shaking in a vial for 1 min before
nébulisation.
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5.3.3. Delivery of liposomes generated from proliposomes using air-jet and
vibrating-m esh nebulisers

The possibility of delivering SPCiChol (1:1) liposomes dispersed in sucrose (9.25%)
solution was investigated using an air-jet (Pari LC Plus) or a vibrating-mesh
(Aeroneb Pro) nebuliser. The effect of nébulisation on the size and morphology of
liposomes collected from nebuliser reservoirs and the two stage impinger at
“dryness” was studied.

Size measurements in Table 5.2 suggest that liposomes were delivered to both stages
of the two stage impinger. TEM confirmed this, showing that particles collected from
the impinger stages were MLVs (Fig.5.6). Regardless of nebuliser type, delivered
liposomes were smaller than those remaining in nebulisers (Table 5.2), indicating
liposome concentration and subsequent aggregation within reservoirs and size
reduction or deaggregation on delivery. TEM showed that MLVs remained in
nebulisers were generally aggregated (Fig.5.7).

Liposomes deposited in the impinger (Table 5.2) were smaller than those generated
by 1 min hand shaking (Table 5.1), indicating disruption of vesicles on delivery.
However, the multilamellarity of delivered liposomes indicated that the morphology
of liposomes prepared by this proliposome method was not lost by delivery. Similar
effects on liposome size and morphology were observed when this liposome
formulation was delivered using the Omron NE-U22 vibrating-mesh nebuliser
(Karnam, 2004), indicating that size reduction of liposomes on delivery was
independent of nebuliser type.

The measured VMD of liposomes delivered to the lower stage was significantly
smaller (P<0.05) than vesicles deposited in the upper stage for both nebulisers (Table
5.2). This suggests a correlation between the measured liposome VMD and the
aerosol droplet MM AD, with smaller liposomes being incorporated in smaller
aerosol droplets, i.e. a “fractionation” effect. This effect was also observed when this
formulation was delivered by the Omron NE-U22 vibrating-mesh nebuliser (Karnam,
2004).
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Table 5.2. Size o f liposomes in nebuliser and impinger stages using the Pari (Jet)
and Aeroneb Pro (Mesh) nebulisers operated to ^‘dryness” (n=3 ±sd).
VMD (^m) of liposomes in nebuliser and impinger stages
Nebuliser

Nebuliser

Upper stage

Lower stage

Pari (Jet)

5.20 d: 1.11

3.60 ±0.17

2.83 ±0.18

Aeroneb Pro (Mesh)

6.42 ±2.45

3.19 ±0.08

2.50 ±0.05

Fig.5.6. TEM o f an M LV nebulised from the Aeroneb Pro nebuliser and sampled
at ^^dryness”from the upper stage o f the two stage impinger.

Fig.5.7. TEM o f aggregated MLVs sampled from the Aeroneb Pro (Mesh)
nebuliser at ‘‘dryness”.
-
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5.3.4. Physichochemical properties of nebuliser fluids

The performance of medical nebulisers has been shown to be greatly influenced by
formulation (section 4.3.13). It has been previously demonstrated that viscosity
(McCallion and Patel, 1996) and surface tension (McCallion et al., 1995) of solutions
can affect the performance of air-jet or ultrasonic nebulisers. In this section, viscosity
and surface tension of liposomes and corresponding dispersion media were measured
for subsequent evaluation of the effect of such physicochemical properties on the
nébulisation performance of nebulisers.

As a dispersion system, liposomes have been shown to obey non-Newtonian flow
rules (Kato, 1983; Bridges,

1997). Accordingly, a cone and plate method

(Rheometery) was employed to measure the viscosity at progressive shearing rates.
The viscosity of the corresponding dispersion media was measured using the same
technique for comparison with liposome formulations. When shear rate was plotted
against shear stress, a linear relationship starting from the origin has been obtained
(Fig.5.8). In addition, viscosity was virtually unaffected by the progressive increase
of the shear rate (Fig.5.9).

All formulations apparently exhibited Newtonian flow. Although this may be
expected for solutions such as sucrose (9.25%) or NaCl (0.9%), dispersions like
liposomes were expected to show non-Newtonian properties. The observed
behaviour of the liposome preparations may be because they were dilute (10 mg/ ml),
or ethanol inclusion resulted in a change in the liposome bilayer packing, or bilayer
fluidity. However, since the viscosity of the employed solutions was much greater
than literature values, it was concluded that viscosity measurements in this study
were below the minimum level of accurate detection by the employed instrument.
Despite that, this method has provided a means of comparing these formulations.
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Fig.5.8. Shear rate against shear stress fo r liposomes and hydrating isotonic
solutions.
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Fig.5.9. Relation between viscosity and shear rate fo r liposomes and hydrating
isotonic solutions.
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The viscosity of non-Newtonian fluids is usually quoted at particular shear rate(s)
since such fluids show a viscosity increase (thickening) or decrease (thinning) on
progressive increase of shear rate. By contrast, Newtonian fluids exhibit no viscosity
change on progressive increase of shear rate (Fig.5.9). Since preparations were
apparently not affected by shear rate, viscosity was determined for each formulation
!
by taking the mean of all viscosity |values , at all shear rates in each experiment. The
final mean was calculated for three experiments (Table 5.3).

Due to drawbacks of the cone and plate technique, viscosity measurements were
repeated only for hydrating isotonic solutions using a suspended-level viscometer; an
established technique for Newtonian fluids. Although quantitatively results were
different from those generated by the cone and plate technique (Table 5.3),
suspended-level viscometer also showed that the viscosity of sucrose (9.25%)
solution was higher than that of NaCl (0.9%) solution (Table 5.4).

The inclusion of phospholipid especially with cholesterol resulted in a reduced
surface tension compared to phospholipid-free formulations (Table 5.3). Drug
(salbutamol sulphate) inclusion (1 mg/ ml) showed no detected effect on the surface
tension of formulations, suggesting that the addition of water-soluble drugs in such
low concentrations gives no effect on formulation physicochemical properties (Table
5.3).

Table 5.3. Viscosity (n=3 ±sd) and surface tension (n= ll ±sd) o f formulations at
25^C.
Formulation

Viscosity (mPa.s)

Surface tension (mN/m)

Deionised water

Not measured

72.32 ±0.44

Sucrose (9.25%)

2.69 ±0.14

72.45 ±0.46

NaCl (0.9%)

2.46 ±0.05

72.09 ±0.44

Drug/ NaCl (0.9%)

Not measured

72.10 ±0.57

SPC: Choi (1:1)/ Sucrose (9.25%)

2.87 ±0.08

27.13 ±1.88

SPC: Choi (1:1)/ NaCl (0.9%)

2.50 ±0.09

31.63 ±1.95

SPC: Choi: Drug/ NaCl (0.9%)

Not measured

31.38 ±1.97

SPC/ NaCl (0.9%)

2.42 ±0.13

65.61 ±6.03
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Table 5.4. Viscosity o f NaCl (0.9%) and sucrose (9.25%) solutions at 25

(n=3

±sd).
Formulation

Viscosity (mPa.s)

NaCl (0.9%)

0.8983 ±0.0021

Sucrose (9.25%)

1.0904 ±0.0125

5.3.5. Mass output of liposomes and isotonic aqueous solutions

Mass outputs of liposomes and corresponding aqueous solutions were investigated.
Devices investigated were Pari LC Plus air-jet nebuliser and Aeroneb Pro vibratingmesh nebuliser.

Fig.5.10 shows that the mass output produced by the Aeroneb Pro nebuliser was
more dependent on formulation properties than the Pari nebuliser. The difference in
mass output between the two nebulisers may be attributed to their different designs
or operating principles. For both nebulisers especially the Aeroneb Pro (Mesh),
sucrose-containing

formulations

produced

lower

mass

outputs

than

the

corresponding NaCl formulations (Fig.5.10), probably due to the higher viscosity of
sucrose (9.25%) than NaCl (0.9%) solution (Table 5.4). In addition, the presence of
phospholipids in formulations increased the nebuliser output, suggesting that the low
surface tension resulting from the presence of liposomes (Table 5.3) increased the
delivered fraction of formulations (Fig.5.10).

McCallion and Patel (1996) have shown that reduction of solution surface tension
below a critical value may increase nebuliser output, which was dependent on
nebuliser design, nebuliser operating principle, and type and concentration of
surfactant. In this work, the low surface tension formulations had an improved mass
output for the vibrating-mesh nebuliser particularly when sucrose solution (9.25%)
was employed (Fig.5.10). By contrast, for the Pari (Jet) nebuliser, the effect of
reduced surface tension was slight (Fig.5.10). This suggests that formulation surface
tension is important to consider when this vibrating-mesh nebulisers is employed.
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Fig.5.10. Mass output o f formulations using Pari (Jet) and Aeroneb Pro (Mesh)
nebulisers (n=3 ±sd).
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Although viscosity and surface tension were very similar for NaCl (0.9%) and
deionised water, deionised water had a lower mass output using the vibrating-mesh
nebuliser (Fig.5.10). This suggests that the presence of ions may be desirable when
the Aeroneb Pro (Mesh) nebuliser is employed.

For the sucrose-containing formulations, the mass output produced by the Pari (Jet)
nebuliser was significantly (P<0.05) higher than that produced by the Aeroneb Pro
(Mesh) nebuliser whilst for NaCl-containing formulations similar or slightly different
mass outputs were generated by the nebulisers (Fig.5.10). This suggests that the Pari
nebuliser is more efficient in delivering more viscous formulations. It has been
shown that air-jet nebulisers generated greater mass output than a model ultrasonic
nebuliser when sucrose (10% w/v) was used (McCallion and Patel, 1996). Thus,
vibrating-mesh and ultrasonic nebulisers are generally less efficient than jet
nebulisers in delivering viscous formulations.

Although, generally, the Pari (Jet) nebuliser generated higher mass outputs than the
Aeroneb Pro (mesh) nebuliser (Fig.5.10), the latter required much shorter times to
achieve “dryness” (Table 5.5), suggesting that mass output rate should be considered.
On one hand, mass output is important to predict the extent of drug delivery, i.e. the
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size of the inhaled dose. On the other hand, the output rate may be important since
the first few minutes of inhalation can be life-saving to patients suffering from
serious asthma attacks, and may influence patient compliance and nursing economics.

Table 5.5. Nébulisation time to ^‘dryness” using Pari (Jet) and Aeroneb Pro (Mesh)
nebulisers (n=3 ±sd).
Nébulisation time to “dryness” (min)
Formulation

Pari (Jet)

Aeroneb Pro (Mesh)

SPC: Choi (1:1)/ sucrose (9.25%)

23.68 ±0.91

14.19 ±1.56

SPC: Choi (1:1)/ NaCl (0.9%)

26.67 ±2.11

14.33 ±0.83

Sucrose (9.25%)

29.51 ±0.75

12.27 ±0.65

NaCl (0.9%)

26.18 ±0.83

9.69 ±0.50

Deionised water

30.01 ±2.45

12.31 ±0.35

The general trend observed was a higher mass output rate for the Aeroneb Pro
nebuliser compared to the Pari nebuliser (Fig.5.11). In addition, compared to the airjet nebuliser, the output rate for the vibrating-mesh device was greatly affected by
the formulation, with higher rates being produced for NaCl-containing formulations
than sucrose-containing formulations (Fig.5.11).

For relatively viscous preparations such as those containing sucrose, the Pari (Jet)
nebuliser is probably recommended to deliver a greater mass output, whilst the
Aeroneb Pro (Mesh) nebuliser may be more desirable for giving a greater mass
delivery rate. Thus, the selection of an appropriate nebuliser is not easy since it
depends on formulation, dosing strategy, patient compliance, and nursing expenses.
However, for less viscous formulations such as those containing NaCl (0.9%)
solution, the vibrating-mesh nebuliser may be highly desirable due to the high
delivery rates. Compared to simple isotonic solutions, liposomes had a slight effect
on mass output rate when the jet nebuliser was employed (Fig.5.11). By contrast, for
the vibrating-mesh nebuliser, liposomes reduced the rate of mass output (P<0.05)
only for NaCl-containing formulations.
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Fig.5.11. Mass output rate o f formulations using Pari (Jet) and Aeroneb Pro
(Mesh) nebulisers (n=3 ±sd).
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Omron NE-U22 is a vibrating-mesh nebuliser operating at a different mechanism
from that of the Aeroneb Pro nebuliser. Preliminary studies showed that nébulisation
time using the Omron nebuliser was greatly influenced by formulation properties
(section

4.3.13;

Karnam,

2004).

Using

the

ethanol-based

SPCiChol

(III)

proliposomes, the Omron device delivered approx. 100% of the formulation mass but
in as long as 58 min for liposomes dispersed in sucrose (9.25%) solution whilst in 29
min for liposomes dispersed in NaCl (0.9%) solution (Karnam, 2004), suggesting
that such a device is inappropriate for delivering liposomes dispersed in viscous
solutions. Moreover, the Omron has shown capable to deliver approx. 100% of NaCl
(0.9%) solution in only 12 min (Karnam, 2004), suggesting that this vibrating-mesh
nebuliser is appropriate for delivering low viscous solutions.

In general, for the Aeroneb Pro, formulation had an affect on both mass output
(Fig.5.10) and output rate (Fig.5.11 ) whilst for the Omron nebuliser, formulation had
an effect mainly on the output rate. Sucrose (9.25%) solution was not apparently
atomised into aerosols by the Omron nebuliser (section 4.3.13), probably because
formulation was relatively viscous. However,

liposomes dispersed in sucrose

(9.25%) solution produced very high mass outputs from the Omron nebuliser
(section 4.3.13; Karnam, 2004). This suggests that liposome-induced reduction of
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surface tension is responsible for the successful delivery of such viscous formulation
from this nebuliser.

Using the Omron NE-U22, liposomes generated from SPCiChol (1:1) ethanol-based
proliposomes and dispersed in sucrose (9.25%) solution required approx. 58 min to
achieve “dryness” (Karnam, 2004). By contrast, using the same lipid composition
and sucrose as a carrier, liposomes hydrated in situ from the particulate-based
proliposomes employed in “Chapter Four” were found to achieve “dryness” in
approx. 30 min (section 4.3.13) using the same nebuliser. This suggests that
liposome formulation approach, phospholipid concentration in formulation, or
phospholipid hydration procedure may influence the rate of formulation delivery
from the Omron NE-U22 nebuliser. It is also possible that packing differences of the
liposome bi layers resulted in differences in nébulisation performance.

5.3.6. Mass and phospholipid outputs and output rates of liposomes

Mass outputs of liposomes dispersed in sucrose (9.25%) or NaCl (0.9%) solutions
were compared to phospholipid outputs using Pari (Jet) and Aeroneb Pro (Mesh)
nebulisers.

Mass output exceeded phospholipid output for all formulations, suggesting
liposomes were concentrated within nebulisers during nébulisation (Fig.5.12). This
was supported by the relatively high VMD measurements (Table 5.2) and the
observed aggregation of liposomes (Fig.5.7) for samples taken from nebuliser
reservoirs at “dryness”. The accumulation of liposomes in nebulisers might be due to
solvent evaporation from formulation for the air-jet nebuliser or physical retention of
large liposomes or liposome aggregates within nebulisers.
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Fig.5.12. Mass and phospholipid outputs o f liposomes dispersed in sucrose (9.25%)
or NaCl (0.9%) solutions using Pari (Jet) and Aeroneb Pro (Mesh) nebulisers (n=3
±sd).
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Mass output of liposomes dispersed in NaCl (0.9%) solution was significantly higher
(P<0.05) than that of liposomes dispersed in sucrose (9.25%) for both nebulisers,
with the Aeroneb Pro being particularly formulation dependent (Fig.5.12). For
instance, using the Aeroneb Pro nebuliser, liposomes dispersed in NaCl (0.9%)
solution produced significantly (P<0.05) higher phospholipid outputs than those
dispersed in sucrose (9.25%) solution (Fig.5.12).

For the Omron nebuliser, the mass output of each liposome formulation approached
100% whilst phospholipid output was 63% and 90% for liposomes dispersed in
sucrose (9.25%) and NaCl (0.9%) solutions respectively (Karnam, 2004). This
indicates a minimal accumulation of liposomes within the Omron nebuliser when the
low viscosity dispersion medium was employed.

Although mass and phospholipid outputs of liposomes dispersed in NaCl (0.9%)
were the highest for the Omron (Mesh), this device required 29 min to achieve
“dryness” whilst the Pari and Aeroneb Pro required 27 and 14 min respectively. By
contrast, using sucrose (9.25%) for dispersion, “dryness” was achieved after 58, 24,
and 14 min for the Omron, Pari, and Aeroneb Pro nebulisers respectively.
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Table 5.6 shows the mass and phospholipid output rates for Pari, Aeroneb Pro and
Omron nebulisers. Mass and phospholipid output rates produced from the Pari (Jet)
nebuliser were minimally affected by liposome dispersion medium (Table 5.6). By
contrast, for the Aeroneb Pro nebuliser, liposomes dispersed in NaCl (0.9%) had a
higher mass output rate (P<0.05) and a trend of higher phospholipid output rate
compared to liposomes dispersed in sucrose (9.25%) solution (Table 5.6). For the
Omron nebuliser, liposomes dispersed in NaCl (0.9%) solution had much higher
(P<0.05) mass and phospholipid output rates compared to liposomes dispersed in
sucrose (9.25%) solution (Table 5.6). This indicates that delivery rate is mainly
dependent on nebuliser design or nebuliser operating principle.

Table 5.6. Mass and phospholipid output rates o f liposomes dispersed in sucrose
(9.25%) or NaCl (0.9%) solutions using Pari, Aeroneb Pro, and Omron nebulisers
(n=3 ±sd).
Mass output rate

Phospholipid output

(mg/min)

rate (mg/min)

Pari (Jet)/ sucrose (9.25%)

191.02 ±6.66

1.50 ±0.16

Pari (Jet)/ NaCl (0.9%)

177.06 ±14.58

1.50 ±0.06

Aeroneb Pro (Mesh)/ sucrose (9.25%)

221.95 ±54.92

1.92 ±0.68

Aeroneb Pro (Mesh)/ NaCl (0.9%)

318.54 ±10.99

2.56 ±0.49

Omron (Mesh)/ sucrose (9.25%)

88.12 ±2.87

0.55 ±0.06

Omron (Mesh)/ NaCl (0.9%)

174.48 ±6.51

1.53 ±0.03

Nebuliser/ dispersion medium

Overall, using the Pari (Jet) nebuliser, mass and phospholipid output rates were
slightly affected by formulation (Table 5.6) whilst for the Aeroneb Pro (Mesh), the
employment of NaCl (0.9%) solution for dispersing liposomes was desirable to
obtain the highest output rate (Table 5.6). However, for the Omron (Mesh) nebuliser,
the employment of NaCl (0.9%) solution was necessary to yield liposome
formulations with satisfactory output rates (Table 5.6).
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5.3.7. Aerosol droplet size analysis for liposomes and isotonic aqueous solutions

Regardless of nebuliser type, the aerosol droplet VM D was consistent for all
formulations throughout nébulisation (Fig.5.13, Fig.5.14). However, the difference in
droplet VM D between formulations was greater when the Aeroneb Pro (Mesh) was
employed (Fig.5.13, Fig.5.14), again indicating that the performance of this vibrating
mesh nebuliser is more affected by formulation compared to the Pari nebuliser.

Since droplet VMD was observed to be most consistent at nébulisation midpoints,
the effect of nebuliser on the size distribution of aerosol droplets was studied after 10
and 5 min for the Pari and the Aeroneb Pro nebulisers respectively (Table 5.7).

For all formulations, the VM D of aerosols was significantly smaller (P<0.05) for the
Pari nebuliser compared to the Aeroneb Pro device (Table 5.7). The difference
between the nebulisers was relatively large for sucrose-containing formulations
(Table 5.7), which is due to the tendency of the Aeroneb Pro nebuliser to generate
larger droplets from the viscous formulations. This is probably because the energy
input by this nebuliser was not sufficient to overcome the greater resistance of such
viscous liquids to disintegrate into small droplets. By contrast the energy provided by
the jet nebuliser was sufficient to overcome such small viscosity differences.

Fig.5.13. Aerosol droplet size o f formulations using the Pari (Jet) nebuliser (n=3
±sd).
□ SPC:Chol/ sucrose (9.25%)

A SPC:Choi/ NaCl (0.9%)

O Sucrose (9.25%)

o NaCl (0.9%)

□ Deionised water

20

Time (min)

171

Fig.5.14. Aerosol droplet size o f formulations using the Aeroneb Pro (Mesh)
nebuliser (n=3 ±sd).
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Table 5.7. Size o f aerosol droplets generated from the Pari (Jet) and the Aeroneb
Pro (Mesh) nebulisers after 10 and 5 min respectively (n=3 ±sd).
V M D (pm) of aerosol droplets
Formulation

Pari (Jet)

Aeroneb Pro (Mesh)

SPCiChol /sucrose (9.25%)

2.48 ±0.20

4.59 ±0.64

SPCiChol /NaCl (0.9%)

2.69 ±0.12

3.40 ±0.03

Sucrose (9.25%)

2.24 ±0.11

5.11 ±0.10

NaCl (0.9%)

2.22 ±0.10

3.22 ±0.02

Deionised water

2.57 ±0.16

7.11 ±0.32

Unlike conventional air-jet nebulisers (e.g. Pari LC Plus), an Aeroneb Portable
vibrating-mesh nebuliser has been demonstrated not to concentrate solute within
nebuliser reservoir during nébulisation (Fink et al., 2001b). Thus, the smaller size
droplets generated by the Pari (Jet) nebuliser might not be only attributed to the
greater shearing force applied but also to solvent evaporation from the droplets while
being released from this nebuliser.

172

For each nebuliser, the V M D of aerosol droplets was significantly (P<0.05) different
between formulations, with larger variations produced by the Aeroneb Pro nebuliser.
Although the V M D o f aerosol droplets generated from the Pari was smaller than that
generated from the A eroneb Pro, the vibrating-mesh nebuliser generated aerosols
with significantly (P<0.05) smaller Span values (narrow er size distribution) than the
air-jet nebuliser for all formulations (Table 5.8). This indicates that the mesh o f the
Aeroneb Pro nebuliser provided a more robust control on the droplet size distribution
than the air-jet and baffles of the neb \ utiliser.

Table 5.8. Size distribution o f aerosol droplets generated from Pari (Jet) and
Aeroneb Pro (Mesh) nebulisers after 10 and 5 min respectively (n=3 ±sd).
Span o f aerosol droplets
Formulation

Pari (Jet)

Aeroneb Pro (Mesh)

Lip/sucrose (9.25%)

2.74 ±0.23

1.83 ±0.13

Lip/NaCl (0.9%)

2.47 ±0.06

1.98 ±0.09

Sucrose (9.25%)

2.86 ±0.18

1.60 ±0.12

NaCl (0.9%)

2.56 ±0.14

2.16 ±0.04

Deionised water

2.19 ±0.09

1.43 ±0.06

Using the same formulations employed in this study except for sucrose solution, it
has been shown that V M D and Span of aerosol droplets generated from the Omron
NE-U22 vibrating-mesh nebuliser were largely independent of formulation, being
approx. 5 to 6 pm and 1.4 to 1.6 respectively for all formulations (Karnam, 2004).
Similar findings were also obtained using the particulate-based proliposomes and the
corresponding aqueous solutions (section 4.3.13). This indicates that the size of
aerosol droplets is primarily dependent on the m echanism of fluid atomisation
employed by the nebulisers.
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5.3.8. Phospholipid distribution between nebuliser and the two stage impinger

Previous investigations (sections 5.3.4 to 5.3.7) have shown that the effect of
formulation on the performance of the model jet nebuliser (Pari LC Plus) was
minimal. Thus, in this section, studying the influence of formulation on the
distribution of phospholipid between nebuliser and the stages o f the two stage
impinger was confined to the Aeroneb Pro vibrating-mesh nebuliser.

Fig.5.15 shows that the phospholipid fraction delivered by the Aeroneb Pro (Mesh)
nebuliser to the lower stage was significantly (P<0.05) increased when NaCl (0.9%)
was used compared to sucrose (9.25%) solution, being 68.18 ±5.62% and 32.10
±5.81% respectively. This clearly indicates that dispersing liposomes in NaCl (0.9%)
is more desirable than sucrose (9.25%) for delivering large amounts of phospholipid
in “respirable fraction” . Moreover, liposomes dispersed in NaCl (0.9%) solution
produced more reproducible results than the sucrose (9.25%) dispersed formulations
(Fig.5.15), indicating more reliable delivery using NaCl (0.9%) solution as a
liposome dispersion medium.

Fig.5.15. Phospholipid distribution between the Aeroneb Pro nebuliser and the two
stage impinger fo r liposomes dispersed in sucrose (9.25%) or NaCl (0.9%)
solutions (n=3 ±sd).
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The Omron NE-U22 (Kamam, 2004) produced similar results to these shown for the
Aeroneb Pro in Fig.5jl5, indicating that the effect of dispersion medium was similar
for both nebulisers although the mechanism of nébulisation differed.

5.3.9. Influence of liposomes on the delivery of salbutamol sulphate

Salbutamol sulphate (Fig.5.16) is a selective short acting B2-adrenoceptor agonist
which is commonly employed the UK for the treatment of asthma (BNF, 2005). In
this section, the effect of liposomes on drug output and deposition in “fine particle
fraction” was investigated using the Aeroneb Pro (Mesh) nebuliser. Two preparations
of salbutamol sulphate were compared: an NaCl (0.9%) solution and the SPCiChol
(1:1) liposome formulation dispersed in NaCl (0.9%) solution.

Fig.5.16. Chemical structure o f salbutamol sulphate.
H O H jC

.CH0H.CH2.NHC(CH3)3

H 2S04

The liposomal preparation produced aerosol droplets of a slightly (P<0.05) larger
VMD and smaller Span (P<0.05) and insignificantly and slightly smaller 90%
undersize than the solution formulation (Table 5.9). This indicates that aerosol size
distribution was similar for the two formulations when laser diffraction was
employed for droplet size measurement.

Table 5.9. Size o f aerosol droplets after 5 min nébulisation using the Aeroneb Pro
(Mesh) nebuliser (n=3 ±sd).
Formulation

VMD (pm)

Span

90% undersize (pm)

Solution

3.22 ±0.02

2.16 ±0.04

7.90 ±0.06

Liposomes

3.44 ±0.05

1.98 ±0.05

7.65 ±0.34
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Output study showed that both formulations had insignificantly (P>0.05) higher mass
output than drug output (Fig.5.17), suggesting that vibrating-mesh nébulisation may
offer a minimal solvent evaporation and hence the increase in the residual drug
concentration may be minimised. By contrast, air-jet nebulisers cause solvent
evaporation during nébulisation and concentrate the soluble material within nebuliser
reservoir (McCallion et ah, 1996a).

Mass output and drug output were slightly but significantly (P<0.05) higher for the
liposomal preparation compared to the solution preparation (Fig.5.17), indicating that
the inclusion of phospholipid may be desirable, probably because phospholipid
reduced the surface tension of formulation.

Fig.5.17. Mass and drug outputs o f salbutamol sulphate formulations using the
Aeroneb Pro (Mesh) nebuliser (n=3 ±sd).
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Liposomes significantly (P<0.05) increased the fraction of drug delivered to the
lower stage and decreased the deposition in the upper stage of the two stage impinger
(Fig.5.18). This suggests that nebulised liposomes may not only offer a sustained and
localised drug effect in the airways but can also increase the dose delivered in “fine
particle fraction” .
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Fig.5.18. Drug distribution between the Aeroneb Pro nebuliser and impinger
stages using a conventional salbutamol sulphate solution and a liposomal
form ulation prepared from ethanol-based proliposomes (n=3 ±sd).
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Thus, liposomes may play roles beyond entrapment of drugs when the Aeroneb Pro
vibrating-mesh nebuliser is employed, with inclusion of lipid having a desirable
effect on drug delivery and deposition in “fine particle fraction” .

5.3.10. Delivery of liposomes using a two compartment vibrating-mesh nebuliser

Aeroneb Pro and Aeroneb Go nebulisers generate aerosols by means of an aerosol
generator comprising a piezoceramic vibrational element surrounding a mesh plate of
up to 1000 electroformed dome-shaped apertures (Fink et al., 2001a; Dhand, 2002).
Both nebulisers operate according to the same principle and have the same mesh
dimensions (manufacturer personal communication). However, unlike the Aeroneb
Pro, the Aeroneb Go comprises two compartments which are the main (mesh)
reservoir and a “trap” compartment below the main reservoir (Fig.5.19). The
function of the “trap” is to help avoid overdosing the patient, by trapping a fraction
of

the

aerosol

released

from

the

main

reservoir

(manufacturer

personal

communication). Whilst the Aeroneb Pro reservoir is slightly tilted, the main
reservoir of the Aeroneb Go is perpendicular to the horizontal plane, which may
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comprise another difference in the design between the two devices (i.e. different
nébulisation angles).

Fig.5.19. (A). An Aeroneb Go nebuliser (Source: www.aerogen.com). (B). A
schematic diagram showing the design o f the Aeroneb Go nebuliser.
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In this study, the effect of the design of the Aeroneb Go nebuliser on the delivery of
liposomes generated from SPCiChol (1:1) proliposomes and hydrated with sucrose
(9.25%) or NaCl (0.9%) solution was investigated.

TEM showed that liposomes collected in the “trap” or delivered to the impinger
stages were MLVs (Fig.5.20) whilst those remained undelivered in the main
reservoir were excessively aggregated (Fig.5.21).

Fig.5.20. TEM o f MLVs delivered to the lower stage o f the two stage impinger
using the Aeroneb Go nebuliser.

= 2 0 0 nm
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Fig.5.21. TEM o f aggregated MLVs sampled from the main reservoir o f the
Aeroneb Go nebuliser at “dryness”.

TEM observations were supported by laser diffraction since liposomes remained in
the main reservoir had much larger VMD and Span values than those delivered to the
“trap” or impinger stages (Table 5.10). This
accumulated

and aggregated in the main

suggests that liposomes were

reservoir and reduced in size or

deaggregated by extrusion through the mesh pores of this nebuliser. However,
liposomes delivered to the lower stage of the impinger had high and nonreproducible

VM D

and

Span

measurements

(Table

5.10),

suggesting

non-

reproducible liposome aggregation. By contrast. Span measurements in the “trap”
and upper stage of the impinger (Table 5.10) were similar to those for liposomes
before nébulisation (Table 5.1), possibly indicating less aggregation within these
compartments.

The VMD and Span of liposomes deposited in the “trap” of the nebuliser were more
comparable to the measured values of vesicles deposited in the impinger stages than
those remained in the main reservoir (Table 5.10). This suggests that delivery of
vesicles from the main reservoir rather than nebuliser itself may be size dependent.
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Table 5.10. Size o f liposomes delivered to the impinger stages and those remained
in the nebuliser compartments at ‘‘dryness” using the Aeroneb Go nebuliser (n=3
±sd).
Compartment

V M D (pm)

Span

Main reservoir

19.38 ±6.62

5.06 ±1.05

Low er reservoir (“T rap” )

3.57 ±0.25

1.47 ±0.23

Upper stage

4.27 ±0.22

1.42 ±0.15

Lower stage

6.72 ±2.83

4.16 ±0.73

5.3.11. Mass and phospholipid outputs of liposomes using the two compartment
nehuiiser

Fig.5.22 shows that, regardless of liposome dispersion medium, mass output
produced from the Aeroneb Go significantly (P<0.05) exceeded phospholipid output,
indicating concentration of liposom es during nébulisation. This correlates with TEM
(Fig.5.21) and laser diffraction size analysis (Table 5.10), indicating that vesicles
were aggregated within the main reservoir of this nebuliser.

Fig.5.22. Mass and phospholipid outputs o f liposomes using the Aeroneb Go
nebuliser (n=3 ±sd).
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Mass and phospholipid outputs of liposomes dispersed in NaCl (0.9%) solution were
significantly (P<0.05) higher than these of vesicles dispersed in sucrose (9.25%)
solution (Fig.5.22), probably because the NaCl-dispersed formulation was relatively
not viscous. For the NaCl-dispersed formulation, the values for mass and
phospholipid outputs were 81.92 ±0.91% and 64.71 ±5.36% respectively. By contrast,
for liposomes dispersed in sucrose (9.25%) solution, mass and phospholipid outputs
were 32.47 ±4.82% and 19.03 ±1.90% respectively.

Although a similar effect of viscosity on mass and phospholipid outputs was
observed for the Aeroneb Pro nebuliser (Fig.5.12), this effect was much greater for
the Aeroneb Go nebuliser, possibly suggesting that the “trap” in this device has
retained a greater fluid volume when a higher viscosity medium was used for
liposome dispersion.

Although the Aeroneb Pro and the Aeroneb Go employ the same atomisation
principle, mass output produced by the Aeroneb Go was significantly (P<0.05) lower,
regardless of liposome dispersion medium. Moreover, the Aeroneb Go produced
lower phospholipid output compared to the Aeroneb Pro nebuliser (significant
(P<0.05) only for the sucrose-dispersed formulation). These output differences might
be attributed to different designs of the nebulisers such as the nébulisation angle
and/or the presence of a “trap”.

The role of the “trap” in phospholipid retention within the Aeroneb Go nebuliser is
shown in Fig.5.23. For liposomes dispersed in NaCl (0.9%) solution, most
phospholipid (64.71 ±5.36%) was delivered to the impinger and relatively small
phospholipid fractions remained in the main reservoir and “trap”, being 17.64
±6.15% and 17.64 ±1.37% respectively (Fig.5.23). By contrast, for liposomes
dispersed in sucrose (9.25%) solution, most phospholipid (73.24 ±1.79%) was
retained by the “trap” whilst only small fractions were delivered to the impinger and
remained in the main reservoir, being 19.03 ±1.90% and 7.72 ±1.37% respectively
(Fig.5.23). It seems likely that more viscous preparations have more preferential
retention in the “trap” of this nebuliser, which explains the greater retention for the
sucrose-dispersed formulation than for liposomes dispersed in ( NaCl (0.9%)
solution.
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Fig.5.23. Phospholipid distribution between compartments o f the Aeroneb Go
nebuliser and the two stage impinger (n= ±sd).
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5.3.12. Aerosol droplet size analysis for liposome formulations using the two
compartment nebuliser

The VM D (Fig.5.24) and Span (Fig.5.25) o f aerosol droplets generated from
liposom es

dispersed

in

NaCl

(0.9% )

solution

were

m ore

consistent

during

nébulisation from the Aeroneb Go nebuliser com pared to liposom es dispersed in
sucrose (9.25% ) solution. It is suggested that the high viscosity of sucrose (9.25% ) is
responsible for such high VM D and erratic Span m easurem ents during nébulisation.

Findings for the A eroneb Go agree with the previous observations for the A eroneb
Pro which produced sm aller VM D droplets from less viscous preparations (Fig.5.14,
Table 5.7). By contrast, droplet VM D and Span were m inim ally affected by
form ulation properties when the Pari LC Plus air-jet (section 4.3.13, Fig.5.13, Table
5.7) or Om ron N E-U 22 vibrating mesh (section 4.3.13; Karnam 2004) nebulisers
were em ployed.
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Fig.5.24. Size o f aerosol droplets during nébulisation o f liposomes dispersed in
sucrose (9.25%) or NaCl (0.9%) using the Aeroneb Go nebuliser (n=3 ±sd).
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Fig.5.25. Size distribution o f aerosol droplets during nébulisation o f liposomes
dispersed in sucrose (9.25%) or NaCl (0.9%) using the Aeroneb Go nebuliser (n=3
±sd).
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When liposome formulations were compared at 5 min interval, VMD and 90%
undersize were significantly smaller for droplets generated from liposomes dispersed
in NaCl (0.9%) than from liposomes dispersed in sucrose (9.25%) solution (Table
5.11). This suggests that a larger aerosol fraction from the NaCl-dispersed
formulation may be likely to deposit in the peripheral airways than the sucrosedispersed formulation. This also indicates that the low viscosity NaCl (0.9%)
solution is appropriate for dispersing liposomes for delivery from this nebuliser.

Table 5,11. Size o f the aerosol droplets measured after 5 min nébulisation o f
liposomes using the Aeroneb Go (Mesh) nebuliser (n'=3 ±sd).
Formulation

VMD (pm)

Span

90% undersize (pm)

Liposomes/ sucrose

6.15 ±0.78

2.46 ±0.76

16.17 ±5.02

Liposomes/ NaCl

3.53 ±0.15

2.00 ±0.08

8.14 ±0.23

In light of these findings, the poor mass and lipid outputs of liposomes dispersed in
sucrose (9.25%) solution (Fig.5.22) may be ascribed to a preferential retention of
large droplets (produced from more viscous preparations) in the “trap” of the
Aeroneb Go nebuliser. Thus, the “trap” of the Aeroneb Go may comprise a “baffling
system” for the retention of large droplets released from the main reservoir.

5.3.13. Entrapment of salbutamol sulphate in liposomes

In this study, the potential of ethanol-based proliposomes for encapsulating the
model hydrophilic bronchodilator, salbutamol sulphate, was investigated and
compared to that obtained by liposomes formed by the conventional thin film method.

Liposomes generated from proliposomes had much higher entrapment efficiency and
entrapment capacity for salbutamol sulphate than liposomes prepared by the
conventional thin film method (Table 5.12). This agrees with previous findings
showing that the entrapment efficiency for the hydrophilic marker CF in liposomes
prepared from ethanol-based proliposomes was in the range of approx. 65 to 80%
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depending on lipid phase composition (Perrett et al., 1991) and approx. 30 to 80%
depending on hydration protocol (Turanek et al., 1997). By contrast, entrapment
efficiency in conventional MLVs may be very low (New, 1990).

Table 5.12. Entrapment efficiency and entrapment capacity o f salbutamol sulphate
in SPC.'Chol (1:1) liposomes dispersed in NaCl (0.9%) solution, prepared by a
proliposome or thin-film method (n=3 ±sd).
Method

Entrapment efficiency (%)

Entrapment capacity (mg/100 mg)

Proliposome

62.07 ±3.07

5.91 ±0.43

Thin-film

1.24 ±0.17

0.12 ±0.01

The high entrapment provided by this proliposome method might be attributed to the
fewer bilayers of the resultant liposomes, i.e. oligolamellarity (Perrett et al., 1991).
However, primarily, increased entrapment is due to the two step hydration protocol,
which optimises liposome entrapment of the hydrophilic material (as a concentrated
aqueous solution) as they form. The thin film method {gives

a phospholipid film

over a relatively large surface area and hence a relatively large volume of aqueous
phase is required for hydration.

5.3.14. Effect of nébulisation on the entrapment of salbutamol sulphate

The effect of nébulisation on salbutamol sulphate entrapment in liposomes delivered
to the two stage impinger was investigated using Pari (Jet), Aeroneb Go (Mesh), and
Aeroneb Pro (Mesh) nebulisers. A customised Aeroneb Pro vibrating-mesh nebuliser
with large mesh apertures (8 fxm) was supplied by the manufacturer for comparison
with the other nebulisers in terms of retention of entrapped drug on delivery. Studies
conducted by Karnam (2004) on the Omron NE-U22 nebuliser were carried out
under the same conditions and compared to this work.

Retained entrapment study (Fig.5.26) shows that nébulisation of liposomes to
“dryness” resulted in loss of most of the originally entrapped salbutamol sulphate.
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indicating that liposomes were disrupted during nébulisation regardless of nebuliser
type. The loss of entrapped drug might be ascribed partially to the procedure of
separation of the entrapped from unentrapped drug, and m ainly to the large size of
liposomes before nébulisation (Table 5.1). This was supported by findings in Table
5.2 which showed that delivered liposomes were reduced in size.

The problem of liposom e instability to jet-nebulisation and concom itant loss of the
entrapped hydrophilic m aterials (Taylor et al., 1990b; Niven et al., 1991) is likely to
be due to the disrupting effect of the air-jet shear forces on the liposome bilayers.
Vibrating-m esh nebulisers also had a deleterious effect on liposome structures but to
a lesser extent com pared to the jet nebuliser (Fig.5.26), suggesting that extrusion of
vesicles through the mesh pores was less dam aging to liposom e bi layers than the jet
of compressed air. The custom ised vibrating-mesh nebuliser with the large mesh
pore size (8 pm) provided the greatest retained entrapm ent (Fig.5.26), suggesting that
extrusion of liposomes through pores of such large size may be the least disrupting to
liposome bi layers o f these large vesicles.

Fig.5.26. Retained entrapment o f salbutamol sulphate in nebulisers and impinger
stages (n=3 ±sd).
70

□ Nebuliser

Upper stage

□ Lower stage

60
^

0)

50

I 40

S

o 30

%
.5 20
Î

f,

OC 10

Pari (Jet)

Omron
(Mesh)

Aereoneb Go Aeroneb Pro Aeroneb Pro
(Mesh)
(Mesh)
(Large mesh)

Nebuliser

186

Delivered liposomes of small VMD were apparently incorporated in droplets of
small MMAD, and subsequently the smaller liposomes may be likely to deposit in
the lower stage whilst the larger ones may be likely to deposit in the upper stage of
the impinger (Table 5.2). This “fractionation” correlated with the retained
entrapment study, since smaller liposomes deposited in the lower stage have
provided lower retained entrapments (Fig.5.26). Thus, laser diffraction size analysis
of the delivered liposome is a useful predictor of the retained entrapment of
hydrophilic materials.

For all vibrating-mesh nebulisers, the retained entrapment in the nebuliser reservoir
was superior to that of delivered vesicles (Fig.5.26), suggesting that extrusion
through the mesh pores was responsible for vesicle disruption and undelivered
liposomes were least disrupted. By contrast, the retained entrapment in the nebuliser
reservoir of the Pari (Jet) was as low as that of delivered vesicles (Fig.5.26),
suggesting that the disrupted vesicles were cycled back into the reservoir of the jet
nebuliser by the baffling system.

Therapeutically, the retained entrapment of drug in the lower stage of the impinger is
most important, and this differed significantly (?<0.05) between nebulisers
(Fig.5.26). The low retained entrapment in the lower stage for the Aeroneb Go
(Mesh) nebuliser may be because it failed to deliver large liposomes which possibly
entrapped a large fraction of the drug. Retained entrapment was 74.79 ±12.63% in
the main reservoir whilst only 23.31 ±3.68% in the “trap”, indicating that most of the
drug originally entrapped was lost as liposomes passed through the mesh. This agrees
with the large VMD of liposomes remaining undelivered in the main reservoir of this
nebuliser (Table 5.10). However, there is also a relatively small loss of drug from
liposomes remaining in the nebuliser, suggesting that vibrations within the main
reservoir caused only a slight disruption to the undelivered vesicles, or some vesicles
have lost entrapped drug in the main reservoir as they passed through the mesh.

Although the originally entrapped bronchodilator had a significant loss during
nébulisation, drug dose delivered to the lower stage by each nebuliser is possibly
sufficient to provide a reasonable reservoir for sustaining the therapeutic effect in the
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lungs whilst the unentrapped drug may act as a “life-saving” dose in severe asthma
attacks (Table 5.13).

Table 5.13. Entrapped and unentrapped dose o f salbutamol sulphate in the lower
stage o f the impinger (n=3 ±sd).
Entrapped salbutamol

Unentrapped salbutamol

sulphate dose (pg)

sulphate dose (mg)

Pari (Jet)

239.23 ±36.35

3.24 ±0.15

Omron (Mesh)

380.33 ±139.23

3.17 ±0.21

Aeroneb Go (Mesh)

181.91 ±35.69

2.69 ±0.12

Aeroneb Pro (Mesh)

344.17 ±72.06

2.97 ±0.10

Aeroneb Pro (Large mesh)

263.09 ±57.13

1.37 ±0.02

Nebuliser

The amount of drug delivered in entrapped form to the lower stage was significantly
different (P<0.05) between nebulisers (Table 5.13). The amount of unentrapped drug
delivered was approx. 3 mg for all nebulisers except for Aeroneb Pro (Large mesh)
which delivered much smaller amount of free drug (Table 5.13). This suggests that
the Aeroneb Pro (Large mesh) is the most desirable device for this formulation since
the entrapped dose of the drug was comparable to the other nebulisers whilst the
unentrapped dose was less than half of that delivered by the other devices (Table
5.13). However, in spite of these positive findings, further work is required to
increase the proportion of entrapped to unentrapped dose for the delivered liposomes.

5.4. Conclusions

Multilamellar liposomes were generated in situ from a cholesterol-free ethanol-based
proliposome formulation within a jet nebuliser. The measured particle size was
reduced during nébulisation to make vesicles deliverable, suggesting such liposomes
exhibited a degree of physical instability as occurs for conventional liposomes
(Taylor et al.,

1990b), and for liposomes produced from particulate-based

proliposomes (Chapter Four) during jet-nebulisation. Cholesterol-containing ethanol-
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based proliposomes generated MLVs by hand shaking, and these were deliverable to
a two stage impinger using air-jet or vibrating-mesh nebulisers although a degree of
physical instability was observed.

Formulation markedly affected the performance of the vibrating-mesh nebulisers,
and minimally affected the performance of the Pari LC Plus air-jet nebuliser. Low
viscosity and surface tension formulations were desirable for the vibrating-mesh
devices to produce higher mass and phospholipid outputs or output rates, and to
generate small aerosol droplets. The Aeroneb Pro vibrating-mesh nebuliser had a
poor performance when deionised water was the nebuliser fluid, with aerosols
generated being of the largest VMD and 90% undersize amongst formulations. This
possibly suggests that dissolved ions are desirable to enhance the performance of this
nebuliser.

Compared to a conventional salbutamol sulphate solution preparation, delivery of
drug as a liposomal formulation from the Aeroneb Pro nebuliser may be
advantageous since liposomes enhanced drug output, and increased the drug fraction
delivered to the lower stage and reduced that delivered to the upper stage of the two
stage impinger. The design of vibrating-mesh nebulisers had a large effect on the
nébulisation performance. The “trap” of the Aeroneb Go vibrating-mesh nebuliser
played an important role in the retention of liposomes dispersed in isotonic solutions
of different viscosities, with a greater retention observed for the greater viscosity
solution.

Liposomes generated from ethanol-based proliposomes produced much greater
entrapment of the hydrophilic drug salbutamol sulphate than conventional MLVs.
This may be due to the fewer bilayers of liposomes generated from proliposomes, or
the two-step hydration of proliposomes permitting more drug to be entrapped as a
concentrated solution when liposomes were formed.

Nébulisation caused a marked loss of the entrapped salbutamol sulphate, with greater
losses of drug delivered to the lower stage of the two stage impinger from the Pari
and Aeroneb Go nebulisers compared to the Aeroneb Pro device. The employment of
a large aperture size mesh (8 fxm) nebuliser increased the proportion of the entrapped
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drug delivered to the lower impinger stage. The entrapped dose delivered to the
lower stage by the large mesh nebuliser was similar to that delivered by the other
nebulisers whilst the unentrapped dose was reduced by 50%.

Overall, this study has shown the potential of using ethanol-based proliposome
formulations to generate liposomes for pulmonary administration. The vibratingmesh nebulisers may be superior to air-jet nebulisers in terms of liposome stability to
nébulisation, although further work is required to enhance the stability of these
liposomes to nébulisation. However, the current proliposome formulations may be
more appropriate for delivery of hydrophobic drugs (e.g. steroids) where the stability
of liposomes to nébulisation may be not essential.
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CHAPTER SIX:
A CALORIMETRIC STUDY OF CONVENTIONAL
LIPOSOMES AND THOSE FORMED BY
PROLIPOSOME METHODS
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6.1. Introduction

6.1.1. G eneral principles of calorim etry in liposome science

Thermal techniques, particularly differential scanning calorimetry (DSC) and high
sensitivity differential scanning calorimetry (HSDSC) are used in liposome science
in order to investigate the phase behaviour of liposomes, and may give information
about bilayer fluidity, interaction of materials with liposomes, drug entrapment, rate
of drug release, and in vitro stability of liposomes (Taylor and Craig, 2003).
Although both DSC and HSDSC operate on the same principle, the latter is more
desirable for measuring the thermal behaviour of liposomes because it employs a
tenfold more sensitive thermocouple compared to the conventional DSC, so that
changes of as low as 1 pW can be measured (Taylor and Craig, 2003). Furthermore,
HSDSC employs larger vessels, e.g. 1 cm^, and hence the amount of sample
available for measurement can be considerably increased compared to conventional
DSC (Souillac and Rytting, 1999). DSC measures the difference in heat flow
between the sample and a reference material when the sample undergoes a thermal
event, e.g. a transition. There are two types of instrument: heat flux DSC and power
compensation DSC.

Heat flux DSC employs a single furnace which supplies heat to both the sample and
the reference. The difference in temperature between the sample and reference is
measured and converted to heat flow according to equation 6.1.

Q = (T s - T r) R

where

t

Eq.6.1

Q is the heat differential, Ts and Tr are the temperatures of the sample and

reference respectively, and R t is the thermal resistance of the cell.

Power compensation DSC (Fig.6.1) supplies heat to the sample and reference via two
separate furnaces which comprise a temperature probe and a heating resistor. The
differential temperature between the sample and reference is maintained at zero all
the time (Souillac and Rytting, 1999). When the sample undergoes an endothermie or
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exotherm ic event, the differential tem perature starts to deviate from zero and
subsequently pow er is supplied to the appropriate furnace in the right amount in
order to maintain thermal equilibrium according to equation 6.2.

p = dQ/ dt = r R

Eq.6.2

where P is power, dQ/ dt is heating rate, I is the electrical current supplied to the
heater, and R is the resistance of the heater.

Fig.6.1. A schematic diagram o f a DSC instrument operating at power
compensation principle (Adaptedfrom: www.pslc.ws/macrog/dsc.htm).
sample
pan

reference
pan
Output

furance

heaters

6.1.2. Phase transitions of liposomes

Depending on hydration tem perature, phospholipids may exist in one of different
m esophasic forms which are m anifested in different endotherm ie phase transitions,
as illustrated in Fig.6.2 using DSC.

Therm al transitions of phospholipids have been reviewed by Taylor and M orris
(1995), New (1990a), and Taylor and Craig (2003). Prolonged cooling of hydrated
phospholipid results in m olecular arrangement in the pseudocrystalline subgel (L )
phase in which the hydrocarbon chains are in the fully extended, all trans
conform ation, and the polar headgroups are relatively im m obile at the aqueous
interface

(Fuldner,

1981; Cam eron

and
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M antsch,

1982).

On

heating, these

phospholipid molecules undergo a subtransition (Chen et ai., 1980) to the gel (L/? )
phase in which the mobility of the polar headgroups increases and aqueous phase
penetration into the interfacial region o f the bilayers is enhanced (Cam eron and
M antsch, 1982). Further heating results in a brief endotherm called the pretransition
which leads to the conversion of phospholipid from the L;r phase to the ripple (P/r)
phase. The pretransition may occur because of rotation of the polar headgroups or
cooperative movement of the rigid hydrocarbon chains before “m elting” (Ladbrooke
and Chapm an,

1969; Hinz and Sturtevant,

1972). Heating o f the P/}- phase

phospholipids by approx. 5 to 10®C results in the main gel to liquid-crystalline
transition during which “m elting” and conform ational changes of the hydrocarbon
chains occur to give the liquid-crystalline (La) phase, so that the flexibility of
phospholipid molecules and perm eability o f liposomes are both highest at this main
transition (Nagle, 1980; Taylor and M orris, 1995). The tem perature at which the
main transition occurs is characteristic for each phospholipid and dependent on polar
headgroup, degree of unsaturation, and length of the hydrocarbon chain of the
phospholipid (Taylor and Craig, 2003).

Fig.6.2. A DSC trace fo r a model phospholipid (Source: Lo and Rahman, 1995).
Main transition
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6.1.3. Some applications of calorim etry in liposome science

Liposomes as model biological membranes

Many studies have used DPPC or DMPC liposomes as model biological membranes
or as vesicles to entrap therapeutic agents. The pharmacologic effect and
concentration of drugs have been correlated to the change they cause to the phase
transition profile of DPPC liposomes (Jain et al., 1975). The interaction of
anticancers e.g. vinblastin sulphate (Berleur et al., 1985), drugs acting on the central
nervous system e.g. mequitazine (Ahmed et al., 1980), and many other therapeutic
agents have been evaluated using calorimetry. The site at which proteins located
within liposomes has been predicted using DSC (Lo and Rahman, 1995). The
interaction between penetration enhancers and liposomes may correlate with the role
of such materials in transdermal delivery (El Maghraby et al., 2004; Wolka et al.,
2004).

Phase transition studies of phospholipid-cholesterol blends

Cholesterol may be incorporated into phospholipid bilayers by inserting its
hydrophobic chain alongside the hydrocarbon chains of the phospholipid, and
orienting its hydroxyl group towards the aqueous phase (New, 1990a). In the lipid
bilayers, the “rigid” nucleus of cholesterol located alongside the first ten carbons of
the lipid alkyl chain reduces their motion whilst the remaining terminal carbons have
more space to move (Fig.6.3) (New, 1990a). Above Tm of the employed
phospholipid, cholesterol decreases bilayer fluidity by reducing the movement of the
lipid hydrocarbon chain and increasing the packing of lipid headgroups (New,
1990a). Bilayer fluidity may influence the rate of hydrophilic drug release from
liposomes (New, 1990a; Beaulac et al., 1997) and affect the stability of liposomes in
vitro and in vivo (Kirby et al., 1980).

The inclusion of cholesterol in DPPC liposomes in 12.5 mole% may eliminate the
pretransition (Oldfield and Chapman, 1972), whilst 20 mole% may result in a very
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broad main transition with reduced enthalpy, and 50 m ole% may com pletely
elim inate the main transition (O ldfield and C hapm an, 1972; M abrey et al., 1978;
New , 1990a).

Fig.6.3. Location o f cholesterol molecules when incorporated in the lipid bilayers
(Source: New, 1990a).

Steroid-phospholipid interaction and entrapment studies

In general, the entrapm ent o f steroids in liposom es is low w ith the unentrapped drug
being present in a crystalline form in the aqueous phase (Fildes and Oliver, 1978,
A rrow sm ith et al., 1983; B atavia et al., 2001). H ow ever, this may be influenced by
phospholipid com position o f liposom es (Parm ar, 1997; D arw is and Kellaw ay, 2001),
as well as ester chain (Fildes and O liver, 1987), hydrophobicity, and m olar m ass o f
the steroid (K ulkarni and V argha-B utler, 1995).

Fildes and O liver (1978), A rrow sm ith et al. (1983), C arlson (1983), O ’Leary et al.
(1984), Parm ar (1997), D arw is and K ellaw ay (2001), and K orkm az and Severcan
(2005) have em ployed DSC to investigate the interaction o f steroids with liposom es.
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DSC has shown that the maximum entrapment in DPPC MLVs was 13.2% mole and
11.25% mole for hydrocortisone-21-palmitate (Fildes and Oliver, 1978) and
cortisone hexadecanoate (Arrowsmith et al., 1983) respectively. This was manifested
by the disappearance of the pretransition at low concentrations followed by
broadening of the main transition at higher concentrations (Fildes and Oliver, 1978;
Arrowsmith et al., 1983). The maximum incorporation (i.e. liposome bilayers
saturation) was the steroid concentration above which no further broadening of the
main transition occurred, and instead phase separation may begin to take place
(Fildes and Oliver,

1978; Arrowsmith et al.,

1983). The incorporation of

progesterone in DPPC MLVs at 3 mole% has shown to abolish the pretransition,
lower the onset temperature, and broaden the main transition, whilst 6 mole% may
induce phase separation (Korkmaz and Severcan, 2005), suggesting that maximum
incorporation of this steroid may be between 3 and 6% mole.

Beclometasone dipropionate (BDP) (Fig.6.4) is poorly entrapped in liposomes so that
only few mole% of this steroid may be sufficient to achieve the maximum interaction
with the DPPC liposome bi layers, with a marked effect on the pretransition whilst
the effect on the main transition may be very small (Parmar, 1997). Darwis and
Kellaway (2001) have shown that BDP included in MLVs at the maximum
entrapment concentration (determined by HPLC) resulted in lowering the onset
temperature of the main transition. However, in an earlier study, Carlson et al. (1983)
have reported that progesterone had a minimal effect on the phase transitions of
DPPC liposomes even at up to 33 mole% steroid concentration.

Fig.6.4. Chemical structure o f beclometasone dipropionate (BDP).
CjH:

HQ

2

—

O — C O — C

T -C H 3

CHs

197

H

5

2 H 5

DSC findings correlated with HPLC studies which showed that steroids are poorly
entrapped in liposomes. For instance, HPLC showed that the maximum incorporation
of BDP in DPPC MLVs was 2.52 mole% (Batavia et al. 2001), or 2.24 mole%
(Darwis and Kellaway 2001). Moreover, steroids may form crystals in the aqueous
phase of liposome dispersion and this may complicate the separation procedure of
the unentrapped fraction of steroid from that entrapped in liposomes (Batavia et al.,
2001). Thus, calorimetry may offer considerable advantages over HPLC in
investigating the incorporation of steroids within lipid structures, by observing
changes such materials may cause to the phase transitions of the lipid system,
without the need for separating the unentrapped drug from the liposome-entrapped
fraction.

In this work, using HSDSC, the influence of the method of liposome production on
the phase transitions of liposomes prepared by the conventional thin film, particulatebased proliposome or ethanol-based proliposome method is investigated. The extent
and mode of interaction of the model steroid beclometasone dipropionate (BDP) with
the bilayers of liposomes made by the different methods was determined. Moreover,
the role of excipients in the liposome formulations such as ethanol and sucrose has
been investigated and compared to literature findings. Finally, this work aimed to
study the effect of nébulisation on the interaction of BDP with the bilayers of
liposomes generated from particulate-based proliposomes in situ within a standard
air-jet nebuliser.

6.2. Methodology

6.2.1. Liposome manufacture using the thin film method

DMPC (250 mg) was accurately weighed in a 50 ml round bottomed flask.
Chloroform was used to dissolve DMPC and comprise a chloroformic lipid solution
of 60 mg/ml and a thin film of phospholipid was made as described in section 2.2.3.
In other experiments, beclometasone dipropionate (BDP) was previously dissolved in
chloroform employed to dissolve DMPC, so that BDP was included as 1, 2.5, or 5
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mole% to DMPC, and the thin film was also made as described in section 2.2.3.
Deionised water (40°C) was added to the lipid films to comprise an aqueous lipid
concentration of 62.5 mg/ml and hydration was achieved as outlined in section 2.2.4.
The resultant liposomes were annealed in the 40 °C water bath for approx 3 hrs and
then allowed to reach room temperature before storage in the fridge (6°C ±2)
overnight. Liposomes were investigated for thermal behaviour using HSDSC
(section 6.2.9), particle size using laser diffraction (section 2.2.9), and morphology
using TEM (section 2.2.8).

6.2.2. Liposome manufacture from particulate-based proliposomes

DMPC (250 mg) was accurately weighed in a clean 7 ml glass vial. Chloroform was
added to dissolve the phospholipid (60 mg/ml). Sucrose particles (1.25 g) using 300500 pm size fraction was placed in a 100 ml pear-shaped flask and attached to a
modified rotary evaporator with a feed-line for proliposome manufacture as outlined
in section 2.2.2. Proliposomes containing steroid were manufactured by dissolving
DMPC using a BDP chloroformic solution, so that BDP comprises 1, 2.5, or 5
mole% of DMPC amount. Deionised water (1.5 ml) preheated to 40°C was added to
proliposomes and hydration procedure in a vial took place following the protocol
described in section 2.2.4, and by intermittent immersion of the vial in a 40°C water
bath to preserve hydration temperature above Tm of the lipid phase.

6.2.3. Determination of phospholipid quantity in liposome formulations
produced from particulate-based proliposomes

A 100 pi sample was taken from liposomes generated from particulate-based
proliposomes (section 6.2.2) and diluted to 10 ml. Samples were taken from the
dilute dispersion for DMPC quantification against a calibration curve of DMPC
constructed as described in section 2.2.10. Phospholipid amount was estimated
taking into account the displacement value of 1.25 g sucrose (section 6.2.4) to
determine the final volume of liposomes.
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6.2.4. D eterm ination of displacem ent value of sucrose in w ater

Sucrose particles (1.25 g) were weighed in a 10 ml volumetric flask. The electronic
balance was tarred and 3 ml were added with moderate hand shaking to dissolve
sucrose. Volume was made up to 10 ml and the total weight (volume) of water
needed to dissolve sucrose and make up the solution to the final volume was deduced
from 10 and this was the volume displaced by 1.25 g sucrose. The experiment was
repeated three times and mean was found to be 0.89 ±0.02 ml. This means that total
volume of liposome preparation produced from particulate-based proliposomes was
2.39 ml (i.e. 1.5 +0.89 ml). A volume containing approx. 50 mg DMPC was used for
thermal analysis by HSDSC (section 6.2.9). Further samples were taken for laser
diffraction (section 2.2.9) and TEM (section 2.2.8).

6.2.5. Replacement of sucrose solution as a liposome dispersion medium by
deionised water

In order to investigate the effect of sucrose on thermal behaviour of liposomes,
formulation containing 5% BDP was prepared as outlined in section 6.2.2.
Formulation was made up to 35 ml with deionised water followed by centrifugation
at 41,000 g and 4°C for 1 h using a 3K30 bench centrifuge (Sigma Laboratory
Centrifuge, Germany). The supernatant was discarded and pellet was redispersed in
deionised water to comprise a volume of 2.5 ml. A 100 pi sample was taken from
the dispersion and diluted to 10 ml. Samples were taken from the dilute dispersion
for DMPC quantification against a calibration curve of DMPC constructed as
described in section 2.2.10. A volume containing approx. 50 mg DMPC was
analysed using HSDSC (section 6.2.9). Smaller samples were also taken for size
analysis by laser diffraction (section 2.2.9).

6.2.6. Liposome manufacture from ethanol-based proliposomes

An ethanolic solution of DMPC (165 mg) was prepared as described in section 2.2.5.
Hydration took place using deionised water (40°C) with vigorous hand shaking for
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10 min to comprise a final aqueous lipid concentration of 62.5 mg/ml. The
preparation was left to anneal for approx. 3 hrs in a water bath (40°C) followed by
storage in the fridge (at approx. 6°C) overnight before performing HSDSC (section
6.2.9), laser diffraction (section 2.2.9), and TEM (section 2.2.8) studies. This
procedure was repeated using ethanol containing various concentration^ of BDP
which are: 1, 2.5, and 5 mole% of the DMPC amount employed.

6.2.7. Influence of ethanol inclusion on thermal behaviour and size of liposomes
generated from ethanol-based proliposomes

Liposomes were prepared from steroid-free ethanol-based proliposomes as outlined
in section 6.2.6. The vial containing liposomes was weighed accurately and
preparation was gently flushed with nitrogen until the weight of ethanol originally
included was lost. Liposomes were also made by the thin film hydration method
without steroid inclusion as described in section 6.3.1 but using absolute ethanol as a
solvent instead of chloroform. Liposomes prepared by different methods were
allowed to anneal for 3 hr in a water bath (40°C) before storage in the fridge
overnight for subsequent HSDSC (section 6.2.9), and size analysis (section 2.2.9).

6.2.8. Nébulisation studies

Particulate-based proliposomes (1.25 g) free of BDP or containing 5% BDP (section
6.2.2) were placed in a Pari LC Plus air-jet nebuliser attached to a Pari Master
compressor. Deionised water (5 ml) preheated to 40 °C was added and nébulisation
commenced to “dryness” with nebuliser mouthpiece being directed into the “throat”
of the two-stage impinger which was assembled and operated as described in section
2.2.12. Mass output (%) was determined by calculating the nebuliser weight
difference before and after nébulisation. Nebuliser was washed with deionised water
to a total volume of 40 ml and the impinger (both stages) to a total volume of 80 ml
in pre-weighed plastic centrifuge tubes. Tubes were centrifuged at 41,000 g and 4 °C
in the 3K30 bench centrifuge (Sigma Laboratory Centrifuge, Germany) for 1 h to
collect liposome pellets and discard the supernatant. Deionised water was added to
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redisperse liposomes so that the weight of liposome dispersion collected from the
nebuliser was approx. 1 g and that collected from the impinger was 1.25 g. Samples
(50 pi) were taken from the redispersed liposomes collected from the nebuliser and
impinger and each was diluted to 25 ml for lipid quantification using Stewart assay
(section 2.2.11). Phospholipid output was determined based on the calculated
amounts of DMPC in the nebuliser and impinger. A volume of liposomes containing
approx. 50 mg of DMPC was taken for HSDSC study (section 6.2.9). Samples were
also taken for laser diffraction (section 2.2.9) and TEM (section 2.2.8).

6.2.9. High sensitivity differential scanning calorimetry (HSDSC) study

The HSDSC study was conducted using a Setaram Micro DSC III (Setaram, France).
The instrument was calibrated according to the manufacturer guidelines. The
calibration compounds were biphenyl (mpt 69.72°C) and phenyl salicylate (mpt
41.79°C) which were previously stored in dry conditions under vacuum. Anhydrous
talc was used as the reference material during instrument calibration. Hastelloy-made
vessels (1 cm^) employed for scanning were accurately weighed, and tightly and
immediately closed, and calibration was immediately performed from 6 to 90°C
using a scanning rate of 1°C/ min, and under a stream of nitrogen to avoid vapour
condensation on vessels at low temperatures. The fusion onset temperature was
determined for each compound as the mean of three runs.

In a calibrated Micro DSCHI instrument, a liposome dispersion sample (approx. 0.8
ml) containing approx. 50 mg DMPC was filled in the sample vessel and placed after
being tightly sealed in the specified pan of the instrument. The reference vessel was
filled with the same components of the sample vessel excluding the lipid phase (i.e.
DMPC and BDP) and placed in the pan. Nitrogen was supplied in order to prevent
vapour condensation on the vessels during cooling. Scanning was performed between
6 to 45°C at a rate of 1°C/ min. Thermal behaviour was evaluated by determining the
linear onset temperature for the pretransition (Tpre) and main transition (Tm) and by
calculating the enthalpy of the pretransition (AHpre) and the main transition (AHm)
from the AUCs as KJ/ mol of DMPC molecules in the sample.
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6.3. Results and discussion

6.3.1. Influence of p reparation m ethod on the phase transitions of liposomes

Table 6.1 and Fig.6.5 both show that the phase transitions of liposomes were
dependent on the formulation approach. Liposomes generated by the thin film
method showed a larger pretransition enthalpy (AHpre) (Table 6.1, Fig.6.5) and a
sharper main transition (Fig.6.5) compared to vesicles formed by the proliposome
methods. These differences might be attributed to the inclusion of sucrose or ethanol
in the formulations, or to differences in bilayer packing resulting from different
methods of liposome manufacture being employed.

In contrast to liposomes generated by the thin film method or from particulate-based
proliposomes method, vesicles generated from ethanol-based proliposomes showed
no pretransition endotherm (Table 6.1, Fig.6.5). The pretransition phase may be
depressed by alcohols and completely removed when alcohol concentration exceeds
a threshold value (Pringle and Miller, 1979; Veiro et al., 1987) and at higher
concentrations, ethanol may even induce biphasic behaviour of the main transition
(Rowe 1983). This has been attributed to an alcohol-induced interdigitation which is
an unusual gel phase in which the phospholipid alkyl chains form opposing fully
interdigitated monolayers (Simon and McIntosh, 1984; Veiro et al., 1987).

The pretransition may occur as a result of polar headgroups rotation or hydrocarbon
chains cooperative movement prior to the main transition (Ladbrooke and Chapman,
1969; Hinz and Sturtevant, 1972). This suggests that ethanol inclusion in liposomes
generated from ethanol-based proliposomes has interfered with these molecular
movements and subsequently removed the pretransition by inducing an interdigitated
phase instead of the ripple phase.
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Table 6.1. Thermal behaviour and size o f liposomes generated by the thin film
method and proliposome methods (n=3 ±sd).
LIPOSOM E

MAIN

V ESIC LE SIZE

TRANSITION

DISTRIBU TIO N

PRETRANSITION

M AN U FA CTU RIN G
A Hpre

Tm

AHm

VM D

(KJ/m ol)

rc )

(KJ/mol)

(pm )

15.17

T 33

24.84

21.04

7.48

1.90

±0.02

±0.26

±0.05

±0.70

±0.18

±0.06

Particulate-based

16.73

1.91

25.35

19.66

5.21

0.99

proliposom e

±0.15

±0.01

±0.07

±0.93

±0.02

±0.06

Ethanol-based

Not

Not

23.08

25TÜ

3.88

1.26

proliposom e

detected

detected

±0.06

±1.05

±0.13

±0.02

M ETH OD

Span

Tpre (°C)

Thin film (M LVs)

Fig.6.5. Thermal behaviour o f liposomes generated by the thin film method and
proliposome methods.
Temperature (°C)

Endothermie |

Thin film (MLVs)
Particulate-based
proliposome

-10

Ethanol-based
proliposomes

-12
-14
-16
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As has been previously reported by Perrett et al. (1991) and observed by TEM in this
work (Fig.6.6), liposom es made by the ethanol-based proliposome m ethod are
predom inantly OLVs. This corresponds with data obtained by laser diffraction,
which showed that the VM D of liposomes generated by the ethanol-based method
was significantly sm aller (P<0.05) than these of vesicles produced by the thin film or
particulate-based m ethod (Table 6.1). Duzgunes and co-workers (1983) have
reported that DPPC LU Vs produced no well-defined pretransition. In another study,
HSDSC has shown that LU Vs made by reverse phase evaporation produced a limited
enthalpy pretransition and a broadened main transition compared to those of M LV
liposomes (Parente and Lentz, 1984). This suggests that the reduced lam ellarity of
the OLVs generated by the ethanol-based system may have partially contributed to
the disappearance of the pretransition. However, using HSDSC, the pretransition of
LU Vs formed by fusion of SUVs was reported to be similar to that of M LVs
(Lichtenberg et al., 1984), suggesting that changes observed in phase behaviour in
this study might be attributed to residual ethanol rather than lamellarity.

Fig. 6.6. TEM o f liposomes generated from ethanol-based proliposomes.

=200 nm,

Liposomes generated by the thin film and those generated from particulate-based
proliposomes have different thermal profiles (Table 6.1, Fig.6.5). For instance
liposomes prepared by the thin film method had a significantly (P<0.05) greater
AHpre and a slightly but significantly (P<0.05) lower Tpre compared to liposom es
generated from proliposom es using sucrose as the particulate carrier (Table 6.1).

205

Table 6.1 also shows that the VM D and Span were significantly (P<0.05) sm aller for
liposom es generated from the particulate-based proliposom es com pared to those
generated by the thin film m ethod. This suggests that that vesicles generated from the
proliposom es have been possibly reduced in size due to osm otic shrinkage induced
by high sucrose concentration. This agrees with recent findings reporting that sucrose
may reduce polydispersity of DM PC liposomes (Kiselev et al., 2003). In spite of this,
V M D and Span (Table 6.1) indicated that liposomes generated by either method
were MLVs and this was confirm ed by TEM (Fig.6.7). Accordingly, the difference
in transition profile between the particulate-based proliposom e method and the thin
film method seems more likely to be attributed to bilayers packing differences
caused by the inclusion of sucrose rather than by differences in liposome size.

Fig.6.7. TEM o f liposomes generated by a) thin film method and b) particulatebased proliposome methodl
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In contrast to liposomes generated by the thin film m ethod, those generated from
proliposom es have a broadened main transition (Fig.6.5), indicating a slower
cooperative “m elting” of phospholipid molecules and a longer coexistence of the gel
and liquid-crystalline phases.

The main transition param eters i.e. Tm and AHm were found to be significantly
different (P<0.05) between different form ulations (Table 6.1). However, for the T„„
the difference between liposom es generated by the thin film and those generated by
the particulate-based methods was small but significant (P<0.05) (Table 6.1), whilst
being more markedly and significantly lower (P<0.05) for liposomes generated by
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the ethanol-based method, with the main transition being shifted to the low
temperature side compared to the other two methods (Table 6.1, Fig.6.5). It has been
previously reported that alcohols may reduce the temperature of the main
phospholipid phase transition (Rowe, 1985, Almeida et al., 1986; Veiro et al., 1987)
and increase bilayer fluidity (Almeida et al., 1986) and permeability (Zeng et al.,
1993; Engelke et al., 1997). The effect of ethanol on lipid main transition may
resemble that of inhalation anaesthetics which demonstrated a shift of the main
transition peak to the lower temperature side (Jain et al., 1975; Engelke et al., 1997).

The AHm was significantly different (P<0.05) for the different methods (Table 6,1).
However, the difference between the thin film and particulate-based methods was not
significant (P>0.05). The AHm of liposomes generated from the ethanol-based system
was significantly higher (P<0.05) than that of liposomes generated by thin film or
particulate-based proliposome method (Table 6.1). The overall enthalpy (i.e.
pretransition and main transition) of bilayer transition to the liquid-crystalline phase
was similar for liposomes generated by the thin film method and those generated by
the ethanol-based method and was significantly (P<0.05) smaller for vesicles
generated from particulate-based proliposomes (Table 6.1), Furthermore, liposomes
generated from particulate-based proliposomes showed significantly (P<0.05) higher
Tm compared to vesicles generated by the thin film method or from ethanol-based
proliposomes (Table 6.1, Fig.6.3). Sucrose may cause a slight elevation in Tm and
reduction of the AHm of DPPC liposomes (Chowdhry et al., 1984). This suggests that
sucrose present in liposomes generated from particulate-based proliposomes was
probably responsible for the increase in the Tm and the tendency of AHm decrease
(Table 6.1).

6.3.2. Effect of ethanol on the phase transitions of liposomes

Flushing with nitrogen in an attempt to remove ethanol from the proliposomes did
not markedly change the phase behaviour of liposomes generated by ethanol-based
proliposome method (Table 6.2, Fig.6.8), possibly suggesting that the interdigitation
induced by ethanol was irreversible, or that flushing did not completely remove
ethanol from the preparations.
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Table 6.2. Effect o f ethanol on the phase transitions and size o f liposomes prepared
by ethanol-based proliposome and thin film (ethanolic) methods (n=3 ±sd).
LIPOSOM E

MAIN

V ESICLE SIZE

TRANSITION

D ISTR IB U TIO N

PRETRANSITION

M AN UFA CTU RING

AHm

VM D

(KJ/mol)

(pm )

A Hpre

M ETHOD

Span

TmCC)

Tp„ (°C)
(KJ/mol)

Ethanol-based

Not

Not

23.08

25.03

1.88

1.26

proliposom e

detected

detected

±0.06

±1.05

±0.13

±0.02

Ethanol-based

Not

Not

24.75

26.63

6.87

1.42

proliposome (flushed)

detected

detected

±0.03

±0.47

±0.66

±0.00

15.19

T27

24.94

20.78

9.10

1.68

±0.12

±0.26

±0.02

±0.87

±0.13

±0.03

Thin film (ethanolic)

Fig.6.8. Effect o f ethanol on the phase transitions o f liposomes generated from
ethanol-based proliposome and ethanolic thin film methods.
Temperature (°C)

Endotherm ie |

Proliposomes (flush ed )
Proliposom es(unflushed)
Liposomes (ethanolic thin
film)

-12
-14
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Thus, the small amount of residual ethanol left after flushing was probably sufficient
to induce the interdigitation and subsequently eliminate the pretransition. Ethanol has
probably remained strongly bound to the bilayers by formation of hydrogen bonds
with the polar headgroups or by direct interaction with the hydrophobic chain of the
phospholipid molecules within the bilayers. The longer the hydrocarbon chain of the
alcohol (up to butanol) the lower the concentration needed to remove the
pretransition (Veiro et al., 1987). This suggests that the interaction with the bilayers
is improved by increasing alcohol hydrophobicity, and hence it is possible that the
removal of the pretransition is caused by alcohol interaction with the hydrophobic
chain of the phospholipid molecules. The more potent effect of hydrophobic alcohols
on the pretransition may suggest a greater hydrophobic property of the ripple (Py? )
phase compared to the liquid-crystalline (La) phase (Veiro et al., 1978) which is
possibly the reason behind the high sensitivity of the pretransition phase to the
inclusion of hydrophobic or amphiphilic materials.

The high repulsion in the interfacial region between the lipid molecules and the
aqueous phase may force the lipid chain to tilt and this may be responsible for the
occurrence of the pretransition (Nagel et al., 1992). This suggests that the
amphiphilic property of ethanol may prevent the pretransition by reducing the
interfacial tension between lipid and aqueous phases, rendering any rotation of the
lipid chain unnecessary.

Short chain alcohols such as ethanol may induce lateral expansion in the
phospholipid headgroup interfacial region, which may lower the pretransition
temperature and finally cause complete removal of the pretransition (i.e. complete
interdigitation) when the threshold concentration of alcohol is exceeded (Lobbecke
and Cevc, 1995). By contrast, long chain alcohols e.g. 1-octanol may not induce
interdigitation since the interfacial expansion of the lipid headgroup may be opposed
by the alcohol chain-induced repulsion in the hydrophobic region of the phospholipid
bilayers (Lobbecke and Cevc, 1995).

The AHm was significantly (P<0.05) different between the three formulations, with
markedly smaller AHm for liposomes formed by the ethanolic thin film method
(Table 6.2). However, when the overall enthalpy (i.e. AHpre
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and AHm) was

considered, the difference between the three methods was small, suggesting that
ethanol concentrations present in either ethanol-based proliposome formulation may
delay the uptake of energy by phospholipid molecules present in the interdigitated
phase, without changing the overall amount of energy required to reach the liquid
crystalline phase from the gel state.

The Tm was significantly (P<0.05) different between the formulations, the lowest
being for that of the unflushed ethanol-based proliposome formulation (Table 6.2).
The lowering of Tm caused by small alcohol concentrations has been reported (Rowe,
1983). Flushing the liposome formulation prepared by the ethanol-based method
resulted in a significant (p<0.05) increase in the Tm to a value similar to that of
liposomes prepared by the thin film (ethanolic) method (Table 6.2, Fig.6.8),
suggesting that some ethanol was removed by flushing, and that Tm depression was
dependent on ethanol concentration. However, apparently, the amount of ethanol
removed by flushing was not sufficient to restore the pretransition and reverse the
presumed interdigitation, suggesting that a more efficient means of removing ethanol
is required.

The hydration of the thin film made from evaporating solvent from ethanolic DMPC
solution resulted in the formation of liposomes having a transition profile (Table 6.2,
Fig.6.8) similar to that of the MLVs prepared by the conventional thin film
(chloroformic) method (Table 6.1, Fig.6.5). However, the lipid film was formed by
evaporating ethanol did not appear to be as thin as that formed from the chloroformic
lipid solution, and a persistent odour of ethanol remained even after prolonged
evaporation under reduced pressure, or flushing with nitrogen. Although further
work is required to quantify the presumed residual amount of ethanol in the
phospholipid film, it is initially suggested that certain amount of ethanol has
remained bound to the dried phospholipid molecules, but that was not sufficient to
cause interdigitation whilst ethanol present in the other two proliposome
formulations was sufficient to induce interdigitation and remove the pretransition. It
has been found that a certain ethanol concentration in liposome formulation is
needed to start lowering the pretransition whilst below that level the pretransition
was independent of ethanol concentration (Veiro et al., 1978). This suggests that the
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residual ethanol present in liposomes produced by the thin film was less than the
critical level required to affect the pretransition.

Both the VMD and Span were significantly (P<0.05) different between formulations
(Table 6.2). The marked increase in the VMD and Span of liposomes in the flushed
preparation compared to vesicles in the unflushed proliposome formulation suggests
that some ethanol has exerted a solubilising effect on the bilayers, or a deaggregating
effect on vesicles to cause a marked reduction in VMD and Span respectively. The
largest VMD and Span values for the thin film (ethanolic) formulation than these of
the other formulations (Table 6.2) and even compared to the conventional thin film
(Table 6.1) might be attributed to the thick film obtained using ethanol as a solvent.

The threshold concentration of ethanol required to remove the pretransition of DPPC
MLVs was found to be 1.30 mol/ L (Veiro et al., 1978). By contrast, the final
concentration of ethanol in the DMPC liposomes prepared by the ethanol-based
method in this study (Table 6.2) was 1.09 mol/ L, which is slightly less than the
threshold concentration determined by Veiro et al. (1978). The possible reasons
behind such difference in the threshold concentration between the ethanol-based
proliposome formulation and MLVs formulation employed by Veiro et al. (1987) are
addressed below in three main points.

Firstly, different lipid phase composition in the two formulations may have resulted
in different affinities for interaction with ethanol and subsequently different
threshold values in order to remove the pretransition and induce the interdigitation.
Interdigitation has been found to be dependent on alcohol concentration, temperature,
and the lipid chain length (Nambi et al., 1988) and hence difference in chain length
between DPPC and DMPC may be the reason behind the different interaction with
ethanol.

Secondly, the procedure of ethanol addition may be responsible, since for the
proliposome formulation, ethanol was present within liposomes as well as in the
continuous aqueous phase whilst for the MLVs employed by Veiro et al. (1987)
alcohol was added after preparing the MLVs. This probably suggests that MLVs
prepared by Veiro et al. (1987) showed only a limited amount of ethanol having an
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effect on the internal bilayers of liposomes, and subsequently larger aqueous
concentrations of ethanol were required to induce the interdigitation and remove the
pretransition.

Thirdly, the presumed greater lamellarity of MLVs compared to the OLVs generated
from ethanol-based proliposomes may also comprise a considerable barrier against
the access of ethanol to the internal bilayers and hence greater ethanol concentrations
are required to induce interdigitation.

However, for ethanol-based proliposomes, investigation of the alcohol threshold
concentration required to induce interdigitation in liposome bilayers may not be easy
since a certain minimum amount of alcohol is needed to dissolve phospholipid before
hydration to generate the liposomes. Accordingly, if the minimum amount of alcohol
required to dissolve the lipid is sufficient to induce interdigitation, determination of
alcohol threshold concentration will be impossible.

6.3.3. Steroid interaction with liposomes prepared by the thin film method

Inclusion of increasing amounts of BDP into MLVs resulted in a more marked effect
on the pretransition compared to the main transition (Table 6.3, Fig.6.9). Compared
to formulation containing no steroid, that containing 1% BDP had a significant
(P<0.05) reduction of both Tpre and AHpre (Table 6.3, Fig.6.9). However, further
increase in steroid concentration resulted in complete removal of the pretransition,
indicating that BDP concentration required to abolish the pretransition phase of the
MLVs employed was between 1 and 2.5% (Table 6.3, Fig.6.9). This effect of steroids
on the bilayer pretransition has been reported (Fildes and Oliver, 1978, Arrowsmith
et al., 1983, Parmar, 1997; Korkmaz and Severcan, 2005) and may be attributed to
the drug interfering with the chain tilt of the lipid molecules.
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Table.6.3. Effect o f BDP concentration on the phase transitions and size o f
liposomes generated by the thin film method (n=3 ±sd).
BDP

MAIN

VESICLE SIZE

TRANSITION

DISTRIBUTION

PRETRA NSITION

CO N CEN TRA TIO N
(M OLE% )

0

AHpre

Tm

AHm

VM D

(KJ/m ol)

(°C)

(KJ/mol)

(pm )

15.17

330

2434

21.04

7.48

1.90

±0.02

±0.26

±0.05

±0.70

±0.18

±0.06

033

24.06

21.93

7.40

2.00

±0.45

±0.10

±0.52

±2.02

±0.09

±0.11

Not

Not

24.77

2339

7.21

2.07

detected

detected

±233

±1.64

±0.13

±0.15

Not

Not

22.70

25.00

7.75

1.84

detected

detected

±0.40

±0.27

±0.89

±0.03

T p,,rc)

Span

1

2.5

5

Fig.6.9. Effect o f BDP concentration on the phase transitions o f liposomes
generated by the thin film method.
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Fildes and Oliver (1978) reported that 3.8% mole of hydrocortisone-21-palmitate has
removed the pretransition of DPPC MLVs, whilst Arrowsmith et al. (1983) have
reported that only 2.5% mole of cortisone hexadecanoate was sufficient to remove
the pretransition of DPPC MLVs. Similarly, in a more recent study, Korkmaz and
Severcan (2005) have shown that 3 mole% of progesterone was sufficient to remove
the pretransition of DPPC MLVs. This indicates, as also found by the present study,
that very low concentrations of steroid are sufficient to remove the pretransition of
the liposome bilayers.

Steroid inclusion exerted a small effect on the main transition parameters
investigated, i.e. Tm and AHm, with differences between concentrations being
significant (P<0.05) only for the AHm (Table 6.3, Fig.6.9). However, broadening of
the main transition peak was observed on progressive increase in steroid
concentration within formulations (Fig.6.9). At 5% BDP, a significant (P<0.05)
elevation of the AHm and an apparent tendency of the Tm to decrease compared to
2.5% BDPjwere observed (Table 6.3) which was accompanied by an apparent
broadening of the main transition peak, and the occurrence of a slight shoulder or
flattening on the lower temperature side (Fig.6.9).

These findings suggest that after the pretransition was removed (i.e. at 1 to 2.5%
BDP), steroid probably started to form separate domains in the bilayers, resulting in a
reduced “melting” cooperativity of the lipid chain at 2.5% BDP, and finally phase
separation at 5% BDP as non-ideal mixing between steroid and DMPC in the
bilayers probably started to occur. This suggests that 1 to 2.5% BDP may be optimal
incorporation for this liposome formulation. A steroid concentration higher than
2.5% may result in entrapment of BDP in separate domains within bilayers which
was possibly followed by non-ideal

mixing and phase separation.

These

incorporation values for BDP are considerably low compared to literature reports for
maximum incorporation of other steroids (Fildes and Oliver, 1978; Arrowsmith et al.,
1983). This suggests that maximum entrapment of steroid in liposomal bilayers is
primarily dependent on steroid molecular structure.
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Roser et al. (2004) have employed neutron reflectance to investigate the
incorporation of BDP or cholesterol in DPPC monolayers. The reflectivity
measurements for cholesterol-containing monolayers were significantly different
using different cholesterol concentrations (0, 10, and 50 mole%) whilst no difference
was detected for the steroid-containing monolayers using the same concentrations,
suggesting that unlike cholesterol, BDP had a predominant affinity to the aqueous
sub-phase of the system rather than the phospholipid monolayer (Roser et al., 2004).
However, presaturating the aqueous sub-phase with BDP removed the reflectivity
measurements for the steroid-DPPC system towards that shown for cholesterolDPPC system, suggesting very low incorporation of BDP in phospholipid structures
if the aqueous phase was not presaturated with the steroid. At this stage it is probably
difficult to compare results obtained by Roser et al. (2004) to those obtained in this
work, or that of Parmar ( 1997) which employed no steroid presaturation procedures.
However, in conclusion, when presaturation with BDP is absent, the incorporation of
this steroid in phospholipid bi layers or monolayers seems to be very low.

There was no significant difference (P>0.05) in the VMD or Span of various
formulations (Table 6.3), indicating that size of liposomes was independent of the
amount of BDP included within the liposome preparations.

6.3.4. Steroid interaction with liposomes generated from particulate-based
proliposomes

Table 6.4 shows the effect of BDP concentration on the thermal profile of liposome
formed from particulate-based proliposomes.

Compared to the formulation

containing no steroid, that containing 1% BDP had a significant (P<0.5) decrease in
AHpre and Tpre (Table 6.4, Fig.6.10). At steroid concentrations higher than 1% further
changes in thermal properties were small. For instance, compared to 1%, 2.5% BDP
produced no significant (P>0.05) change in AHpre and Tpre. At between 2.5% and 5%
BDP, the Tpre did not significantly (P>0.05) change whilst the AHpre increased
slightly (P<0.05) (Table 6.4, Fig.6.10). Slight but significant differences (P<0.05) in
the VMD and Span of liposomes were also obtained, suggesting little effect of BDP
inclusion on the size distribution of liposomes (Table 6.4).
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Table 6.4. Effect of BDP concentration on the phase transitions and size
distribution o f liposomes generated from particulate-based proliposomes (n=3 ±sd).
BDP

MAIN

VESICLE SIZE

TRANSITION

DISTRIBUTION

PRETRA NSITION

CONCENTRATION
(M OLE% )

AHpre

Tm

AHm

VMD

(KJ/m ol)

CC)

(KJ/m ol)

(pm )

16.73

1.91

25.35

19.66

5.21

0.99

±0.15

±0.01

±0.07

±0.93

±0.02

±0.06

14.38

0.66

24.63

17.50

4.93

1.07±

±0.45

±0.1 1

±0.12

±0.37

±0.13

0.10

14.10

0.76

24.33

16.49

5.23

1.09

±0.50

±0.23

±0.25

±0.39

±0.10

±0.01

14.70

1.18

24.98

16.11

5.13

1.17

±0.60

±0.28

±0.12

±0.48

±0.10

±0.04

Span
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2.5

5

Fig.6.10. Effect o f BDP concentration on the phase transitions o f liposomes
generated from particulate-based proliposomes.
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For the main transition, the differences in the Tm between formulations was very
small although significant (P<0.05). The AHm was significantly different (P<0.05)
between formulations, with a trend of continuous decrease on progressive increase of
BDP concentration (Table 6.4). Importantly, each increase in BDP concentration
resulted in a significantly (P<0.05) lower AHm, except for 5%, for which the AHm did
not significantly reduced compared to 2.5% BDP.

It is suggested that up to 1% steroid, BDP interaction with the bilayers of these
liposomes has taken place in two different modes; one was responsible for the
behaviour of the pretransition and the other for the behaviour of the main transition
as both AHpre and AHm for the 1% BDP formulation significantly (P<0.05) decreased
compared to the formulation free of steroid (Table 6.4). At 2.5% BDP, there was no
significant (P>0.05) decrease in AHpm compared to 1% BDP, whereas AHm decreased
significantly (P<0.05) for the 2.5% formulation compared to the 1% formulation
(Table 6.4). However, further increase in BDP concentration (i.e. 5%) resulted in no
significant (P>0.05) decrease of the AHm, whilst the AHpre significantly (P<0.05)
increased compared to that of the 2.5% formulation (Table 6.4), suggesting that some
steroid may have partitioned out of a binding site responsible for the interference
with the occurrence of the pretransition. It has been shown by Batavia et al. (2001)
that BDP at similar concentrations tended to form needle-shaped crystals in the
aqueous phase after saturating the bilayers of DPPC liposomes.

These findings suggest that the optimal BDP incorporation in the bi layers of
liposomes generated from particulate-based proliposomes is 1 to 2.5 mole%, which is
similar to that for liposomes generated by the conventional thin film method.
However, on progressive increase of steroid concentration, the AHm has shown an
increasing trend for liposomes made by the thin film method (Table 6.3), and a
decreasing trend for liposomes generated from particulate-based proliposomes (Table
6.4). This suggests the possibility of different modes of BDP incorporation into the
bilayers as a result of different liposome manufacturing methods or the inclusion of
certain excipients within formulations.
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Unlike liposome formulations formed by the thin film method, the progressive
increase of steroid concentration within formulations generated from particulatebased proliposomes did not remove the pretransition, suggesting that sucrose has
interfered with the pretransition removal. It is possible that sucrose has formed a
“shell” around the phospholipid polar head groups via hydrogen bonding and hence
the steroid interaction with the bi layer site responsible for the occurrence of the
pretransition (i.e. chain tilt) may be sterically hindered. It has been shown previously
that sugars may bind to phospholipid polar headgroups by hydrogen bonds (Crowe et
al., 1985; Strauss et al., 1986); partially explaining how sucrose protects the bilayers
during freeze-drying, particularly against the damaging effect of the ice crystals.

In order to investigate the effect of sucrose in particulate-based proliposomes on the
liposome bi layers, formulations containing 5% BDP were centrifuged and the
supernatant was replaced by fresh deionised water as described in section 6.2.5.
Table 6.5 showed a significant (P<0.05) elevation of the VMD and Span of the
replaced medium liposomes so that they largely resembled these of the liposomes
made by the thin film method (Table 6.3). This was accompanied by a significant
(P<0.05) reduction in the Tpre and depression of the AHpre which was almost
abolished (Table 6.5, Fig.6.11). The big suppression of the pretransition after
replacing the dispersion medium with fresh deionised water may indicate that high
sucrose concentration was responsible for the prevention of the steroid-induced
removal of the pretransition.

The replacement of the dispersion medium slightly but significantly (P<0.05)
reduced the Tm and did not affect the AHm of liposomes generated from particulatebased proliposomes (Table 6.5, Fig. 6.11). The AHm remained low after replacing the
dispersion medium (Table 6.5) compared to that of the liposomes formed by the thin
film method (Table 6.3), suggesting that certain amount of sucrose has remained
bound to the lipid headgroups after medium replacement and that was responsible for
reducing the AHm.
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Table 6.5. Thermal behaviour and size distribution o f liposomes generated from
particulate-based proliposomes (5% BDP) and dispersed in sucrose solution or
water (n=3 ±sd).
MAIN

VESICLE SIZE

TRANSITION

DISTRIBUTION

PRETRA N Sm O N
LIPOSOM E
FORM ULATION

'^Hpre

TmCC)

Tpre CC)
(KJ/m ol)

AH„,

VM D

(KJ/m ol)

(pm)

Span

Particulate system

14.70

1.18

24.98

16.11

5.13

1.17

(sucrose solution)

±0.60

±0.28

±0.12

±0.48

±0.10

±0.04

Particulate system

10.76

0.28

24.03

16.25

7.16

1.26

(deionised water)

±0.17

±0.10

±0.18

±0.31

±0.07

±0.01

Fig.6.11. Phase transitions o f liposomes generated from particulate-based
proliposomes (5% BDP formulation) using sucrose solution or deionised water as
a dispersion medium.
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One of the drawbacks of studying the phase transitions of liposomes generated from
particulate-based proliposomes is the high concentration of sucrose in liposome
dispersion. This was difficult to avoid because 50 mg of the active material i.e.
DMPC should be available in a relatively small volume of liquid (approx. 0.8 ml)
and hence using a large amount of the carrier (i.e. sucrose) was necessary. The
previous experiment showed how such large amounts of sucrose may affect the
phase transition of liposomes and how the replacement of the dispersion medium
containing sucrose by deionised water may change the phase behaviour of the
liposomes. However, some sucrose may be expected to remain within the aqueous
channels within liposomes, and further work is required to estimate the residual
amount of sucrose left after medium replacement.

6.3.5. Steroid interaction with liposomes generated from ethanol-based
proliposomes

Table 6.6 and Fig.6.12 showed that all liposome formulations generated by this
method had no detectable pretransitions, indicating no effect of BDP on the
interdigitation induced by ethanol. In addition, the increase of BDP concentration
produced no significant change (P>0.05) in the Tm or AHm (Table 6.6, Fig.6.12),
indicating no interaction was detected between BDP and phospholipid bilayers.
However, the increase of BDP concentration up to 1% showed a trend for a decrease
in AHm although this was not significant (P>0.05), probably suggesting some
interaction of steroid with the bilayers. It is also possible that BDP was incorporated
in the bilayers as separate domains so that the interaction was not detected by the
method employed in this study.

The VMD and Span were significantly (P<0.05) different between formulations
(Table 6.6), indicating that BDP concentration had an effect on the size distribution
of liposomes. When no BDP was included, the VMD and Span were relatively small
whilst inclusion of 1% BDP resulted in a significant (P<0.05) increase in the VMD
but not the Span (Table 6.6), probably suggesting that the incorporation of some
amount of this large steroid has increased the VMD of liposomes. This was
supported by the trend of A Hm decrease at 1% BDP concentration compared to the
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steroid-free form ulation. At BDP concentrations above 1% the VM D has not
changed whilst the Span has significantly (P<0.05) increased (Table 6.6), possibly
indicating some aggregation of liposomes.

Table 6.6. The effect o f BDP concentration on the phase transitions and size
distribution o f liposomes generated from ethanol-based proliposomes (n=3 ±sd).
BDP

M AIN

VESICLE SIZE

TRA N SITIO N

DISTRIBUTION

AHp^e

T,n

AHm

VMD

(KJ/mol)

C^C)

(KJ/mol)

(pm )

Not

Not

23.08

25.03

3.88

1.26

detected

detected

±0.06

±1.05

±0.13

±0.02

Not

Not

22.99

23.43

5.33

1.26

detected

detected

±0.02

±0.36

±0.11

±0.11

Not

Not

22.37

24.09

5.76

1.54

detected

detected

±0.65

±1.16

±0.40

±0.02

Not

Not

23.03

24.12

5.09

1.56

detected

detected

±0.31

±0.64

±0.40

±0.05
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Fig.6.12. Effect o f BDP concentration on the phase transitions o f liposomes
generated from ethanol-based proliposomes.
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Overall, results suggest that liposomes generated from ethanol-based proliposomes
may not entrap more than 1% BDP. This might be attributed to the thinning of the
bilayers caused by interdigitation which subsequently made the alkyl chain of lipids
difficult to access by this bulky steroid molecule. Alternatively, ethanol may have
enhanced the solubility of BDP in the aqueous phase by acting as a cosolvent and
decreased partitioning of BDP into the lipid bilayers.

6.3.6. Delivery of liposomes generated from particulate-based proliposomes in
situ within a jet nebuliser

In this study, particulate-based proliposomes containing 0% or 5% BDP were
employed to generate liposomes within a Pari (Jet) nebuliser operated to “dryness”.
The thermal behaviour of liposomes generated in situ and delivered to a two stage
impinger was compared to that of vesicles remained undelivered in the nebuliser.

Liposomes remaining in the nebuliser had a larger measured VMD and Span than the
vesicles delivered to the impinger. This indicates size reduction of liposomes
delivered and aggregation of vesicles remained in the nebuliser reservoir (Table 6.7).
These findings are supported by the previous observations in “Chapter Four” and
“Chapter Five”. Overall, this indicates that regardless of lipid composition,
liposomes were broken up within this jet nebuliser to a size appropriate for delivery
whilst large or aggregated vesicles remained undelivered in the residual volume of
the nebuliser reservoir at “dryness”.

For both proliposome formulations, liposomes were successfully generated and
delivered to the two stage impinger. The steroid-free formulation had a small
pretransition for the delivered and undelivered fractions and these have demonstrated
a similarity in Tpre, AHpre, Tm, or AHm (Table 6.7, Fig.6.13). This indicates that
delivered and residual liposomes containing no BDP had similar thermal properties.
Similarly, phase transitions of liposomes generated from the steroid-containing
proliposomes were similar for delivered and undelivered liposomes. This indicates
that thermal behaviour of liposomes formed in situ was not dependent on successful
delivery of vesicles or the measured VMD and Span.
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However, steroid inclusion had an effect on the thermal profile of delivered and
undelivered liposomes. Steroid inclusion resulted in a sm aller Tpre and AHpre, and a
sim ilar Tm and larger AHm com pared to the steroid-free form ulation, for both
delivered

and undelivered vesicles

(Table 6.7, Fig.6.13).

M oreover, steroid-

containing formulation broadened the pretransition and main transition compared to
the steroid-free formulation (Fig.6.13). The differences in the therm al profile
between the two formulations indicate the interaction of the steroid with the bilayers.

Table 6.7. Thermal behaviour and size distribution o f liposomes delivered to a two
stage impinger and those remained in the nebuliser reservoir using a Pari (Jet)
nebuliser (n=2).
MAIN

V ESICLE SIZE

TRANSITION

D ISTRIBUTION

PRETRANSITION

BDP
CONCENTRATION
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AHpre

T,n

AHm

VM D

("C)

(KJ/m ol)

(T )

(KJ/mol)

(pm )
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13.02

1.03

23.96

20.79

7.88

1.91
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12.99

0.91

23.99

20.54

5.12

1.49

5% (Nebuliser)

10.96

0.38

23.74

25.65

6.95

1.78

5% (Im pinger)

10.78

0.59

23.65

25.07
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Fig.6.13. Phase transitions o f liposomes delivered to a two stage impinger and
those remained in the residual volume using a Pari (Jet) nebuliser.
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The inclusion of steroid in 5 moIe% produced a marked depression of the |A Hpre so
that the pretransition phase was almost negligible but not completely removed (Table
6.7, Fig.6.13). This possibly indicates that maximum interaction of BDP with the
bi layers was nearly reached. However, the main transition also indicated that the
interaction of BDP has slowed the cooperative melting of the phospholipid molecules
without causing phase separation. This suggests that the maximum interaction of this
steroid with the bilayers was not reached using 5 mole% BDP.

These findings suggest that nébulisation of liposomes formed in situ within this jet
nebuliser may incorporate higher steroid concentrations than vesicles generated by
manual dispersion of the same proliposome formulation. This might be attributed to
the shearing provided within nebuliser being more efficient than hand shaking in
intermixing lipid with steroid in the molecular level.

For liposomes generated from particulate-based proliposomes by hand shaking,
sucrose was suggested to be the reason behind the decreased AHm (Table 6.1,
Fig.6.5). It seems likely that the shearing provided within the nebuliser has removed
the sucrose-induced lowering of the A Hm- Thus, the previous reports of leakage of
entrapped materials during jet-nebulisation of liposomes (Taylor et al., 1990b; Niven
et al., 1991) seem to be not applicable on hydrophobic molecules like BDP. This
agrees with the study conducted by Saari et al. (1999) on man, which demonstrated
that shearing within a jet nebuliser did not remove the sustained release effect of
beclometasone. Consequently, quantification of lipid released from nebulisers and
deposited in liquid impingers (Chapter Four, Chapter Five) is a useful and convenient
approach to predict the suitability of a liposomal formulation for delivery of
hydrophobic drugs.

Darwis and Kellaway (2001) have reported that liposomes made from the low Tm
phospholipids may provide a higher entrapment of BDP compared to liposomes
made from higher Tm lipids. If this is the rule, particulate-based proliposome
formulation made of EPC or SPC may be more promising in delivering steroids
compared to vesicles made of DMPC.
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6.3.7. Mass and phospholipid output of liposomes

For both proliposome formulations, mass output exceeded phospholipid output,
indicating accumulation of some phospholipid within the nebuliser (Table 6.8). This
agrees with the findings in “Chapter Four” and “Chapter Five”.

Mass and phospholipid outputs from the steroid-free proliposome formulation were
slightly greater than these of the steroid containing formulation (Table 6.8). This
suggests that steroid has conferred more “rigidity” on liposomes, rendering such
vesicles more resistant to aerosolisation. The “rigid” cholesterol-containing
liposomes had a trend of greater accumulation in this jet nebuliser compared to the
cholesterol-free vesicles (section 4.3.5).

Table 6.8. Mass and phospholipid outputs o f proliposome formulations containing
0% BDP and 5% BDP (n=2).
Proliposome formulation

Mass output (%)

Phospholipid output (%)

0% BDP

79.58

61.62

5% BDP

75.34

49.41

6.4. Conclusions

Phase transitions of liposomal phospholipids were primarily dependent on the
formulation

approach

adopted.

Liposomes

generated

from

particulate-based

proliposomes demonstrated a depressed pretransition and a broadened main
transition with decreased enthalpy compared to liposomes made by the thin film
hydration method. By contrast, liposomes made using the ethanol-based method
showed no pretransition, and the main transition had a lower onset temperature and a
greater enthalpy. This was attributed to ethanol-induced interdigitation within
phospholipid bilayers. Flushing liposomes prepared using the ethanol-based
proliposome method with nitrogen did not restore the pretransition or significantly
change the transition profile. Liposomes made by hydrating a thin film formed from
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an ethanolic lipid solution resulted in liposomes with a similar transition profile to
those made by the conventional thin film method.

The extent and mode of entrapment of the model steroid beclometasone dipropionate
(BDP) in liposomes was mainly dependent on formulation approach. The optimal
incorporation of steroid in the bilayers was suggested to be at 1 to 2.5 mole% BDP,
as the pretransition was removed. Above this steroid concentration, the main
transition markedly broadened, suggesting that BDP started to form separate domains
within the bilayers which was followed by an appearance of a slight shoulder at the
low temperature side, possibly indicating the beginning of phase separation.

For liposomes generated from particulate-based proliposomes, BDP was suggested to
provide an optimal incorporation in the bilayers at 1 to 2.5 mole%, which is similar
to that provided by the thin film-made liposomes. However, in spite of this similarity,
the difference in thermal profiles for steroid interaction with liposomes prepared by
different methods suggests a different mode of drug incorporation in the bilayers. By
contrast, for liposomes generated from ethanol-based proliposomes, the maximum
BDP interaction with the bilayers did not apparently exceed 1 mole%. This low
incorporation of steroid was attributed to an ethanol-induced interdigitation of the
bilayers.

Nébulisation of liposomes generated from particulate-based proliposomes within the
Pari (Jet) nebuliser may produce a more efficient entrapment of BDP (approx. 5%)
compared to liposomes generated from the same proliposome formulation by manual
dispersion (1 to 2.5%). This was attributed to efficient intermixing of lipid and BDP
on the molecular level because of the shearing provided within the nebuliser. The
phase transition profile of delivered liposomes and those remained within the
nebuliser was similar regardless of BDP inclusion. Nébulisation resulted in size
reduction of liposome, and accumulation of large vesicles or liposome aggregates
within the nebuliser for both steroid-free and steroid-containing formulations.
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CHAPTER SEVEN:
GENERAL DISCUSSION
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7.1. Background

Liposomes are well established drug carriers for pulmonary delivery (Juliano and
McCullough, 1980, Taylor et al., 1989; Saari et al., 1999). Inhalation of liposomes
may prolong the effect of entrapped material in the airways and decrease drug access
to the systemic circulation (Taylor et al., 1989; Saari et al., 1999). However, several
problems are still required to be resolved. Firstly, liposomes are unstable since, in
liquid dispersion, phospholipid is liable to hydrolysis (Kensil and Dennis, 1981; Grit
et al., 1989), oxidation (Hunt and Tsang, 1981), aggregation, and subsequent loss of
entrapped material. Secondly, liposome manufacture on a large scale is difficult
because of the instability problems, high costs, or inapplicability to scale up of most
of the well established methods e.g. thin film method. Thirdly, knowledge about the
mechanisms employed in delivering liposomes (e.g. nébulisation) is still insufficient
and hence employment of the right nebuliser for delivering the right liposome
formulation needs to be investigated. Fourthly, physical stability of liposomes during
nébulisation needs to be enhanced, particularly if the entrapped material is water
soluble which may be lost as a result of physical disruption of liposomes during
nébulisation (Taylor et al., 1990b; Niven et al., 1991).

Proliposomes are phospholipid formulations which are capable of generating
liposomes by addition of aqueous phase before administration. In this thesis, the
potential of proliposome technology was investigated as a means of overcoming the
previously stated problems using medical nebulisers.

7.2. Particulate-based proliposomes

Particulate-based proliposomes are carrier particles (e.g. carbohydrates) coated with
phospholipids in order to generate liposomes before administration by addition of
aqueous phase above the phospholipid Tm (Payne et al., 1986a, b).

Regardless of carrier size fraction (106-300, 300-500, or 500-710 pm), coating nonporous (LMH or sucrose) carrier particles with EPC or SPC in 1:20 w/w lipid to
carrier ratio resulted in partially coated carrier, whilst a 1:5 w/w lipid to carrier

228

produced fully coated carrier particles. The porosity of sorbitol was partially lost at
1:20 w/w lipid to carrier ratio and greatly lost at 1:5 w/w lipid to carrier ratio.

Liposome formation from these proliposomes under static conditions would be
divided into three stages, namely a “budding o ff’ stage, a liposome aggregate stage,
and a liposome dispersion stage. As observed by light microscopy, liposomes
“budded o ff’ from proliposomes as soon as deionised water was added. Liposomes
generated from LMH-based or sucrose-based proliposomes remained aggregated for
5 min or 4 min respectively before complete dispersion. By contrast, liposomes
generated from sorbitol-based proliposomes bypassed the liposome aggregate stage
being completely dispersed as soon as they “budded o f f ’. The process of liposome
formation from these proliposomes under static conditions was independent of the
carrier size fraction, phospholipid composition, or phospholipid to carrier ratio. This
indicates that liposome formation from particulate-based proliposomes under static
conditions was greatly dependent on carrier morphology, with porosity being
desirable for immediate liposome dispersion.

Liposomes generated from sorbitol-based or sucrose-based proliposomes by manual
shaking were mainly MLVs whilst those generated from LMH-based proliposomes
were rich in worm-like multilamellar structures, suggesting that carrier solubility
influenced the morphology of vesicles generated.

The effect of proliposome formulation on the VMD or size distribution (Span) of
vesicles generated was small although often statistically significant. The VMD and
Span of liposomes generated from LMH-based proliposomes were the smallest.
Inclusion of cholesterol or BDP produced no change in the VMD or Span of the
liposomes generated from proliposomes. On one hand, the employment of sorbitol as
a carrier was advantageous compared to LMH in generating completely dispersed
liposomes without shaking, and therapeutically avoiding the harmful effect of lactose
on lactose intolerant patients. On the other hand, a greater amount of LMH was used
to achieve an isotonic preparation and hence a greater amount of lipid may be
available for entrapment of therapeutic agents. This suggested that neither sorbitol
nor LMH were ideal as lipid carriers. Sucrose potentially provides a compromise,
since it has similar solubility to that of sorbitol and forms an isotonic solution at a
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similar concentration to LMH. This suggested that sucrose-based proliposomes,
using 1:5 w/w lipid to carrier ratio would be appropriate for further investigations of
in situ liposomes formation under the conditions of agitation provided within medical
nebulisers.

The addition of deionised water to EPC, SPC, or SPCiChol (1:1) sucrose-based
proliposomes in a Pari LC Plus air-jet nebuliser resulted in the formation of MLVs
after 1 min of nébulisation, suggesting that energy provided by the compressed gas
was sufficient to dissolve the carrier and generate liposomes. The VMD of liposomes
progressively decreased during the first half of nébulisation, indicating liposome
fragmentation and deaggregation. At the end of nébulisation both VMD and Span
increased for all formulations, suggesting liposome concentration and aggregation
within the nebuliser. MLVs were also generated in situ from SPC:Chol (1:1)
proliposomes within a Liberty ultrasonic nebuliser. However, the liposomes were not
efficiently delivered to the two stage impinger, suggesting that liposomes were
excluded from the nebulised droplets, and that this nebuliser was inappropriate for
delivering liposomes using this formulation approach.

Unlike the jet and ultrasonic nebulisers investigated, preliminary studies showed that
a brief manual shaking of SPC:Chol (1:1) proliposomes with water within the
vibrating-mesh nebuliser (Omron Micro Air NE-U22) was necessary to generate
liposome aggregates before commencement of nébulisation. The less energetic
agitation provided by this nebuliser was sufficient to deliver liposomes having a size
similar to that of the mesh pores through which they were extruded, suggesting a
degree of liposome instability but in a mode different from that of the jet nebuliser.

All nebulisers showed higher mass output than phospholipid output, indicating
concentration of liposomes within nebulisers. Whilst the Pari (Jet) produced a greater
phospholipid output than the Omron (Mesh), the latter produced higher mass outputs,
suggesting vibrating-mesh nébulisation may be most appropriate for delivering
solutions or particulate systems comprising smaller size particles than the liposomes
employed in this study. Both the Pari (Jet) and Omron (Mesh) delivered a large
fraction of phospholipid to the lower stage of the impinger, indicating a large fraction
of liposomes may be likely to be delivered to the peripheral airways. This agreed
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with aerosol droplet size measurements using laser diffraction. Although the VMD of
the aerosol droplets emitted was smaller for the Pari (Jet), the Span was smaller for
droplets generated from the Omron (Mesh), suggesting that mesh dimensions of the
vibrating-mesh nebuliser provided a more robust control on the size distribution of
the aerosols generated, compared to the baffling system of the air-jet nebuliser. By
contrast, the ultrasonic (Liberty) nebuliser showed poor delivery of phospholipid and
erratic aerosol size measurement, indicating that it was inappropriate for delivering
liposomes generated in situ from particulate-based proliposomes.

7.3. Ethanol-based proliposomes

Ethanol-based proliposomes are ethanolic solutions of phospholipid which may
generate liposomes on addition of aqueous phase above the phospholipid Tm (Perrett
et al., 1991). Regardless of lipid composition or dispersion medium, liposomes
generated by manual shaking from ethanol-based proliposomes were MLVs, and the
VMD was approx. 5 pm for all formulations investigated.

MLVs were generated in situ after 1 min of nébulisation within a Pari (Jet) nebuliser
using EPC or SPC proliposome formulations dispersed in isotonic sucrose solution
(i.e. 9.25% w/v). However, liposomes were reduced in size during nébulisation.
Generation of liposomes from SPC:Chol (1:1) proliposome formulations within the
nebuliser was not possible since heating the proliposome solution up to 70°C was
necessary and immediate addition of aqueous phase was required to prevent lipid
phase solidification.

Nébulisation of the manually dispersed SPCiChol (1:1) liposomes using a Pari (Jet)
or an Aeroneb Pro (Mesh) nebulisers resulted in size reduction of the vesicles
delivered to the two stage impinger. Liposomes sampled from the impinger stages
had smaller VMDs than those generated by hand shaking before nébulisation,
indicating liposomes were unstable to nébulisation, and delivery of liposomes was
dependent on liposome size.
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Dispersing SPCiChol (1:1) liposomes in NaCl (0.9%) or sucrose (9.25%) had
minimal effects on mass output, lipid output, output rates, and size distribution of the
generated droplets from the Pari (Jet) nebuliser. Moreover, minimal differences were
observed when NaCl (0.9%) or sucrose (9.25%) solutions were nebulised from the
Pari compared to liposome formulations. By contrast, using the Aeroneb Pro (Mesh)
nebuliser, mass and lipid outputs and output rates were reduced and droplet VMD
was increased when sucrose solution (9.25%) was employed as the dispersion
medium for liposomes or when these solutions were directly nebulised (i.e. without
liposomes). Furthermore, lipid inclusion in the formulation enhanced mass output for
the Aeroneb Pro (Mesh) nebuliser whilst it had a minimal effect for the Pari (Jet)
nebuliser. This indicates that unlike jet nebulisers, vibrating-mesh nebulisers may be
greatly affected by formulation. The difference between the two nebulisers in terms
of droplet VMD, mass output and lipid output was small when NaCl (0.9%) was
employed as a dispersion medium. However, the Aeroneb Pro (Mesh) nebuliser
produced droplets of narrower size distribution (smaller Span) and higher output rate
(shorter nébulisation time) compared to the Pari (Jet) nebuliser.

A liposomal salbutamol sulphate formulation manufactured using this proliposome
system has provided greater mass and drug outputs and larger “fine particle dose”
compared to a conventional drug solution when formulations were delivered by the
Aeroneb Pro (Mesh) nebuliser. This suggests that liposomes may play roles beyond
entrapment of drugs when this vibrating-mesh nebuliser is employed.

Liposomes generated from SPCiChol (l i l) ethanol-based proliposomes entrapped
approx. 62% of the available salbutamol sulphate and showed an entrapment
capacity of approx. 6 mg drug/ 100 mg lipid. These values were much higher than for
conventional MLVs made by the thin film method which had an entrapment
efficiency of 1.24% and an entrapment capacity of 0.12 mg/ 100 mg lipid. The
greater entrapment provided by the proliposome formulation can be attributed to the
fewer bilayers (i.e. oligolamellarity) of liposomes generated from proliposomes
(Perrett et al., 1991), and/ or due to the two step hydration protocol using the
proliposome formulations which permitted the optimisation of liposome entrapment
of the hydrophilic drug as a concentrated aqueous solution as liposomes were formed.
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Nébulisation of liposomes generated from SPCiChol (1:1) proliposomes resulted in
loss of most of the originally entrapped hydrophilic drug, suggesting that regardless
of nebuliser type, nébulisation had a deleterious effect on liposome physical integrity.
Retained entrapment for liposomes delivered to the lower stage of the impinger was
greater for the Aeroneb Pro (Mesh) compared to Aeroneb Go (Mesh) or Pari (Jet)
nebuliser, being 16.69%, 10.26%, and 11.11% respectively. A customised Aeroneb
Pro nebuliser with larger mesh apertures (8 pm) showed an enhanced retained
entrapment (25.87%) compared to the other nebulisers investigated. This indicates
that nebulisation-induced disruptive effect on liposomes was dependent on nebuliser
design and operating principle.

In spite of the great losses of entrapped drug from liposomes because of vesicle
instability during nébulisation, the dose delivered to the lower stage by all nebulisers
was likely to be sufficient to provide a large reservoir for sustained release effect,
239.23 pg, 344.17 pg, and 181.91 ±35.69 pg for Pari (Jet), Aeroneb Pro (Mesh), and
Aeroneb Go (Mesh) nebulisers respectively. However, the unentrapped dose was
much higher than the entrapped, being 3.24 mg, 2.97 mg and 2.69 mg for Pari (Jet),
Aeroneb Pro (Mesh), and Aeroneb Go (Mesh) nebulisers respectively. The
customised large mesh Aeroneb Pro nebuliser maintained the amount of entrapped
dose (263.09 pg) and reduced that unentrapped to less than half (1.37 mg) compared
to the non-customised Aeroneb Pro nebuliser, suggesting delivery of this formulation
using the Aeroneb Pro (Large mesh) may be advantageous compared to the other
nebulisers investigated.

7.4. Calorimetric investigations of liposomes

Using sucrose particles as a carrier, liposomes generated from DMPC particulatebased proliposomes produced a reduced pretransition endotherm and a main
transition having a broadened peak and lower enthalpy compared to liposomes
generated using the thin film method, which may be due to the presence of sucrose in
the proliposome preparation. Liposomes generated from ethanol-based proliposomes
showed no pretransition and a main transition having an onset at lower temperature
and higher enthalpy compared to conventional liposomes, possibly because ethanol
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induced interdigitation of the lipid alkyl chains. Flushing liposomes generated from
ethanol-based proliposomes with nitrogen did not restore the pretransition, indicating
interdigitation was irreversible or that a more efficient means are required to fully
remove ethanol from the preparation. Liposomes made by hydrating a thin lipid film
formed from an ethanolic lipid solution produced liposomes with similar phase
transitions to conventional MLVs, indicating that residual ethanol was less than the
threshold concentration required to induce interdigitation for liposomes produced by
this method.

For liposomes prepared by the thin film method, steroid inclusion had a greater effect
on the pretransition than the main transition. Compared to the formulation containing
no steroid, that containing 1% BDP resulted in the pretransition having a lower
enthalpy and earlier onset temperature. At 2.5% BDP, the pretransition was
completely removed which was attributed to steroid interference with the chain tilt of
the lipid molecules. However, 5% BDP resulted in a broadening and increased
enthalpy of the main transition with a slight shoulder on the lower temperature side,
suggesting formation of separate steroid domains in the bi layers which was probably
followed by phase separation. This suggests that 1 to 2.5 mole% BDP is optimal for
incorporation into the DMPC bi layers of these liposomes. Laser diffraction study
showed no effect of steroid inclusion on the size distribution of liposomes.

For liposomes generated from particulate-based proliposomes, inclusion of 1% BDP
produced a decrease in the enthalpy and the onset of the pretransition compared to
steroid-free formulation. Pretransition parameters did not change from that observed
at 1% BDP concentration when 2.5% BDP was included. However, a higher BDP
concentration (e.g. 5%) produced an increase in the pretransition enthalpy compared
to that observed at 1 or 2.5% BDP concentration. For the main transition, the onset
temperature tended to decrease up to 2.5% BDP and increase at 5% concentration,
and the enthalpy decreased significantly up to 2.5% steroid concentration. This
suggests that BDP was optimally incorporated in the bilayers at 1 to 2.5 mole%,
which is similar to that observed using conventional MLVs but in a different mode.
A progressive increase in BDP concentration resulted in slight changes in liposome
size distribution.
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For liposomes generated from ethanol-based proliposomes, no pretransition was
detected for all steroid concentrations investigated. A trend of a decrease in the main
transition enthalpy was observed at 1% BDP compared to the steroid-free
formulation. This was accompanied by a significant increase in the VMD for the 1%
BDP formulation. Beyond this concentration no changes were observed in the
enthalpy or liposome median size. This suggests that 1% BDP may be the maximum
steroid concentration which can be incorporated in the bi layers of these liposomes.

Nébulisation of particulate-based proliposomes using a Pari (Jet) nebuliser showed
that liposomes were generated in situ and delivered to the two stage impinger with
high mass and lipid outputs and an evidence of size reduction of the delivered
vesicles. Liposomes delivered and those remained in nebuliser showed similar phase
behaviour. Compared to steroid-free formulation, that containing 5% BDP had a
smaller pretransition endotherm; suggesting maximum incorporation of steroid in the
bilayers was almost reached, which was supported by evidence of interaction as the
enthalpy of the main transition increased. The enthalpy of the main transition was
higher than that for liposomes generated by manual hydration of proliposomes,
indicating that the sucrose-induced depression of the main transition was removed
because of shearing within nebuliser, or possibly dilution in the impinger. These
findings suggest that formation of liposomes from particulate-based proliposomes
within the jet nebuliser may enhance the entrapment of steroid compared to hand
shaking, possibly because shearing within nebuliser enhanced intermixing of lipid
and BDP.

These studies have demonstrated that proliposome formulations offer an appropriate
means of generating deliverable liposomes using medical nebulisers, with high mass
and phospholipid outputs and a large fraction deposited in “respirable dose”. Whilst
further work may be required to improve the stability of liposomes to nébulisation,
the delivery of proliposomes incorporating hydrophobic and hydrophilic agents was
shown to be possible. Liposomes generated in situ from particulate-based
proliposomes within jet nebulisers may enhance the entrapment of hydrophobic
drugs such as steroids. Finally, the regular and customised vibrating-mesh nebulisers
were shown to be less damaging to liposomes and achieved “dryness” in a shorter
time compared to the model jet nebuliser employed.

235

7.5. F u tu re work

Since liposomes manufactured by different methods were different in their thermal
behaviour, investigation of in vivo behaviour of these formulations in the lungs may
be important. This is because bilayer packing differences may be expected to
produce in vivo differences, in terms of drug release, and liposome distribution and
clearance after intratracheal instillation or inhalation.

Liposome stability to nébulisation requires to be improved, possibly by optimising
liposome lipid composition, liposome size or nebuliser design. The frequency of
mesh vibrations may be an important factor to investigate alongside with aperture
size. For this reason, the collaboration with the manufacturers of these devices will
be continued. However, other devices such as soft mist inhalers may be also
investigated for delivery of liposomes or proliposomes.

For liposomes generated from proliposomes, the air-jet and vibrating-mesh
nebulisers produced high mass and phospholipid outputs, with large phospholipid
fractions deposited in the lower stage of the impinger. This suggests that delivery of
entrapped hydrophobic agents is promising since liposome stability is not essential.

The delivery of conventional liposomes using vibrating-mesh nebulisers will be also
investigated. Effects of formulation such as liposome size, bilayer rigidity, liposome
concentration, and preparation fill volume may comprise an essential part of the
future investigations. Vibrating-mesh nebulisers have been shown to be highly
dependent on liposome formulation. Consequently, more investigations of the effect
of fluid viscosity and surface tension are required with respect to aerosol properties
and drug delivery.

The delivery of labile materials such as proteins or pDNA may be interesting to
study using the vibrating-mesh nebulisers. Khatri et al. (2001) have shown that the
model protein lactate dehydrogenase may degrade significantly during nébulisation,
when conventional air-jet and ultrasonic nebulisers are employed. Thus, it is worth to
investigate whether vibrating-mesh nebulisers would be less degrading to such
sensitive molecules.
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In this study, it has been shown that the inclusion of excipients within liposome
formulations can affect the thermal profile of the liposomal phospholipids and the
extent or mode of interaction of the liposomal bilayers with a model steroid. The
effect of ethanol concentration in liposomes generated from ethanol-based
proliposomes on interdigitation of the bilayers will be investigated. Moreover, the
thermal behaviour of liposomes generated from proliposomes using carriers other
than sucrose will be studied.

Finally, using the proliposome technologies, the study of thermal behaviour of
pDNA-liposomes may comprise a part of the future investigations, in an attempt to
find a relation between the interaction of genes with liposome structures and in vitro
findings using cell cultures and in vivo findings using model animals. A correlation
between in vitro and in vivo studies will be attempted to establish, in order to reduce
the in vivo work and enhance the reliability of the in vitro studies.
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