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Thesis Abstract

The interest in the pulmonary route as a delivery port for peptides and proteins has
emerged new opportunities for improved and innovative drug delivery systems.
The use of spray drying as a formulation technique for pulmonary delivery
systems can extend their capabilities in terms of stability, reproducibility and
efficacy. Spray drying offers a fast and efficient approach to the generation of dry,
potentially respirable powders through one step process. This can be applied to
solutions, suspensions and emulsions, atomised as a fine spray into a hot drying
medium to produce a dry particulate powder.
This thesis describes an investigation into the influence of formulation
components and spray drying parameters on the resulting powder characteristics
prepared using a modified double emulsion spray drying method.
The effects of spray drying parameters (pump speed, aspirator level, heat control
level, feed concentration) and formulation excipients (polyvinylpolypyrrolidone
(PVP), polyvinyl alcohol (PVA), tocopheryl polyethylene glycol 1000 succinate
(vitamin ETPGS), polysorbate 20 (tween 20), lactose) on ovalbumin loaded in
polymeric poly (lactide-co-glycolide) (PLGA) were preliminarily investigated. A
modified double emulsion spray drying method was optimised, in terms of
microparticle size, morphology, percentage yield, ovalbumin loading and in vitro
deposition capability. Using lactose in the external aqueous phase within the
émulsification process was seen to produce high yield of spherical microparticles
with particle size below 6pm, with narrow size distribution and hence suitable for
inhalation. These microparticles showed high ovalbumin loading efficiency and
promising in vitro deposition using both an air jet nebuliser and rotahaler.
The same modified method using different lactose concentrations was investigated
using insulin as fragile model protein. The method demonstrated successful
insulin encapsulation displaying optimal release and aerosolisation properties, and
would be predicted to exhibit high deposition in the lower regions of the
respiratory tract, thereby facilitating systemic delivery.
The use of polyethyleneimine (PEI) as an agent in the formulation of cationic
microparticles using modified double emulsion spray drying method as a novel
approach was investigated. PEI concentrations had an effect on the surface charge,
morphology and size distribution. These positively charged microparticles showed
a high DNA loading efficiency and the formation of a stable complex with
adequate respirable characteristics. Preliminary data on the in vivo application of
these cationic microparticles using hepatitis B plasmid showed higher
immunological responses compared with free plasmid in mice.
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1 Introduction

1.1 Historical background
Since ancient times, the airways have been used for the administration of
pharmacologically active compounds to control local conditions such as asthma
and infections. Ancient Egyptians inhaled Hyosycamus muticus vapours released
when plants were placed on hot bricks. Cough was also treated by inhalation of
honey, cream, milk, carob, colocynth and date kernels this was mentioned in the
Ebers Papyrus that is thought to be for asthma; the same papyrus describes an
interesting apparatus for inhalation therapy. Consumptive ancient Greek patients
were sent to the pine forests found in Libya to benefit from the volatile gases
released there (Grossman, 1994).

Inhalation therapy was used in 1664 for the treatment of tuberculosis. In the more
recent history of medicine for most of the last half century therapeutic
developments in the fields of pulmonary and nasal drug delivery were recognized
as a basic form of targeted drug delivery to the site of action. However, in the last
15 years these routes of delivery have also been considered as a means of
delivering systemic therapy.

1.2 Anatomy and physiology of the lungs

The main function of the pulmonary system is the rapid gas exchange, which
involves the oxygenation of the blood and the removal of carbon dioxide from
the body. This is accomplished by an extremely efficient coordination of the
lungs with the central nervous system, the diaphragm, the chest wall muscles,
and the circulatory system. The lungs are situated inside the chest and are made
up of two parts the right and the left lung, these two parts consists of several
sections called lobes - three on the right side and two on the left side, and is
protected by the rib cage (Figure 1.1). The diaphragm, which is the most
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important muscle in the breathing process, is dome-shaped muscle and lies below
the lungs separating them from the abdomen (Horsfield et al, 1987). Two thin
layers of tissue, called the pleura, cover each lung and the inside of the rib cage.
These layers, or membranes, slide back and forth over each other as we breathe.

The respiratory system consists of two main parts, the upper and lower
respiratory tract. The upper respiratory tract, which is the central or conducting
zone, consists of the trachea, bronchi, and bronchioles. The trachea is a 10-12 cm
long cylindrical tube, lined with ciliated epithelium which assists in filtering and
warming inhaled air (Hickey et al., 1996). The tracheobronchial region passes
through a series of branching and resembles a tree with large branches giving rise
to successively smaller branches. The lower respiratory tract or the peripheral, or
the respiratory airways, includes the respiratory bronchioles, alveolar ducts and
sacs, occupying about 95% of the lung surface area (Smith, 1997).
Breathing works by inhaling an air stream into the respiratory tract via the mouth
or nose. The air is being warmed and moistened by means of the posterior
conchae. The air then travels down the pharynx (rear of the throat), the larynx
(roughly in the area of Adam's apple), and the trachea until it reaches the
bronchial tubes. Before reaching the bronchial tubes most of the dust and
bacteria have been filtered out by the nasal hair, the moist lining of the nose or
by the ciliated cells covered by the mucous blanket. This blanket traps foreign
particles, moving them back to the pharynx where they are swallowed or
expelled through the nose. Subsequent to the trachea the respiratory tract
bifurcates into two bronchi, conducting the air stream into the right and left lobes
of the lung. From this point the lungs follow a pattern of regular dichotomy. The
inspired air then progressed towards the alveolar region where there is a
progressive reduction in the airflow and the movement of air is by diffusion
alone (Tomori et at., 2002). Blood enters the lungs via the pulmonary arteries. It
then proceeds through arterioles and into the alveolar capillaries. Oxygen and
carbon dioxide are exchanged between blood and the air. This blood then flows
out of the alveolar capillaries, through venuoles, and back to the heart via the
pulmonary veins.
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Figure 1.1: Schematic diagram representing the structure of the respiratory
system (adapted from Canada environmental website www.ee.ge.ea. 2006)

1.3 Histology of the lungs

1.3.1 Lung epithelium
The entire respiratory tract is lined with a continuous sheet of epithelial cells,
which vary in type and function joined with tight junctions throughout the
tracheobronchial tree (Patton, 1996). The trachea and bronchi are lined with
ciliated columnar epithelium and goblet cells, both of which derive from basal
cells (Figure 1.2). Cilia beat at 1,000 to 1,500 cycles per minute resulting in
cephalic movement of the mucus blanket at a rate of 0.5-1 mm/min in small
airways and 5-20 mm/min in the trachea and main bronchi (Patton, 1996).
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Figure 1.2: Schematic diagram of the pulmonary epithelial cells (adapted from
Taylor and Kellaway, 2001)

Progressing downward the respiratory tract the epithelium of the bronchioles is
much thinner than that o f the trachea and bronchi and the number of goblet cells
is decreased. In addition, the epithelium of the bronchioles is composed of
ciliated cuboidal cells rather than ciliated columnar cells. The alveolar region
represented by the alveolar ducts and the alveoli (Figure 1.3) is devoid of mucus
and the epithelium is much flatter showing the simple squamous type, 0.5-0.5pm
thick. There are two major epithelial cell types in the alveolar region: type-1 and
type-2 pneumocytes. Type

1 pneumocytes possess very thin cytoplasmic

extensions that originate from a central nucleated portion of the cell. These cells
occupy about 93% o f the surface area of the alveolar region despite being only
40% of the number of epithelial cells. Type I cells cannot regenerate, and they
control fluid movement between the interstitial and the airspace so that when
they are injured, fluid exudates and can be collected in the airspaces.
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Figure 1.3: Schematic diagram showing a section through an alveolus showing
cellular components (adapted from W ashington et al., 2001 )

Type II pneumocytes are cuboidal, granular cells. They are twice as numerous as
the type I cell. They store and secret pulmonary surfactant which reduces the
surface tension in the lung, equalises pressures, stabilizing and maintaining all
the alveoli in an open position despite the variation in alveolar size. Type II cells
possess great metabolic activity, and are capable of regeneration and repair

(Crdpo et al., 1982).

1.3.2 Clara cells
Clara cells are the most dominant cell type in the terminal part of the respiratory
bronchiole. They have a secretory-like structure and their secretion is believed to
have an oxidase activity and to help with the clearance and reduction of surface
tension in small airways (Dierynck, 1996).

1.3.3 Submucosal glands
The submucosal glands are continuous with the epithelium. They are present in
the submucosa of bronchi, and are the main source for the secretion of mucus
which increases in bronchitis and lung inflammation (Yamaya et a!., 1999)
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1.3.4 Bronchial circulation
The aorta is the main origin of the bronchial arteries which divide to form a
subepithelial plexus and an adventitial plexus on either side of the bronchial
smooth muscle layer. The main function of the bronchial blood supply is to
oxygenate the lung tissue primarily along the larger conducting airways. The
alveolar capillary has an internal diameter of about 8pm, covers a total surface
area of 60-80 square meters, and has a blood volume of 100 to 200 ml. The
thickness of the air blood barrier varies from 0.3 - 10 pm. In some parts of the
alveolar region where the barrier thickness is less than O.Sum, there is a rapid
transfer of gases, vapours and other molecules (Wanner, 1996).
1.4 Factors influencing drug delivery to the lungs
Due to the continuous exposure of the lungs to the outside environment through
the respiration process, the lungs are equipped with a complicated series of
physical and cellular defences.
1.4.1 Mucociliary clearance
The main components of the mucociliary clearance efficient tracheobronchial
defence mechanism are mucus and cilia. Mucus is a gel-like layer mainly
composed of mucopolysaccharides and mucoproteins. These are believed to be
secreted from the submucosal glands lining the airways and goblet cells (Patton,
1996). These secretions forms what is known as mucous blanket, 5-7pm in depth
through which cilia protrudes, covering most of the respiratory tract. This barrier
serves to trap foreign particles and prevents dehydration of the surface
epithelium during inspiration.
A high proportion of the epithelial cells found in the lungs are ciliated. A ciliated
cell has about 200 cilia, with each cilium about 0.25pm in diameter and 5pm in
length. Both mucus and cilia forms the so-called mucociliary escalator, which
operates through the entire respiratory system from the upper airways down to
the terminal bronchioles, the only exception being parts of the pharynx and the
anterior third of the nasal cavity. The cilia beat in an organised and complex way.
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moving the mucus layer up the airways, away from the alveoli, and towards the
pharynx, where it is swallowed, expectorated, or removed by blowing the nose. If
a drug is to be aerosolised and delivered to the lungs, it has to either dissolve in
this mucus barrier (local action), or bypass it to reach the deep lungs (systemic
delivery). Smoking and diseased lungs inflicted by bronchitis, cystic fibrosis or
asthma are often associated with a hypersecretion of mucus, which leads to the
build up of a thick and highly viscous layer and affects the efficiency of drug
delivery to the lungs.
1.4.2 Alveolar clearance
Due to the fact that the cells in the alveolar region are devoid of cilia and contain
little mucus, alveolar macrophages “dust cells” act as guards and remove inhaled
particles by phagocytosis. Alveolar macrophages represent the main cellular
defence mechanism in the alveolar space. The mean life span of these lung cells
is approximately 1 to 5 weeks (Yu & Chien, 1997). These cells can engulf and
ingest inhaled particles such as viruses, bacteria, and pollen. Insoluble
particulates such as silica, asbestos, iron oxide, and dust of all sorts that are not
digested by alveolar macrophages often deposit on the alveolar surface upon the
death of the macrophages and are ultimately removed by the mucociliary
escalator via the pores of Kohn. After engulfing particles, alveolar macrophages
can be cleared from the lung by a number of different routes. First, they can
migrate to the nearest ciliated areas of the bronchial tree and be transported up
the mucociliary escalator. Second, they can slowly penetrate the alveolar wall,
especially in the alveolar duct region and pass into the tissue fluid and
lymphatics. Third, they can be transported via lymphatic systems to lymph nodes
and the blood stream.
1.4.3 Lung enzymes
The lungs are capable of metabolising certain inhaled foreign compounds due to
the presence of metabolising enzyme systems. Many isozymes of the cytochrome
p-450 family have been identified in the respiratory tract and are found mostly in
clara cells. The presence of esterases, peptidases, sulphotranferases, are also
reported in the lungs. Systemic drug delivery through the pulmonary route are
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likely to be subjected to some first pass metabolism during their absorption from
the lung, but is estimated to be far less if compared to that seen in the
gastrointestinal tract and liver after oral dosing. The extent of uptake of peptides
and proteins could be dependent upon enzyme activity at epithelial and
endothelial cell surfaces during lung injury or inflammatory disease (Byron,
1990).
1.4.4 Reflexes
Coughing is an explosive, defensive response to intrusive foreign bodies and
excessive mucus that accumulates in the tracheobronchial tree. Most people
cough once or twice an hour (while awake) to maintain airway hygiene
(Plevkova et al, 2006). Cough receptors are mainly found in the bronchi,
diaphragm, external auditory canal, larynx, nose, paranasal sinuses, pericardium,
pharynx, pleura, stomach, trachea and tympanic membrane. The act of coughing
involves the synchronous participation of a number of muscles during the
inspiratory and expiratory phases. During inspiration, the glottis opens,
bronchioles enlarge, and lungs expand with the help of the diaphragm and the
thoracic and abdominal muscles. Thus, the lungs are stretched and ready for
recoil. The glottis closes at the height of inspiration, and the chest contracts with
inspiration, thereby increasing the intrathoracic pressure to well over 100 mm
Hg. Consequently, when the glottis gives way and opens, the rate of air flow is as
high as 600 1/min, or up to 500 miles/hr. This high-speed jet of air is an effective
means of clearing the airways of excessive secretions or foreign particles. This
kind of reflex can alter the amount of inhaled drugs especially in diseased lungs.
1.4.5 Lung surfactants
Surfactants are substances that reduce surface tension and using this ability lung
surfactants maintain the morphology and function needed for the respiration
process.

Lung

surfactants

are

believed

to

be

35-40%

dipalmitoyl

phosphatidylcholine (DPPC), 30-45% other phospholipids, 5-10% protein,
cholestérols (neutral lipids) and trace amounts of other substances (Possmayer et
a l, 1984). Lung surfactants form a layer that spread at the air/water interface
probably only a single molecule thick in most areas but it may cause aggregation
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of large inhaled molecules, which enhances phagocytosis by airspace
macrophages. Surfactant deficiency in infants is a condition known as respiratory
distress Syndrome (RDS) and in adults is known as adult respiratory distress
syndrome (ARDS). Replacement surfactants, such as Exosurf®, can be
administered to alleviate this condition.

1.5 Routes of transport across lung cells

In the case of inflammatory lung disease or allergies, native proteins move freely
across the pulmonary epithelia which suggest that diffusion as well as transport
through the tight junctions between cells may be involved in the systemic
absorption of peptide and protein drugs across pulmonary epithelia (Patton,
1996). The two main transport routes of systemic drug absorption through the
lungs are either paracellular or transcellular.

Paracellular transport occurs between epithelial, interstitial and endothelial cells.
Depending on size both lypophilic and hydrophilic drugs may be absorbed
through the paracellular route, with the rate of absorption faster for lipophilic
drugs. Compounds which are lipid soluble usually follow the transcellular route
by partitioning into the lipid membrane of epithelial cells. Endocytosis may
occur through the alveolar macrophages phagocytosis or through pinocytosis by
type I and type II cells. Drugs with high molecular weights use the transcytosis
process, which involves transport in vesicles from one side of a cell to another.
The exact mechanism of peptide and protein drug uptake is uncertain, but results
suggest that there may be a relationship between molecular size and extent of
absorption (Gonda, 1992).

1.6 Factors a^ecting the fate of particles in the airways

Formulations intended for pulmonary delivery should reach the desired location,
in sufficient quantities to be effective, whether it is aimed for local or systemic
lung delivery. Particle or droplet deposition is affected by a number of variables
such as inertial impaction, sedimentation. Brownian diffusion, patient disease
status / breathing patterns, delivery devices and formulations.
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1.6.1 Inertial impaction

Inertial impaction is the main deposition mechanism for particles larger than
5fim. Particles with large diameters or high densities may be unable to follow
changes in direction of inspired air especially at the bifurcations in the upper
airways. This may lead to particles moving in a straight direction instead of
following the air stream path and colliding with airway walls. Thus, particles
with great momentum and high velocity will show large impaction.

1.6.2 Sedimentation

This deposition mechanism results from particles settling under gravity.
Sedimentation usually occurs in the lower airways such as the alveolar region,
where the air stream velocity is relatively low. The rate of particles settling is
proportional to particle diameter and density (Patton, 1996).

1.6.3 Brownian diffusion

Brownian diffusion mechanism applies to particles less than 0.5^im in diameter.
The particles are displaced by random bombardment of gas molecules, which, in
turn results in particles colliding with airways walls. Brownian diffusion occurs
mainly in areas where air flow is very low. However smaller particles are mainly
exhaled as there is no sufficient time for diffusion to occur (Gonda, 1992).

1.6.4 Disease status

Aerosol inhalation, penetration and deposition in the airways are greatly affected
by the patient’s pulmonary disease status. Airway diseases such as cystic fibrosis
or bronchitis are often associated with thick layers of mucus, which makes
particles deposition unpredictable (Brown et al., 1998). Bronchial obstruction of
the airways is always associated with turbulence and diversion of the air flow to
the non obstructed airways. This will result in localised and central deposition of
aerosol particles. Narrowing of the airways due to age, lung inflammation, or
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asthma can affect the coordination of steps necessary for successful drug
delivery.

1.6.5 Delivery devices
Via the pulmonary route successful drug delivery relies on the safe and efficient
delivery of therapeutic doses to the site of action or absorption in the lungs. It is
essential that an inhalation device generates aerosol emissions with reproducible
characteristics. There are certain criteria that have to be met for inhalation
devices to be clinically efficient: the device must produce reproducible drug
dosing, protect the physical and chemical stability of the drug, and must be easily
used by the patient with minimal training (Labiris and Dolovich, 2003). The
main types of aerosol generators used in therapy are nebulisers, metered dose
inhalers (MDI) and dry powder inhalers (DPI).
1.6.5.1 Nebulisers

Since the 19‘** century, nebulisers and other related devices have been used in
inhalation therapy (Niven, 1995). However, they were bulky and were
considered cumbersome and unreliable (Lenney, 1996). The main mode of action
of nebulisers is converting either aqueous solutions or well dispersed suspensions
of drugs into an aerosol intended for inhalation. The process of converting a
liquid into aerosolised liquid particles is governed by forces like viscosity, which
resists changes in droplet shape, surface tension, which resists increases in the
area of the liquid air interface, and aerodynamic forces, which disrupt the
interface. There are two main groups of medical nebulisers: pneumatic nebulisers
which operate from a pressurised gas source, and electric nebulisers which derive
their force from an electric source. The most common pneumatic nebuliser is the
air-jet or Venturi nebulisers. The ultrasonic nebulisers are the most common
electric nebulisers.
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1.6.5.1.1 Air-jet nebulisers

The drug solution or suspension is placed in the reservoir. This solution or
suspension is drawn from the reservoir up the capillary as a result of the region
of negative pressure created by the compressed air passing over the end of the
capillary. This low pressure, aided by capillary action, causes the solution to
travel up channels where it becomes entrained in the gas stream and is sheared
into a liquid film. This liquid film is unstable and collapses under surface tension
to form droplets with various sizes. The presence of baffles and internal reservoir
walls redirect the larger droplets back to the reservoir. The smaller droplets pass
out with the air stream to the patient through either a mouthpiece or a mask. The
droplet exit velocity from the nozzle and the separation between the spray nozzle
and the baffle are very important in defining the size of droplets that escape
impaction. The presence of the connecting “t” piece allows for the introduction
of dilution and provides a place to attach auxiliary tubing, face masks, or
mouthpieces, which aid in diverting the aerosol to the patient (Hardy et al.,
1993). The principle design of the air-jet nebuliser is illustrated in figure 1.4.
Air entrainment

Towards patient

Liquid reservoir

Figure 1.4: Schematic diagram demonstrating principle design of the air-jet
nebuliser (adapted from Washington et ai, 2001).
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1.6.5.1.2 Ultrasonic nebulisers

Ultrasonic nebulisers are generated by either battery or electric power supply.
These nebulisers generate aerosols using a transducer made of piezoelectric
crystal, which sends high frequency sound waves through the drug solution or
suspension in the nebuliser reservoir. These sound waves have enough energy to
form a droplet cloud of the drug solution or suspension. Larger droplets return to
the reservoir surface under the influence of gravity or hit the baffles; with the aid
of an internal fan smaller droplets pass out with the air stream. Nebulisers in
general, have a higher delivery capacity capable of administering much higher
doses than other delivery devices. They are effectively efficient with breathless
hospitalised patients, elderly and young children.

1.6.5.1.3 Vibrating mesh nebulisers
In 1993 Omron Healthcare introduced the first electronic nebuliser with
Vibrating Mesh Technology. The Micro-Air was the first nebuliser of its kind to
utilize a ceramic mesh plate and low frequency vibration to create a therapeutic
aerosol. Vibrating Mesh Technology is the use of low frequency vibration (180
kHz) produced by a horn transducer that pushes medication through a metal alloy
mesh plate with over 6000 holes to create an efficient, therapeutic, low velocity
aerosol. Unlike Metered Dose Inhalers (MDFs) with “high velocity” aerosol
delivery, difficult inhalation techniques and the need for “spacing devices”, the
Micro-Air delivers low velocity aerosol and requires no coordination issues with
breathing.
1.6.5.1.4 Limitations and improvements in nebuliser technology

Nebulisers are generally regarded as relatively inconvenient due to long
inhalation times, poor dose control, and lack of portability (Hess, 1995). The
amount of drug reaching the lungs from traditional nebulisers is typically only 6
to 20% of the nominal dose placed in the nebuliser, which is a result of the large
residual volume usually left in the reservoir at the end of the treatment. Both
types of nebulisers generate aerosols even when the patient is exhaling, emitting
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these aerosols into homes and hospitals environments create health risks to
others. The variation in aerosol particle size emitting from nebulisers raises a
major issue on final destination of the aerosolised drug (Agu et a l, 2001).
A number of new strategies have been introduced to modify conventional
nebulising therapy. There have been new adaptations of existing jet nebuliser
technologies to produce dosimetric systems e.g., Halolite and circulaire.
Boehringer Ingelheim has developed the portable Respimat, overcoming the
portability problem associated with nebulisers (Newman et a l, 1998). Although
nebulisers are unlikely suitable to deliver systemic macromolecular drugs due to
the high shear forces exerted during the nébulisation process domase alpha
(Pulmozyme®, Roche) is a currently licensed pulmonary formulation of a
macromolecular drug.

1.6.5.2 Pressurised meter dose inhalers

Since the 1950s, pressurised meter dose inhalers (pMDIs) have remained the
most popular type of inhaler used for pulmonary delivery. A typical pMDI
utilises a reservoir, containing the drug dissolved or suspended in a non polar
liquefied propellant, a metering valve and a spray actuator, which is attached to
the stem of the metering valve (Figure 1.5). Depending on the generated internal
pressure, there are two types of canisters used for pMDI: plastic-coated glass or
aluminium. The aluminium containers are the most widely used as they are light,
robust, cheap and can withstand internal pressures of >400kpa. The function of
the metering valve is to accurately deliver a reproducible amount of the drug
formulation. During a steady state the metering valve communicates with the
contents of the tank holding the doses. Compressing the valve stem activates the
inhaler. The communication between the metering tank and the retaining cup is
closed, and the metering tank empties through the opening in the valve system.
Pushing down on the canister allows the measured quantity to escape via the
nozzle (Clark, 1995). The presence of an elastomer seal is critical to the metering
valve performance as it controls the propellant leakage.
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Aluminium canister
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Propellant droplets
containing drug
Actuator

Figure 1.5: Schematic diagram of a typical metered dose inhaler (adapted from
Taylor and Kellaway, 2001)

The actuator permits easy actuation of the valve. The pMDI stem fits into the
actuator part of the mouth piece, providing an orifice through which the spray is
discharged and directing it into the patient’s mouth. The diameter of the orifice
affects the aerosol cloud generated, and by controlling the spray rate of the drug
which inturn affects particle size (Byron, 1990). The propellants used in pMDIs
have a vapour pressure o f about 350-400kPa at room temperature. These
propellants main function is to generate fine particle aerosols. Pushing down the
actuator opens the valve into the low pressure of the atmosphere, inducing rapid
evaporation of the propellant, releasing the required drug dose (Ross and Gabrio,
1999). Chlorofluorocarbons (CFCs) have been used as propellants for pMDIs.

The

most common CFCs used in mixtures of pMDI formulations are

dichlorodifluoromethane (CFC 12), dichlorotetrafluoroethane (CFC 114), and
triclorofluoromethane (CFC 11) (Figure 1.6). By blending CFCs it is possible to
achieve formulations with appropriate vapour pressures, boiling points, and
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densities. Although CFCs are considered safe for human use when given in the
recommended dose, chlorine atoms in CFC propellants have been linked to the
depletion of the stratospheric ozone and are now scheduled to be phased out
under the terms of the “Montreal Protocol” on substances that deplete the
stratospheric

ozone

(DiSousa,

1995).

Pharmaceutical

propellants

being

considered to replace CFCs are from the organic compound class of
hydrofluoroalkanes (HFA), which contain only carbon, hydrogen, and fluorine
atoms. Hydrocarbons such as propane and butane have also been suggested as
propellants because they are relatively stable, odourless, and have boiling points
and vapour pressures in the same range as the fluorocarbon propellants (Byron et
a l, 1994). These compounds have the advantage of being inexpensive, but their
flanunability causes them to be potentially dangerous for routine use (Leach,
1996). Alternative propellants are HFA-134a (1,1,1,2-Tetrafluoroethane) and
HFA-227( 1,1,1,2,3,3,3-Heptafluoropropane), and these compounds don’t deplete
the atmospheric ozone. The main problem associated with using HFAs as
propellants is that surfactants, such as oleic acid, sorbitan trioleate (Span 85) and
lecithin, which are used to stabilise drug particles are insoluble in them (Byron et
a i, 1994).
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Figure 1.6: Propellants used for metered dose inhalers (adapted from Lalor and
Hickey, 1996).

As a solution to this problem, the use of ethanol was considered to aid in the
dissolution of surfactants. Another solution involved the use of HFA-soluble
surfactants. A typical formulation of a CFC containing pMDI consists of the drug
particles suspended in the CFC mixture. Surfactants are used to disperse drug
particles in concentrations of around 0.1-2%w/w (McDonald and Martin, 2000).

1.6.5.2.1 Limitations and improvements in pMDIs technology

The main advantage of pMDIs is their durability; they offer small convenient
sizes. They are also inexpensive. A major disadvantage of pMDIs is the large
size droplets with high velocity released through the actuator orifice. This leads
to extensive impaction of the aerosol droplets with the oropharyngeal region
(Dolovich et a l, 1983). This is especially prevalent in patients stopping their
inhalation immediately after actuation. With pMDIs, patients can experience
problems in developing the proper inhalation technique and to coordinate
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actuation with inspiration. Spacers and holding chambers have been developed in
an attempt to overcome this problem. Spacers are extensions of the pMDI
canister, which allow deceleration of the emitted aerosol and hence reduce the
need for patient coordination (Buckley, 1989).

Another drawback associated

with the use of pMDIs is the failure of both elderly patients and patients with
neurological diseases to coordinate the depression of the actuator with the act of
inhalation (Gray et al, 1996). This may be due to the fact that these patients
don’t have enough hand strength to depress the canister (Horsley and Bailie,
1988). A breath actuated device, such as the autohaler, is an alternative approach
to achieve patient coordination between actuation and inspiration. This device
detects the appropriate inhalation rate for automatic triggering of the pMDI
(Molimard et a l, 2005).

1.6.5.3 Dry powder inhalers

The problems associated with the use of CFC propellants in pMDIs and the
technical difficulties associated with the development of nebulisers have led to a
resurgence of interest in dry powder inhalers (DPIs). These devices combine
powder technology with device design in order to disperse dry particles as an
aerosol. In recent years, the emphasis has changed from unit dose systems which
employ only the patient’s breath to generate the aerosol, to devices with multiple
dosing reservoirs. A brief description of the most popular DPIs is summarised
below:

Spinhaler made by Aventis, UK was the first commercially successful DPI and
was used for the delivery of disodium cromoglycate (DSCG). A single dose of
pure micronised drug loaded in a gelatine capsule is mounted in the inhaler.
Piercing this gelatine capsule leads to perforating its surface, allowing the patient
to inhale the powder contents via a mouthpiece (Vidgren et a l, 1987).

Rotahaler made by GlaxoSmithKline, UK and cyclohaler made by Novartis,
Switzerland are single-dose devices using powder drugs with a carrier contained
in gelatine capsules. Beclomethasone and salbutamol are examples of drugs used
with these types of inhalers. Drugs are inhaled using the same technique as that
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of spinhaler (Pover et al., 1988). Diskhaler made by GlaxoSmithKline, UK is a
multidose system. This system uses disks with four to eight inhaled doses based
on a disk with aluminium foil blisters. These blisters are pierced by the device,
allowing the patient to inhale the powder contents via a mouthpiece (Pover et al.,
1988). Turbuhaler made by Astra Zeneca, Sweden is considered the first modern
DPI. It was the first inhaler device to use a multidose reservoir employing a
dosing disk to meter the dose (Wetterlin, 1988). This device was designed to
deliver 200 doses of Img terbutaline sulphate. Turning the base of the inhaler
moves the dose into conical cavities, which in turn move by means of the patient
inhalation air stream through inhalation channels inducing a turbulent flow. This
air stream reaches the patient through the mouthpiece. New DPI designs like
discus/ accuhaler, and spiros are available some of which are already in the
market and some are still under investigation.

1.6.5.3.1 Advantages and disadvantages of DPIs

The main advantage of DPIs is that they are breath-actuated and require no
coordination between patient and device. With DPIs, there is less drug loss due
to impaction than with pMDIs as the particles are travelling at a slower speed.
There is also no need for the use of propellants which is the problem with
pMDIs. The use of spray drying and milling techniques to prepare powder
formulations for DPIs exhibits these small size particles high surface energy.
This leads to particle aggregation making redispersion a difficult task which in
turn affects flowability (Staniforth et al., 1982). This problem was approached by
using a carrier particle such as lactose. These carrier particles are with much
larger size range such that they can regulate the formulation flowability
(Staniforth et al., 1982). As the powder distribution pattern is dependent on the
velocity of air flow, which is driven by the patient’s inhalation. Therefore,
children, elderly patients and those with severe respiratory diseases are usually
unable to inhale reproducible doses. The use of motors, supercritical carbon
dioxide and compressed air, all of which disperse powder formulations
independent of patient inspiration (Gonda, 2000). The clinical outcome of
nebulisers, pMDIs, or DPIs also depends on patient compliance. Poor patient
compliance increases the possibility of associated side effects and fluctuations in
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drug levels. Most studies do not provide relevant information regarding patient
preference and compliance (Boe et a l, 1992).

1.7 Interest in biotherapeutics for pulmonary delivery

It was not before the late 1970s that the obvious advances in drug delivery were
made. The significant advances in biotechnology and molecular biology directed
drug delivery research towards delivering biotherapeutics. This includes
peptides, proteins and gene delivery.

1.7.1 Peptides and proteins

The possibility of peptides and proteins as drug candidates increased
dramatically with the development of solid-phase peptide synthesis. Protein
therapeutics are drugs that are based on protein molecules. The root of peptide
chemistry is the formation of an amide bond, which results from the combination
of an acid and an amine with the liberation of water. If the carboxylic acid and
the amino components of the reaction are derived from amino acids, the product
of the reaction is regarded as a peptide. Peptides consist of shorter chains of
amino acids. Their physical and chemical behaviour is predicted from the
behaviour of their constituent amino acids. Proteins are large peptides whose
physical and chemical properties depend also upon conformation. Peptides
exceeding 50 amino acid residues are usually considered proteins, while smaller
ones are simply peptides. Protein drugs are composed of long chains of amino
acids posses a unique three-dimensional structure. Several ionisable functional
groups are contained within the amino acids side chains. Stability of peptides and
proteins is affected by environmental factors, including ionic strength,
temperature and pH. The majority of peptides and proteins acquire a zero net
charge at their isoelectric point. The isoelectric point will vary between different
types of proteins as they contain different amounts of negatively and positively
charged side chains. Peptides and proteins tend to be unstable in solutions and to
undergo dénaturation, the extent of which strongly depends on the solution
properties (Lee, 1991). These factors will obviously have an impact on
formulation characteristics aimed for a specific inhalation device. Diffusion
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across lung membranes is sensitive to molecular weight, and since peptides and
proteins are macromolecules, they may slowly diffuse across membranes.
Stability of peptides and proteins in vivo is also an important issue since they are
subjected to degradation by numerous enzyme systems throughout the
respiratory tract.

1.7.2 Gene delivery

The delivery of genes via the pulmonary route holds promise for the treatment of
a broad spectrum of pulmonary diseases like cystic fibrosis, asthma, chronic
obstructive pulmonary disease, lung cancer and more could be treated by highlevel and long-term expression of the corresponding gene of interest (Jenkins et
al., 2003). Furthermore, the pulmonary port may also be used for DNA
vaccination inducing both systemic and local immune responses (McMurray,
2003).

1.7.2.1 Gene therapy

The treatment or prevention of a disease using genes to provide the patient’s
somatic cells with the genetic information necessary to produce specific
therapeutic proteins to correct a disease is defined as gene therapy. In most gene
therapy studies, a "normal" gene is inserted into the genome to replace an
"abnormal," disease-causing gene. A carrier molecule, called a vector, must be
used to deliver the therapeutic gene to the patient's target cells. Currently, the
most common vector is a virus that has been genetically altered to carry normal
human DNA. Viruses have evolved a way of encapsulating and delivering their
genes to human cells in a pathogenic manner. Scientists have tried to take
advantage of this capability and manipulate the viral genome to remove diseasecausing genes and insert therapeutic ones (Anderson, 1992). Target cells such as
the patient's liver or lung cells are infected with the viral vector. The vector then
unloads its genetic material containing the therapeutic human gene into the target
cell leading to transgene expression of virtually encoded genes. The generation
of a functional protein product from the therapeutic gene restores the target cell
to a normal state (Benihoud et at., 1999).
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1.7.2.1.1 Types of viral vectors
Several different viral vectors have been developed for gene therapy including
those derived from retrovirus, adenovirus, adeno-associated virus and herps
simplex virus;
•

Retroviruses - A class of viruses that can create double-stranded DNA
copies of their RNA genomes. These copies of its genome can be
integrated into the chromosomes of host cells. A major drawback of
retroviruse vector is the highly pathogenic nature of the viruses from
which they are derived from. Human immunodeficiency virus (HIV) that
causes (AIDS) is a retrovirus. This needs a rigorous safety testing after
the widespread clinical application of such vectors.

•

Adenoviruses - A class of viruses with double-stranded DNA genomes
that cause respiratory, intestinal, and eye infections in humans. The virus
that causes the common cold is an adenovirus. The major advantage of
using recombinant adenoviruse is the relative ease of production and
purification. However, the major limitations of its clinical use are the
antibodies and cellular immune responses elicited after in vivo delivery.
This may be overcomed by the construction of improved recombinant
adenoviruses.

•

Adeno-associated viruses - A class of small, single-stranded DNA
viruses that are capable of permanently insert their genomes into the host
cell chromosomes. However, to develop packaging cell lines that can
produce sufficient titres of AAV for clinical use, a helper virus is needed.

•

Herpes simplex viruses - A class of double-stranded DNA viruses that
infect a particular cell type, neurons. Herpes simplex virus type 1 is a
common human pathogen that causes cold sores.

1.7.2.1.2 Non viral gene delivery system
Besides virus-mediated gene-delivery systems, there are several non viral options
for gene delivery. The simplest method includes the injection of naked DNA into
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tissue where its cells will take up the DNA (He et a l, 2000). The use of lipid
based and polymer based gene delivery systems are also under investigation.
Plasmids may interact electrostatically with cationic lipids or incorporated into
anionic or neutral liposomes. Many studies have been conducted investigating
the use of liposomes for the delivery of antigens demonstrating that liposomal
formulations are non-toxica and non immunogenic at therapeutic doses (Kersten
et al., 2003; Bramwell et a l, 2002). Several properties make liposomes attractive
gene delivery system; (i) Formulation aspects permit versatility in the choice of
physicochemical properties required; i.e. a large variety of lipids, lipoproteins, or
lipopolysaccharides can be modified greatly to achieve the desired surface
charge, hydrophobicity or steric properties; (ii) Can be prepared in bulk, sterile,
and in most cases the method of entrapment results in little or no damage to the
DNA (Rogers and Anderson, 1998). The disadvantages of using liposomes as
gene delivery systems are the low transfection and encapsulation efficiencies.
Another form for delivering genes is polymer based gene delivery systems. They
are composed of cationic polymers, neturalising the plasmid negative charge
through complexation (Anwer et a i, 2000). Cationic polymers contain
protonatable amine residues that combine with the phosphates on the plasmid.
This

polymer-plasmid

complex

is

modified

to

mediate

environmental

interactions and intracellular trafficking overcoming various barriers to gene
transfer (De Laporte et a l, 2006).
Polyethylenimine (PEI) is an organic molecule with a high cationic charge
density. Every third atom is amino acid nitrogen that can be protonated (Boussif
et a l, 1995). PEI is believed to enhance the intracellular trafficking of plasmids
by buffering the endosomal compartments (Boussif et a l, 1995). PEI has
different molecular weights associated with different transfection efficiencies
(Fischer et a l, 1999). The nature of these polymers enables researchers to
successfully introduce targeting ligands to their surfaces. PEGylated PEI
polyplexes were linked to tumour specific ligand transferring resulting in five
fold increase in the transfection efficiency with lower toxicity in comparison
with pegylated (transferrin-free) PEI polyplexes (Kircheis et al, 2001).
However, the long term use and toxicity of PEI need to be further investigated
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(Chollet et a l, 2002). The potential of PEI-DNA complexes as gene delivery
systems will continue to stimulate research into their further development.
Poly(L-lysine) (PLL) are linear polypeptides with the amino acid lysine as the
repeat unit possessing a biodegradable nature that is very useful for in vivo
applications. However PLL complexes are rapidly bound to plasma proteins and
cleared from the circulation (Ward et al, 2002). PLL was found to posses poor
transfection ability when applied alone or without modifications. The addition of
chloroquine was found to increased transgene expression, suggesting that
endosomal escape is a major block to efficient transfection. The low in vivo
transfection efficiency of PLL-DNA complexes has prevented the clinical
application of this stable complex to date. (Foster and Kern, 1997; Brown et ai,
2000). Pulmonary gene therapy is attractive for the treatment of chronic
bronchitis, cystic fibrosis, lung cancer and many other lung diseases. Initial
clinical trials in cystic fibrosis and non-small cell lung cancer have not been as
good as might have been anticipated. The lack of success of pulmonary gene
therapy is due to lung physical barriers to inhaled particles, the poor transfection
efficiency of some non-viral systems, and the immunogenicity of viral systems.
Despite the promising results presented to date regarding gene therapy, there are
still a lot of scientific issues that need to be cleared and resolved. There is also a
concern that all these results may vary as they were obtained in animals and not
in humans. A lot of research is needed especially in the non viral gene delivery
systems to increase its efficiency.
1.7.2.2 Nucleic acid vaccines

Vaccination is regarded as a cost effective measure against infectious diseases.
The intensive widespread use of vaccines has decreased or even eradicated the
spread of some diseases. Small pox is a life example of a disease that was
eradicated during the 1970s period. Moreover, the application of childhood
vaccination programs lead to the control of diphtheria, measles, pertussis, and
rubella in developed countries. This control is also on its way in the developing
countries. The goals of any vaccine are to be efficient in all individuals of any
age, to provide life long protection without any adverse effects and to be easily
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administered. The principle of vaccination was derived from the reaction of the
immune system towards infections. Vaccination mimics an infection in such a
way that the immune system mounts the resistance to a given pathogen and
acquires memory to it while the host remains free of the disease. This process is
achieved using the pathogen itself (killed or attenuated) or parts of it presented to
the immune system, so that the immune system produces specific B and T-cells
able to combat the infectious agent in absence of a dangerous infection. Vaccines
represent an effective healthcare measure in terms of disease prevention, and
reduction of human morbidity and mortality however, many challenges are being
faced with regard to vaccine formulations, achieving efficient immune responses,
and elicit toxicity. There are several types of vaccines available, including live
attenuated, killed/inactivated, purified subunit, and nucleic acid vaccines.

Nucleic acid vaccination involves the administration of DNA or RNA encoding
antigens to induce an immune response through expressing the foreign protein.
DNA vaccines consist of a plasmid vector that expresses the protein of interest
(e.g. viral protein) under the control of an appropriate promoter. Following
administration of plasmid DNA, host cellular mechanisms are used to express the
encoded antigen and present it to the cells of the immune system. This
mechanism of presentation of the antigen effectively mimics a natural infection,
while employing the benefits of a subunit vaccine, precluding the introduction of
the live pathogen to the immunised subjects. To induce an effective immune
response to the encoded antigen the plasmid DNA must escape the harsh
environment induced by the lysosomes to be able to enter the cell nucleus for
subsequent transcription and translation of encoded antigen (Lodmell et al.,
2000). To achieve this protection for the administered DNA, different methods of
formulation are under research including the use of pH-senstive liposomes,
polyethylenimine or weakly basic molecules. Advances in the manipulation of
the immune system utilising these DNA vaccines has provided a therapeutic
approach which may have application in a variety of human diseases (Spack and
Sorgi, 2001). Cleland et al., (1997) showed that orally administered luciferase
plasmid encapsulated in PLGA microspheres was capable of eliciting systemic
and mucosal responses to the enzyme. Denis-Mize et al., (2000) showed immune
responses to HIV-1 DNA vaccine adsorbed unto the surface of cationic
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microparticles. Other methods of preserving the integrity of plasmid DNA have
been reported by the encapsulation of DNA complexed with poly-1-lysine (PLL)
and showed increased preservation of the supercoiled conformation and stability
to DNase I degradation as compared to the free DNA (Capan et a l, 1999). The
mechanism of DNA vaccination, in terms of the cells involved and the process of
antigen presentation is not fully understood. Several potential pathways have
been proposed since the immune response to naked DNA may be low in humans
(Mollenkopf et al., 2004) high quantities of plasmid may need to be given. Thus,
immune responses to plasmid DNA formulations often need to be optimised by
modification of plasmid DNA, co-administration with adjuvants/carriers or
special delivery systems.

The main advantage of using this approach is the ability to encode multiple
antigenic components in one formulation. Other advantages include the DNA
heat stability, lower costs of production, and the ability to induce a long term
immune response (Bergmann-Leitner and Leitner, 2004). However the long term
safety of using nucleic acid vaccines is not known. There is also a major concern
regarding the possibility of integration of the DNA vaccine into the host.

1.8 Approaches for the development of an efficient pulmonary drug
delivery system

A number of proposed pulmonary delivery systems are under investigation. The
development of such systems is either directed towards the enhancement of
existing systems for local respiratory action, or aimed for systemic circulation.
Researchers have identified liposomes, biodegradable microspheres and drug
carrier conjugates as potential systems for controlling and efficiently releasing
drugs in the respiratory tract.
1.8.1 Liposomes

Gently dispersing phospholipids in an aqueous medium makes them swell,
hydrate, and spontaneously form concentric bilayer vesicles surrounding the
aqueous core. Liposomes can be unilamellar, with only one bilayer, surrounding
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an aqueous core or multilamellar with a many concentrically oriented bilayers
surrounding the aqueous core. This bilayer structure is composed of hydrophilic
head groups facing outwards with two hydrophobic chains facing inwards.
Liposomes diameters vary between 25nm and 20|xm and is dependent on the
method of preparation (Storm and Crommelin, 1998). Lypophilic drugs can
migrate in the hydrophobic environment in the bilayer structure, while
hydrophilic drugs can be captured in the aqueous compartment. The efficiency
and rigidity of the

lipid bilayer depends mainly on the lipids

used.

Phosphatidylcholine and phosphatidylglycerol are the main types of lipids used.
Liposomes are used as drug carriers and can be loaded with a great variety of
molecules such as small drug molecules, proteins, nucleotides and even
plasmids. They are the most extensively studied systems for controlled delivery
of drugs to the lung, because they can be prepared with phospholipids present in
lung

surfactant

and

lung fluids,

and would

therefore

decrease

their

immunogeicity and be well tolerated by the lung. Many drugs have been
incorporated into conventional liposomes with a view to improving their
pulmonary delivery,

these include cytotoxic agents, anti-asthma

drugs,

antimicrobial and antiviral compounds, antioxidant agents and drugs with
systemic action (Konduri et al, 2005; Saari et a l, 2002). Pulmonary delivery of
insulin encapsulated within liposomes has been shown to induce a significant
hypoglycaemic effect following inhalation. However, there was a difference in
the rate of absorption between liposomally entrapped insulin and the solution of
empty liposomes with insulin solution (Huang et al., 2006). Cationic liposomes
offer a promising system for gene delivery (Gowen et al, 2006). Their positive
charge interacts with and neutralises the negatively charged DNA. Cationic
liposomes have also been used as adjuvants for the delivery of encapsulated
hepatitis B surface antigen. Animals given plasmid DNA encapsulated in
cationic liposomes displayed a significant antigen specific humoral antibody
response than animals given naked DNA alone. These results could be explained
by the ability of liposomes to protect their DNA content from local nucleases and
direct it to APCs in the lymph nodes draining the injected site (Gregoriadis et a l,
2005). Many liposomal preparations, aiming to increase drug residence time after
injection are still under investigation. Covalently attached liposomes with

49

Chapter one- Introduction
hydrophilic polymers to the liposomal bilayer, creating stealth liposomes were
shown to achieve prolonged circulation times (Stenekes et al., 2000).

1.8.2 Biodegradable microparticles

Several criteria must be taken into account when a biodegradable polymer-based
formulation is to be considered. The polymer chosen must degrade biologically
after the protein has been completely released from it. The pharmacological and
chemical properties of the protein must not be altered by the chosen polymer.
Polymer by-products should be biocompatible and non toxic. Biodegradable
microparticles have been studied as drug carriers since the 1970s. These
microparticles are studied for administration via different routes, such as oral,
parenteral and mucosal surfaces. Microparticles with a wide range of sizes and
degree of porosity microparticles can be prepared depending on the type of
polymer and the required mode of action (Byron, 1990). Biodegradable
microparticles can be loaded with a great variety of molecules, either by
encapsulation or adsorption to their matrix. Microparticles may be referred to as
microspheres due to their aerodynamic shape. They can be prepared in a variety
of sizes within the nano and micron scale.

Studies employing inhaled microparticles target a size range of (1-lOpm), as
being an ideal range for delivering formulations to all regions of the respiratory
tract. The porosity of these microparticles is considered a potential advantage
regarding

lung

deposition.

Porous

microparticles

possess

an

effective

aerodynamic structure to target the alveolar region due to the small surface area
and the lower density of the microparticles (Gupta et al, 1997). Biodegradable
polymers are always the most suitable and preferred for formulating
microparticles. The concept behind using these polymers is to entrap drug
molecules inside the microparticles core or to homogeneously disperse it within
the polymer matrix. This will protect the therapeutic agents from degradation by
nucleases and proteases, especially of protein, peptide, and nucleic acids drugs
(Moghimi et al, 2001). The release of a drug from biodegradable microparticles
can be controlled by modulating polymer characteristics to achieve the desired
therapeutic level for the required duration (Langer et a l, 1990). A key factor in
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the design of biodegradable microparticles is the choice of an appropriate
polymer. There are a variety of biodegradable polymers with either a synthetic
or natural origin (Table 1.1), which degrade in vivo either enzymatically or nonenzymatically and are metabolised, excreted through normal physiological
routes.

Synthetic polymers

Natural polymers

Polyorthoesters

Albumin

Polyanhydrides

Gelatine

Polyamides

Globulin

Polyalkylcyanoacrylates

Starch

Polyesters
i Lactides / glycolides,

chitosan

ii Polycaprolactones
Polyphosphazenes

Cellulose

Pseudo-polyamino acids

Dextran

Table 1.1: Main groups of synthetic and natural polymers used in drug delivery
(adapted from Sinha et ai, 2003)

Polyorthoesters offer the advantage of being able to taller their mechanical
properties by selecting the appropriate mixture of diols during synthesis. The rate
of hydrolysis of the acid linkages in their backbone can be altered by means of
acidic or basic excipients already present in their matrix (Pillai and Panchagnula,
2001). This leads to polymer surface erosion. Some groups have reported using
polyorthoesters as pH sensitive polymer systems for insulin delivery (Shaikh et
a l, 2005).

Polyanhydrides undergo hydrolytic degradation and then are excreted through a
biological pathway. The biscarboxyphenoxypropane monomer is excreted in the
urine, and the sebacic acid monomer is exhaled as carbon dioxide after being
metabolised by the liver. The time that drugs can be released from
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polyanhydrides can be controlled by choosing a suitable monomer (Torres et a l,
2006).

Polyesters are a group of biodegradable polymers, which have attracted
researchers, and their mode of action has been extensively studied. Poly (lactic
acid) (PLA), poly (glycolic acid) (PGA) and their block copolymers, poly
(lactide-co-glycolide) (PLGA) are the most commonly used. PLGA is well
defined biomaterial in regards to drug delivery design and performance. PLGA
polymers are prepared from the cyclic esters of lactic and glycolic acids (Cowsar
et a l, 1985). High molecular weight polymers are synthesised by ring opening
polymerization of cyclic diesters, while low molecular weight polymers are
prepared via polycondensation of lactic and glycolic acids (Langer et a l, 1990).
These polymers degrade by non-enzymatic hydrolytic de-esterification to form
lactic acid and glycolic acid, which are products of regular metabolism that
finally produce carbon dioxide and water (Sanders et aL, 1984). The approval of
polylactides for human use by the Food and Drug administration has shifted
researchers to investigate these polymers as delivery systems. Since proteins are
poorly insoluble in poly (esters) their release will be affected by the polymer
degradation. A wide range of copolymer ratios and molecular weights are
available. Altering copolymer ratios affects biodégradation due to the variation
of glass transition temperature and hydrophilicity (Sanders et al, 1984). Higher
molecular weight co-polymers will exhibit higher viscosities leading to a
variation in degradation period (Freiberg and Zhu, 2004). Nebulised insulin
loaded PLGA nanospheres were administered via a spacer. The blood glucose
level was reduced significantly and the hypoglycaemia was prolonged over 48 h
with the PLGA preparation, compared to the nebulised aqueous solution of
insulin as a reference (6 h) (Kawashima et a l, 1999). Waeckerle-Men et a l
(2006)

have

investigated

biodegradable

poly(D,L-lactide-co-glycolide)

microspheres (PLGA-MS) as carriers of peptides and proteins for antigen
delivery to human monocyte-derived dendretic cells. They concluded that
antigen delivery via PLGA-MS markedly enhanced the duration and potency of
antigen presentation by human dendritic cells.
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Poly (caprolactone) (PCL) is a non-toxic biodegradable polymer. It is the
polymer of a cyclic ester (e-caprolactone) synthesised by anionic or cationic
polymerisation of e-caprolactone (Langer et al, 1990). Compared to other
polyesters PCL is strongly hydrophobic, which may enhance mucosal uptake
(Jameela et a l, 1997). One of the major advantages of PLGA and PCL is their
stability at room temperature. Thus, if the encapsulated or adsorbed protein is
also stable at room temperature, there will be no need for refrigeration (Newman
et al, 1995).

Despite the advantages and promising results that synthetic biodegradable
polymers offer, there is an interest in exploring the use of natural biodegradable
polymers as delivery systems. This is simply because they are natural products of
living organisms. Albumin microparticles are biodegradable colloidal particles
and their degradation product lacks toxicity and immunogenicity (Berry et a l,
2003). Albumin microparticles have found many applications in diagnosis and
treatment in recent years and more than 100 diagnostic agents and drugs have
been incorporated into albumin microparticles (Dandagi et a l, 2006). The
albumin bound SPCK prolonged the protection against emphysema for 8 hours
compared to 15 minutes with free SPCK. Albumin has also been shown to be an
effective mucosal DNA vaccine delivery agent. This study suggests that
pulmonary targeting may be a useful method for delivering DNA vaccines
directed against other respiratory pathogens (Harcourt et a l, 2003).

Chitosan is a natural polymer that enhances protein absorption across epithelia
(Senel et al, 2000). The positively charged chitosan binds to the negatively
charged sites in the mucosa, increasing the adhesiveness to epithelial surfaces
with minimal cellular damage (Aspden et al, 1996). A study used spray drying
to prepare protein loaded chitosan microparticles targeting the lungs (Grenha et
a l, 2005), showed an efficient protein loading capacity (65-80%) using chitosan
and also adequate characteristics to reach the deep lung. Yamamoto et a l (2005)
showed that the pulmonary administration of PLGA nanospheres with chitosan
(CS) was more slowly eliminated from the lungs than unmodified PLGA
nanospheres. The CS-modified PLGA nanospheres loaded with calcetonin
reduced blood calcium levels to 80% of the initial calcium concentration action
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than that by CS-unmodified nanospheres. In recent years, the potential of
chitosan as a polycationic gene carrier has been explored in several research
groups (Chen et al., 2005). The effects of pulmonary delivery of new DNA
plasmid encoding epitopes from Mycobacterium tuberculosis formulated in
chitosan nanoparticles were evaluated for pulmonary administration (BivasBenita et al, 2004). It was shown that the chitosan formulations induced
increased levels of IFN-gamma secretion compared to pulmonary delivery of
plasmid in solution or the more frequently used intramuscular immunisation
route. Guliyeva et al. (2006) investigated the stability of plasmid DNA
encapsulated in chitosan microparticles for oral delivery. They concluded that
chitosan-DNA microparticles could protect the encapsulated plasmid DNA from
nuclease degradation. Although a number of biodegradable microparticles have
proved to be non toxic, non immunogenic and biocompatible following injection
there are still a few studies employing delivering these microparticles to the lung.

1.8.3 Drug carrier conjugates

Complexes with cyclodextrins (CYDs), covalently linked drug dextrans and
Poly(ethylene glycol) (PEG) drug conjugates are examples of drug carrier
conjugates. Cyclodextrins are cyclic non-reducing oligosaccharides capable of
forming non-covalently bonded complexes with drugs. Some research groups
were trying to evaluate the use of these complexes to sustain the release and
enhance incorporating drugs (Ukema and Otagiri, 1987). The absorption rate of
salbutamol from 2 hydroxypropyl-y9-cyclodextrin was investigated on pulmonary
epithelium both in vitro and in vivo (Wall et al, 1994). Salbutmaol absorption
rate was prolonged in vitro but there was no sustained effect when the complex
was given intratracheally. The feasibility of using different cyclodextrins (CYDs)
to deliver pharmaceutical formulations for the inhalation route was tested in vivo
(Evrard et al, 2004). It was concluded that CYDs are useful in significantly
enhancing the solubility of apolar drugs with a view to inhalation therapy with no
significant toxicity.

Dextran is a hydrophilic macromolecule possessing numerous hydroxyl groups.
The therapeutic effects of aerosolised surfactant in rats with experimental adult
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respiratory distress syndrome were used to evaluate the effect of adding Dextran.
Inhalation of aerosolized dextran potentiates the effects of aerosolised surfactant
by prolonging the therapeutic response (Cui, 2003). Polyethylene glycol (PEG) is
a neutral, water-soluble, nontoxic polymer comprising any number of repeating
units of ethylene oxide. The process of attaching one or more chains of PEG to a
protein molecule is termed PEGylation. It is designed to increase the size of the
active molecule and ultimately improve drug performance by optimising
pharmacokinetics, increasing duration of action, and reduce immunogenicity
(Fee et al., 2006). Nektar used advanced PEGylation technology to develop a dry
powder-inhaled polyethylene glycol (PEG) formulation. The PEG-insulin
formulations were delivered efficiently across the lungs and found to have a
prolonged presence in the serum of dogs. The addition of 10% PEG into the poly
(ether-anhydride) backbone significantly enhanced deposition in the lower stages
of an in vitro lung model following aerosolisation from a DPI (Fiegel et al,
2004).
1.9 Approaches used to enhance absorption across pulmonary epithelium
The interest of scientists to deliver peptides and proteins via routes other than the
parentral route has presented considerable challenges. Their fragility, liability to
chemical and enzymatic degradation and their large molecular size need optimal
management especially if it is to be pulmonary delivered (Agu et al, 2001). The
use of excipients, absorption enhancers and enzyme inhibitors are among the
strategies investigated to achieve efficient pulmonary drug administration
(Niven, 1995).

1.9.1 Excipients

Pharmaceutical formulations contain both active ingredients and inactive
materials called excipients. The formulation behaviour is dependent on the
interrelationship between the various excipients and the active ingredient (Lee,
1991). A wide variety of excipients are used in oral formulations, however there
are still many concerns regarding their use in pulmonary delivery. On the other
hand there are some excipients currently used in licensed pulmonary
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formulations. Lactose, soya lecithin, sodium chloride, calcium chloride and the
new HFA propellants are examples of these already in the market. The toxic
effects of excipients, allergic reactions to them, disease-specific intolerance are
the main concerns regarding the use of any new excipient intended for
pulmonary delivery. In addition, formulators need to be aware of the potential
environmental impact as in the case of CFCs used in the pMDIs.

1.9.2 Penetration enhancers

Penetration enhancers are chemical entities that facilitate the transport of co
administered substances across biological membranes. There are different types
of penetration enhancers, each of which has a different mechanism of action.
Chelators such as citric acid and EDTA chelate calcium ions leading to opening
of tight junctions. Surfactants such as bile salts and polyoxyethylene act by
solubilising cell membrane lipids which alter membrane structure and enhance
transcellular transport by extracting membrane components or increasing
fluidity. Bile salts, anionic and cationic surfactants have been shown to increase
absorption by altering mucus structure and rheology there by weakening the
diffusion barrier. Shen et a l (2000) showed that lanthanide ions are effective in
promoting pulmonary insulin absorption in rats. The effectiveness of absorption
enhancers for pulmonary insulin delivery was confirmed by Heinemann et a l
(2000) in a single-centre, open euglycaemic glucose clamp study in 13 healthy
male volunteers. Insulin inhaled with bile salt as an absorption enhancer led to a
considerably greater metabolic effect than was seen with inhalation of insulin
alone, although the intra-individual variabilities were comparable. There are
concerns regarding the safety of using penetration enhancers especially for the
pulmonary route (Armstrong et a l, 1997). The mechanisms of action of
penetration enhancers may cause serious damage to the epithelial tissues with
irritation of mucosal tissues (Lee, 1991). This tissue damage may be irreversible
rendering the epithelium permeable to toxic agents and organisms (Hussain et
a l, 2004).
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1.9.3 Protease inhibitors

Degradation is a major barrier in protein and peptide delivery to many routes
including the pulmonary route. Enzyme degradation is among the proposed
mechanisms opposing an efficient delivery to the lungs. Enzyme inhibitors are a
strategy to improve the bioavailability of proteins and peptides. Several studies
have demonstrated the potential usefulness of enzyme inhibition to improve
absorption of biotherapeutic agents via the lung (Shen et a l, 1999; Heinemann et
al., 2001). Morimoto et al. (2000) studied the contribution of tracheal absorption
to the systemic delivery, following intratracheal administration of peptide and
protein drugs using insulin as a model by intratracheal insufflation and
instillation. They found that the tracheal permeability of insulin was significantly
increased by using bestatin aminopeptidase B, leucine aminopeptidase inhibitor,
aprotinin trypsin and chymotrypsin inhibitors. Shen et al. (1999) evaluated the
degradation of insulin by proteolytic enzymes in the rat lung cytosol and
subcellular pellets. It was concluded that enzyme inhibitors like bacitracin and
sodium cholate noticeably enhanced the relative pharmacological bioavailability
of insulin when coadministered intratracheally. However, there are theories that
there is a lack of protease activity in the lung if compared to other routes
(Hussain et al, 2004). Proteins and peptides are also subject to multiple
degradation routes. Co administration of a single enzyme inhibitor does not
necessarily result in improved drug bioavailability. Therefore, a clear
understanding of the enzymes distribution and the degradation process is
necessary before using this strategy for pulmonary delivery.
1.10 Methods of preparation of microparticles
Different methods are used in the preparation of microparticles which may have
the advantage of being reproducible. The existence of many techniques offers the
ability for the preparation of different structures and sizes which in turn will
influence loading and release profiles of therapeutic agent from these particles.
Four main methods are described below: the single emulsion method, double
emulsion method, spray drying method, the freeze drying method.
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1.10.1 Single emulsion method
An emulsion is a two phase system prepared by combining two immiscible
liquids. One of these liquids is dispersed through the other liquid in the form of
small droplets. Oil in water emulsions are produced by the agitation of an
aqueous drug solution with a polymer dissolved in organic solvent. Agitation
continues until the solvent partitions into the aqueous phase. The solvent is then
removed by evaporation. This whole process will result in the formation of
microparticles containing the drug. Poorly water-soluble drugs and proteins have
been successfully encapsulated using the o/w emulsion solvent evaporation
method (Smith et al, 1995). Antigens were successfully encapsulated into PLLA
microparticles using the single emulsion method (Kidchob et al, 1998). The use
of ethanol as a cosolvent in the organic phase improved the quinidine loading in
PLA microparticles prepared by the single emulsion method (Al-Maaieh et al,
2001). It was concluded that the presence of ethanol as a water miscible
cosolvent decreased drug departing the microparticles thus increasing drug
loading.
1.10.2 Double emulsion method
Ogawa et a l (1988) were the first to introduce the double emulsion method for
the encapsulation of the water soluble peptide analogue of LHRH (Figure 1.7).
This technique involves the addition of an aqueous solution containing the drug
to an organic solvent in which the polymer is dissolved to form water in oil
emulsion (w/o). This primary water in oil emulsion is added to a secondary
aqueous phase, leading to the formation of water in oil in water (w/o/w)
emulsion. This involves agitation of both the aqueous and organic phases, their
coalescence and breakdown until equilibrium is reached between the two phases
(Arshady, 1991). The organic solvent is then removed by evaporation, leading to
droplet hardening and the formation of solid particles. The organic phase acts as
a barrier between the two aqueous layers, preventing drug diffusion towards the
external aqueous phase.
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1.10.2.1 Effect of stabilisers and phases volume microparticles
The double emulsion process involves two main steps: the first step is the
formation of droplets; the second step is the evaporation of the solvent leading to
the formation of microparticles. Under these circumstances the polymer has the
tendency to coagulate due to its viscous nature (Arshady, 1991). Stabilizers such
as polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) provides a thin
protective coat around the droplet preventing its coalescence allowing particle
formation (Zambaux et al, 1998). An increase in drug encapsulation efficiency
can also be achieved by increasing the stabiliser concentration, which prevents
drug diffusion towards the external phase (Blanco-Prieto et al, 1998). The
entrapment efficiency of lyzozyme in PLGA microparticles was evaluated using
PVA as an emulsifying agent within the internal phase (Weert et al, 2000). It
was concluded that the use of PVA increased the lyzozyme recovery to more
than 95%, while without PVA the recovery reached 65-80%. Varying stabiliser
concentration also affects the particle size. It was shown that less than 15%m/v
of PVA in the external phase will decrease the particle size while increasing it
beyond 15%m/v will increase the particle size (Watts et al, 1990). This effect
may be attributed to the fact that by increasing PVA concentration the viscosity
will increase leading to a decrease in the distribution of energy that being put into
the system during manufacture (Youan et al, 1999). Different stabilisers like
PEG, PVP, and Poloxamer 188 have been tested for their ability to stabilise
proteins and peptides. It was found that the encapsulation efficiency, release and
particle size were dependent on the characteristics of the protein and its affinity
for the polymers and stabilisers (Blanco et al, 1998).
Cohen et a l (1991) have reported volume of the internal phase is inversely
proportional to the loading efficiency. Since increasing the internal aqueous
phase volume will decrease the loading efficiency (Freytag et al, 2000). This
may be because an increase in the concentration of the drug in the internal phase
will lead to the drug diffusion towards the external phase, also the space
available for protein entrapment is decreased. On the other hand, an increase in
the volume of the external phase will increase particle size, thus increasing the
loading efficiency (Benoit et al, 1999).
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Figure 1.7: Schematic diagram demonstrating the stages of the double emulsion
method (adapted from Van der Graaf et ai, 2005)

1.10.2.2 Effect of organic phase volume and polymer on microparticles.
It has been shown that the organic phase volume has an effect on the internal and
external morphology o f the formed microparticle (Florence et al., 1982). A low
organic volume will lead to a high viscosity due to increased polymer
concentration, preventing the internal aqueous droplets from breaking up. The
eventual evaporation of these water droplets leads to the creation of pores (Figure
1.8) within the microparticles (Yang et al., 2001). A low organic phase volume
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will also affect micropaticle size. By lowering the volume of the organic phase
the polymer solution will be viscous preventing its breaking up to form small
droplets during the primary emulsion (Rafati et al, 1997). It was also reported
that using high polymer concentrations will lead to the formation of more porous
structures due to the increased solution viscosity (Rafati et al, 1997). The
loading efficiency of PCL was increased by increasing the polymer concentration
from 1% to 6% (Younan et al, 1999).
m u l tip l e ( o i l ) d r o p

internal aqueous drops
surfactant films

external aqueous phase

Figure 1.8: Schematic diagram showing a w/o/w double emulsion droplet
(adapted from Nissim et al, 1996)

1.10.3 Freeze-drying (lyophollsation)
Freeze-drying is the process of removing water from a frozen sample by
sublimation and desorption. The need for drying human plasma during World
W ar II provided the impetus for the fast development of the freeze-drying
process (Mladenov, 1993).The freeze-drying process can be divided into three
step: the initial freezing involves the formation of ice nuclei. The product is
frozen on the shelf through pipes filled with the refrigerant within the shelf. The
freezing temperature is usually below the sample eutectic temperature. The
chamber is then evacuated by a vacuum pump. The second step is primary drying
where the ice is separated from the solute phase by sublimation. During this
stage, heat is introduced from the shelf to the product by controlled electric
resistance coils or circulated hot water. This continues until the product is dry
which is named secondary drying this stage begins after all the frozen water has
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sublimed and can be facilitated by increasing the product temperature. The final
product usually develops a sponge-like matrix. Lyophilisation process main
mode of action involves freezing and drying which may cause dénaturation of
proteins. Rapidly freezing a protein may lead to increase the concentrations of all
solutes. Protein aggregation is strongly influenced by the change in pH causing
protein infolding or dénaturation (Stigter and Dill, 1990). Adding excipients to
the protein preparation may aid in stabilisation of protein during freeze-drying
(Arakawa et al, 2001). It was reported that the weight ratio of maltose as a
protective saccharide to catalyse not the bulk concentration offered the protection
(Imamura et al, 1991). Excipients are often added to small volume protein
formulations to increase the amount of solids. As if these small volumes are
freeze dried, their dried yield will be hard to detect. Regarding inhalation the
presence of excipients within the freeze dried protein will yield a more stable
solid carrier which can be suspended in a pMDI propellant (Liao et al, 2005).
1.10.4 Spray drying method
Spray drying is the most widely used industrial process that directly converts a
liquid into a dry powder in a single step. This process is compatible with the
continuous production of dry solids in either powder, granulate or agglomerate
form from liquid feed stocks as solutions, emulsions and pumpable suspensions.
Spray drying as a process is an ideal technique either on a small or large scale
when the final dried product must comply with precise quality standards
regarding particle size distribution, bulk density and morphology. Spray drying
as a process can have an obvious effect on the physico-chemical form of the final
powder (Masters, 1991). One of the main advantages with this process besides
being not time consuming is the rapid drying making it possible to spray dry the
heat sensitive macromolecules with negligible degradation due to the cooling
effect of rapid droplet evaporation and the short residence time of droplets in the
drying chamber. Spray drying involves the atomisation of a fluid feed (solution,
suspension, emulsion) into a hot drying medium chamber. The resulting dried
product characteristics will depend upon the operating conditions and dryer
design which are selected according to the product and powders specification.
This process is an established process in many areas such as food industry,
pharmaceutical formulation, chemistry or material science industries. Spray
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drying offers an alternative method to lyophilisation for the preparation of
inhaled products as post processing and micronisation are not needed which may
inactivate the protein. The spray drying operation consists of four fundamental
process stages (Figure 1.9). The first stage is the atomization of a liquid feed into
a spray. The second stage is the Spray-air contact (mixing and flow), the third
stage is the Drying of spray (moisture/volatiles evaporation), and finally, the
dried powder is separated from the air stream and collected. Attention is focussed
upon the production of particulate formulations by spray drying since it is
capable of producing different sizes and structure microparticles aimed at
meeting particular delivery (Edwards and Instone, 2001). Some groups have
produced spray-dried powders containing nanoparticles, which dissolve in the
lungs into polymeric nanoparticles whose dimensions are sufficiently small to
avoid mucociliary and phagocytic clearance until the particles have delivered
their therapeutic payload (Pohlmann et a l, 2002, Tsapis et al, 2002 and Sham et
al, 2004).
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Figure 1.9: Schematic diagram representing the four fundamental spray drying
stages; (1) atomisation; (2) spray-air contact; (3) evaporation; (4) product
recovery and air cleaning (adopted from Masters, 1990)

1.10.4.1 Atomisation
Atomisation within spray drying is the stage where the liquid feed is transferred
into fine spray. Producing droplets of specific size and surface area by
atomisation is the most critical step in the spray drying process (Oakley, 1994).
Atomisation stage provides a large surface area to mass ratio for the feed creating
the ideal evaporation conditions, to an extent that some authors consider that
atomisation is the key stage in the spray drying process (Kockel et al, 1994). The
atomisation o f a feed depends mainly on the energy source that breaks up the
feed and design of the nozzle (Masters, 1991). The selection of operating nozzle
is of extreme importance in achieving an optimum operation and production of
top-quality powders. The most commonly employed nozzle techniques used for
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spray drying atomisation are centrifugal, pressure, pneumatic and to less extent
sonic nozzles.
1.10.4.1.1 Centrifugal nozzles
This type of nozzle creates sprays by passing the fluid through a rotating wheel
or disk. This rotating wheel or disk breaks the liquid stream into droplets. The
mean particle size produced is mainly a function of the diameter of the wheel and
the RPM. Centrifugal nozzles are available in a large variety of sizes, from
laboratory scale to very large commercial units. They have the advantage over
other nozzle types of being more resistant to wear and can generally be run for
longer periods of time without operator interface. However in industry their cost
is high as well as their maintenance cost.
1.10.4.1.2 Pressure nozzles
The pressure nozzle atomisation forces pressurised fluid through an orifice,
where the orifice size determines the capacity of the system. The mean particle
size depends on the pressure drop across the orifice, and it is a function of the
flow per nozzle and the nozzle orifice. This is considered the most energy
efficient atomisation technique. However, this technique is not suitable for
abrasive materials, or materials that tend to plug the orifices.
1.10.4.1.3 Sonic nozzles
Sonic nozzle atomisation passes a liquid over a surface vibrated at ultrasonic
frequencies, with the ability to produce very fine droplets at low flow rates. This
technique is not yet widely used due to the limitations of capacity and range of
different product that can be atomised.
1.10.4.1.4 Pneumatic nozzles
Pneumatic nozzles (Figure 1.10) use kinetic energy. The spray is created by
contacting two fluids, the feed and a compressed gas usually air which provides
atomisation energy. The contact can be internal or external; internally where the
feed and the gas are mixed within the nozzle or externally where the gas is mixed
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within the feed as it emerges from the nozzle. The average particle size produced
for a given spray dryer feed is primarily a function of the flow per nozzle, and
the compressed gas rate and pressure. However, non uniform feed concentration
and nozzle clogging may lead to non uniform atomisation. This atomisation
technique can be used with any type of spray dryer with a lower capital cost due
to the absence of the pressure pump and rotary atomiser. The selection of
atomiser depends on the type of feed and product characteristics required. The
atomiser nozzle used for this research was a two fluid (pneumatic) nozzle, with
internal air-feed mixing.

Figure 1.10: The two fluid (pneumatic) nozzle demonstrating atomised feed into
fine droplets as a result of internal contact between the feed and the drying air
(adapted from w ww .buchi.com )

1.10.4.2 Spray air contact

The dried product properties are influenced by the manner in which spray
contacts the drying air. This will in turn affect the droplet behaviour during
drying. The spray air contact time interval is considered crucial to achieve the
maximum benefits of the atomization step (Masters, 1991). The flowing droplets
depart the nozzle under the influence of the spray momentum travelling at speeds
exceeding the drying air. The size and density of the flowing droplets determines
the distance they travel before acquiring the drying air velocity (Masters, 1990).
Spray-air contact is determined by the position of the atomizer in relation to the
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drying air inlet. The evaporation rates and product temperatures are controlled by
the initial contact between spray droplets and drying air in the dryer.
There are three modes (Figure 1.11) in which the drying air travels inside the
drying chamber;
i-Co-current
The particles and the drying air move through the drying chamber in the
same direction. This drying air mode is an ideal mode for drying heat
sensitive products since product temperatures on discharge from the dryer are
lower than the exhaust air temperature. When operating with rotary atomizer,
the air disperser creates a high degree of air rotation, giving uniform
temperatures throughout the drying chamber.
ii-Counter-current
The particles and drying air move through the drying chamber in opposite
directions. This mode is suitable for products which require a degree of heat
treatment during drying.
iii-Mixed-flow
The movement through the drying chamber experiences both co-current and
counter-current modes. This mode is suitable for heat stable products where
coarse powder requirements necessitate the use of nozzle atomizers, spraying
upwards into an incoming airflow, or for heat sensitive products where the
atomizer sprays droplets downwards towards an integrated fluid bed and the
air inlet and outlet are located at the top of the drying chamber.
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Figure 1.11; Schematic diagram representing different modes in which spray
contacts the drying air; (a) co-current flow; (b) counter current flow; (c) mixed
tlow (adapted from Buchi labortechik spray drying training manual)

1.10.4.3 Drying of spray

The stage of drying the atomised spray is achieved by evaporating the moisture
from the drying droplets. This atomised spray evaporates its free moisture to the
surrounding

air. Heat for evaporation

is transferred by conduction and

convection from the hot gaseous atmosphere to the droplet surface, while the
vapour is transferred by diffusion and convection back to the surrounding gas
(Marshall and Madison, 1955). In general, there is a proposed theory explaining
the evaporation process during spray drying. This theory states that the droplet
surface temperature increases as soon as it is exposed to the drying medium until
they reach a state of equilibrium where under the influence of capillary action
moisture migrates from the droplet interior to the droplet exterior to maintain
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surface saturation. Upon reaching the critical point where the internal moisture is
not sufficient to maintain saturation, the drying rate decreases till the droplet
surface resist drying (Masters, 1990).

1.10.4.4 Dried product recovery

This stage represents the final destination of the dried product. The dried product
is collected at the end of its drying journey using the cyclone which creates a
cyclonic air flow trapping the dried particles at the base (Maa et a l, 1998). The
separation of the dried product from the air stream has to be environmentally
safe. Meaning that the exhaust gases are free from airborne particles. This is
usually achieved by a two stage separation. The majority of the dried particles
are collected at the collection chamber, while the fine particles are collected
using a filter system. Different spray drying systems are available some of which
are explained in this section.

1.10.4.4.1 Open spray drying systems

This system features airflow with exhaust to atmosphere. The majority of
industrial spray drying systems handle aqueous feed stocks and use this system.
Both direct and indirect air heating are applicable.
1.10.4.4.2 Closed spray drying Systems
Nitrogen as drying inert gas recycles within the dryer. This system is usually
used for the spray drying of formulations containing organic solvents or where
the product must not contact oxygen during drying. Closed cycle plants are gas
and powder tight, and are designed to the strictest safety standards.
1.10.4.4.3 Semi-Closed Spray Drying System
Featuring either the partial recycle mode (recycle of up to 60% of the exhaust air
as inlet air to the dryer, for effective waste heat utilisation) or the self-inertising
mode, where direct air heating and a minimal air bleed create the low oxygen
atmosphere necessary for drying aqueous feed stocks that form explosive
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powder-air mixtures. If odour is generated during drying, the small volumes of
air vented from the system can be effectively and economically incinerated.
1.10.4.4.4 Aseptic Spray Drying System
This system is used when aseptic conditions are to be met. A sterile feed
atomization must be achieved and air filtering systems must be present. They are
fabricated to special standards of finish and operate under a slight pressure.
Spray drying process posses many advantages some of which are the easy control
over the dried particle size, shape and density through controlling atomisation
and heating parameters, of the liquid and the design of the hot gas inlet. The heat
and mass transfer during drying occurs in the air and vapour films surrounding
the droplet. This protective envelope of vapour keeps the particle at the
saturation temperature making the solids not approaching the dryer outlet
temperature. This is why many heat sensitive products can be spray dried easily
at relatively high inlet temperatures. Spray drying can be used for a variety of
products since a wide range of dryer designs are available. However, High
installation costs due the physically large industrial units that also require
expensive supporting structures and maintenance are drawbacks for this process.
1.11 Aims and objectives of the present study
The overall aim of this project was to design and formulate particulate carrier
systems using spray drying for pulmonary delivery of macromolecules. To
achieve this aim the following objectives were set:
•

To prepare a model protein (ovalbumin) loaded PLGA microparticles and
to determine the influence of spray drying parameters (pump rate, drying
air flow rate, aspirator, inlet and outlet temperature) and excipients
(polyvinyl

alcohol,

polyvinylpolypyrrolidone,

vitamin

ETPGS,

polysorbate 20, lactose) on the physicochemical properties of the formed
microparticles such as morphology, size, loading and in vitro aerosol
deposition capabilities.
•

To prepare and characterise insulin loaded PLGA microparticles using
spray drying and assess the release profile and their potential for
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pulmonary delivery through in vitro aerosol deposition capabilities using
both an air jet nebuliser and rotahaler.
To investigate the feasibility of preparing cationic PLGA microparticles
containing polyethyleneimine (PEI) using spray drying and characterise
them with regard to size, morphology, DNA loading, in vitro aerosol
deposition capabilities, DNA release profile, in vitro transfection
efficiency, cell viability and in vivo evaluation.
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2.0 Materials and methods

2.1 Preparation of microparticles

2.1.1 Preparation of PLGA microparticles using a single emulsion technique
Poly (lactide-co-glycolide) (PLGA) 75:25 Mw 121,000 (Alkermes controlled
therapeutic systems, USA) microparticles were prepared using the single
emulsion technique. PLGA was dissolved in the pharmaceutical grade solvent
dichloromethane (DCM) (5ml). Protein was suspended in the organic phase
when protein loaded microparticles were prepared. The organic solution was
drop wise added into a 50ml aqueous solution of (0.1-l%m/v) polyvinyl alcohol
(PVA, Mw 13-23,000, Aldrich, UK) or (l-2%m/v) polyvinylpyrolidine (PVP,
sigma, UK) or (0.1-l%m/v) d-lactose monohydrate (Sigma, UK). This drop wise
addition was under stirred conditions for 6 minutes at 15,000 rpm using a
silverson homogeniser (Silverson machines, Chesham, Bucks, UK) keeping the
temperature of the solvents always around 5°C with an ice bath. The resulting
emulsion was transferred immediately to be sprayed dried using the Buchi® mini
spray drier Protein was suspended in the organic phase when protein loaded
microparticles were prepared.

2.1.2 Preperation of PLGA microparticles using a modified double emulsion
spray-drying technique

Microparticles were prepared using a modified emulsion spray drying method.
The primary emulsion was prepared using an aqueous solution containing the
protein and the organic solvent dichloromethane (DCM) containing the polymer
PLGA 75:25 Mw 121,000 (Alkermes controlled therapeutic systems, USA). The
aqueous solution (2ml) was drop wise added to the organic phase (5ml) under
stirred conditions for 2 minutes at 20,000 rpm using a silverson homogeniser
(Silverson machines, Chesham, Bucks, UK) keeping the temperature of the
solvents always around 5°C with an ice bath. The resulting emulsion was
immediately drop wise added to an aqueous solution of PVA or d-Lactose
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monohydrate (Sigma, UK) with further homogenisation for 5 minutes. The
resulting double emulsion was fed immediately into the 0.5 mm feeder nozzle of
the Buchi® mini spray drier (Figure 2.1). The spraying parameters were studied
to reach the desired final product. These parameters include the drying inlet and
outlet temperatures, the feed rate and the air flow direction;

■Drying tempratures
The drying temperature can influence the dried product density, shape porosity.
Increasing the inlet temperature leads to an increase in the evaporation capacity
which may result in the formation of more porous structures. Some materials
may exhibit larger size particles with the increase in temperature due to the
greater swelling and a reduction in particle wall thickness (Masters, 1991).
Regarding outlet temperatures its increase will decrease the final product
moisture content.

■ Feed rate
An increase in the feed rate may lead to a decrease in the residence time of the
product intended to be dried with the drying medium. This may increase the
moisture content in the final dried product which may intum increase the bulk
density (Masters, 1990).

■Air flow
Increasing the air flow will increase the air turbulence causing an increase in the
relative velocity among the droplets. This phenomenon will aid in a higher
drying rate due to the increase in the heat transfer coefficient. Although these
drying parameters can be manipulated, the dried product quality is dependant on
the chemicals used and the spray dryer design.
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I

Figure 2.1: The Buchi 191 spray dryer (from w ww.Buchi.com )

2.2. Characterisation o f microparticles

2.2.1. Determination of m icroparticles size and size distribution
Microparticles were sized by laser diffraction using the Malvern Mastersizer X
(Malvern Instruments, Malvern, UK). Samples to be sized were prepared in the
following manner; 5 mg of each formulation were fully dispersed in distilled
water (filtered through 0.22pm pore filter to remove dust). Particle sizes were
analysed by the presentation for polystyrene in water. The results were expressed
as volume diameter. Each sample was analysed in triplicate to express the
average for the particle volume diameter. Malvern M astersizer X operation
(Figure 2.2) is based on a laser beam emitted from a helium neon lamp. This
laser beam passes through a cell mounted at a slight angle to the beam containing
the sample. The transform lens reads the scattered light, producing an image. The
signal at a particular position in the detector corresponds to the intensity of light
that has been scattered through a particular angle regardless of the position of the
particle in the suspension. The end scatter pattern is then presented as an
approximation to the true size distribution.
The principle theory o f using light diffraction to give an indication of the particle
size is based on illuminating particles by a beam of light, which will be scattered
in all directions. The intensity of the scatter in any particular direction is
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calculated using a number of theories which depends on the particles sizes and
their optical properties. Their scatter is referred to as the diffraction of light by
the particles. As many particles are illuminated simultaneously by the light beam,
the end result is a distribution of the particle sizes which cannot provide an
accurate number or amount of particles. The difficulty of these calculations is
that it requires the use of assumptions and simplifications to reach a size
distribution from the diffracted laser pattern, which can lead to different
distribution data from different instruments when using different algorithms
(Washington, 1992). Several theories are widely used as the basis for light
scattering based instrumentation for particle-size analysis. The Mie, Rayleigh,
Rayleigh-Gans-Debye (RGD), and Fraunhofer are the most available light
scattering theories.
The Mie theory is to be used with particles with simple definite shapes such as
spheres and infinitely long cylinders. It is considered the most complete theory
describing the angular distribution of light scattered from a particle of arbitrary
size The Lorenz-Mie theory (LMT) was proposed independently by the two
physicists G. Mie in 1908 and the Dane Lorenz in 1890. When particles become
larger that around 50nm the scattering changes from being equal intensities in all
directions (in the scattering plane), to a distortion in the forward scattering
direction. When the size of the particles becomes roughly equivalent to the
wavelength of the illuminating light then we observe that the scattering becomes
a complex function with maximum and minimum with respect to angle
(Washington, 1992).

The Rayleigh theory considers particles as point scatterers. This is equivalent to
extremely small particles into which light does not penetrate. The light scattering
pattern from these points resembles that of Mie theory regarding very small
particles. The Rayleigh theory suggests that the scattering pattern and intensity
from small particles will be independent of particle shape.
The Rayleigh-Gans-Debye (RGD) theory is based on the assumption that
particles refractive index is relative to that of the medium in which they are
suspended. This theory predicts that the diffraction pattern is independent of the
particle shape. This allows the scattering pattern to be calculated for particles
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slightly larger than those for which the Rayleigh theory is applicable. The RGD
theory is considered an extension of the Rayleigh theory.

The Fraunhofer theory is based on the assumption that when the particle is much
larger than the wavelength of light or the materials are highly absorptive, the
diffraction of particles contributes more to the total scattered light. For a light
source at a relatively far distance from the particles and when the light beams are
homogenously parallel, only Fraunhofer diffraction occurs. In this theory, a
particle is assumed to be producing a scattering pattern as if it were an opaque
circular disk of the same projected area placed normally to the axis of the
incident beam. This assumption frees the need to know the material refractive
index. The Fraunhofer theory provides a much easier analytical solution for
particle sizing as compared to the Mie theory. However, extra care must be taken
in using this theory because for smaller particles, the effects of light transmitting
or refracting through the particles can invalidate the application.

Bcom Power

0 el eels'-

Figure 2.2: Schematic operation of laser diffraction particle sizer (Malvern
instuments handbook, 2001)

77

Chapter two- Materials and methods

2.2.2 Determination of microparticles morphology
Scanning electron microscopy was used to analyse the morphology and surface
properties of the prepared microparticles. A thin layer of microparticles was laid
on aluminium stubs using carbon discs. Their surface was then coated with a thin
layer of gold under vacuum in an argon atmosphere using a sputter coater
(Emscope SC500). The samples morphology and surface properties were viewed
using an electron microscope (Stereoscan 90B, Cambridge Instruments, UK).
2.2.3 Determination of microparticles surface charge
The microparticles formulations zeta potential was determined by the conversion
of the electrophoretic mobility of the particles to a zeta potential. This was done
using the Malvern Zetamaster (Malvern instruments Ltd, UK). (5mg) of each
sample was dispersed in distilled water or 10'^ M potassium chloride. Samples
were diluted to obtain a sample of appropriate concentration for the measurement
of the electrophoretic mobility. The average zeta potential was recorded over five
readings for each sample. The charge which develops at the interface between a
colloidal particle and the liquid medium in which it is suspended may arise by
any of several mechanisms. Among these are the dissociation of ionogenic
groups in the particle surface, so electrons and positive ions can be lost into the
solution until some equilibrium level of ionisation is reached. The net charge at
the particle surface affects the distribution of ions in the surrounding interfacial
region, resulting in an increased concentration of counter ions, ions of opposite
charge to that of the particle, close to the surface. This gives rise to an electrical
double layer (Figure 2.3), which surrounds each particle. This liquid double layer
consists of an inner layer (stern layer) which includes adsorbed ions relatively
strong bound to the surface, and an outer or diffuse layer where ions are balanced
by electrical forces and random thermal motion. The potential in this region
decays when particles move until it reaches the bulk solution value,
conventionally taken to be zero. The stern layer contains ions and certain amount
of solvent bound to the ions and the charged surface. This solvating layer is held
to the surface and the edge of the layer which is termed the plane of shear. The
potential at the plane of shear is known as the zeta potential. When a layer of
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macromolecules is adsorbed on the surface of the particle, this can alter the zeta
potential because it shifts the location of the shear plane further from the actual
surface. The movement of charged colloidal particles in an electric field is
termed electrophoresis. It is the electrophoretic mobility that can be measured
and is related to the surface charge and zeta potential. Since the walls of the
capillary cell acquire a surface charge an electro osmosis flow can happen to the
liquid adjacent to the walls when an electric field is applied. The measurement of
particle electrophoresis would be more accurate if electro osmosis could be
avoided altogether. The mobility of the particles at any point in the cell would
then be the true mobility. The stationary layer is the point in the cell at which the
electro osmotic flow is zero and the measured particle velocity is the true
electrophoretic velocity. The light scattered by the particles possess a Doppler
effect which is detected by a photomultiplier converting a frequency spectrum to
electrophoretic mobility from which zeta potential is calculated using
Smoluchowski equation (Washington, 1992).
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Figure 2.3: Schematic representation of zeta potential (adapted from Malvern
instruments Guidelines, 2001)
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2.3 Determination of protein loading
One of the most reliable advances in protein assay technology is the use of
bicinchoninic acid (BCA) in a unique reagent system. The encapsulation
efficiency of a model protein was determined by comparing the actual loading to
the theoretical loading of the protein used in preparing the microparticles.
Encapsulation efficiency = (actual loading / theoretical loading) x 100
BCA is a highly sensitive and selective detection reagent for the cuprous cation
(Cu^"^). This protein assay has the advantage of combining the well known
reduction of (Cu^"^) by protein to (Cu*"^) in an alkaline medium with the cuprous
(Cu*'^) ion detecting property of BCA (Smith et al, 1985). It has been reported
that the colour formation in protein samples is dependent upon such factors as
the macromolecular structure of the protein, the number of peptide bonds and the
presence of four amino acids (cysteine, cystine, tryptophan and tyrosine) (Smith
et a i, 1985). The purple coloured reaction product of this assay is formed by the
interaction of two molecules of BCA with one cuprous ion. The resultant
complex is water soluble and can be measured spectrophotometrically at 570nm.
This technique has the advantages of compatibility with ionic and nonionic
detergents, minimal protein-to-protein variation and the flexibility to easily
change the protocol.
A 5 mg microparticles sample was digested in IM NaOH at 37°C to dissolve the
polymer. The solution was then pH adjusted to 7 using HCl. A series of
calibrated protein standards were prepared in the same medium as the samples
for each assay run. The next step was to make up the BCA working reagent by
adding reagent B to reagent A at a ratio of 1:50. Finally, 25pl of sample and
standard were added to a 96-well flat bottomed microtest plate in triplicate. To
this, 200 pi of the working reagent was added, and the plate was incubated at 60
°C for 30 minutes.
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2.4 Determination of in vitro of protein release
The in vitro release time of ovalbumin protein from PLGA microparticles was
determined. Microparticles 5mg were incubated in a release medium composed
of 1ml phosphate buffered saline (PBS), pH 7.4, containing 5mM SDS and 0.01
% sodium azide as a bacteriostatic agent. Each sample and time point was
prepared in triplicate and was kept at 37°C with shaking. Samples were removed
at appropriate time intervals, centrifuged, and the amount of protein was
analysed using BCA assay. The released protein was represented as a percentage
of the original protein load.

2.5 Determination of DNA binding efficiency using agarose gel
electrophoresis
The binding efficiency of DNA to a complex can be determined by passing an
electric field across an agarose gel. Since DNA is negatively charged at neutral
ph it will migrate with different rates towards the anode. Agarose is a linear
polymer extracted from seaweed (Sambrook et al, 1989). Agarose gels are
formed by dissolving agarose in a buffer till a clear solution is obtained, which is
then poured into a mould. This mould is left to harden and upon hardening it
forms a matrix with a density dependent on the agarose concentration.
The electrophoretic mobility of DNA through agarose gel is governed by a linear
relationship between the logarithm of the electrophoretic mobility of the DNA
(n) and the gel concentration (t).
L o g ^= log/(o -(kr*T )
where

is the free electrophoretic mobility of DNA and kr is the retardation

coefficient.
Equation 1.1: Mathematical description of the electrophoretic mobility of DNA
through agarose gel (Sambrook et al, 1989).
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The composition and ionic strength of the electrophoesis buffer has an effect on
the electrophoretic mobility of DNA. Tris-acetate (TAB) is commonly used with
plasmids electrophoresis as a buffer due to its resolving power for supercoiled
DNA. The presence of intercalating dyes such as ethidium bromide (EtBr) in the
gel may reduce the mobility of linear DNA as it intercalates between stacked
base pairs extending the length of the linear and nicked circular DNA molecules
making them more rigid. The molecular size of the DNA can have an effect on
the rate of migration as large molecules migrate slowly because of the greater
frictional drag.
2.6 Determination of DNA adsorption efficiency to PLGA/PEI
microparticles using the ultra sensitive fluorescent nucleic acid stain
(Pico green).
PicoGreen is an ultra-sensitive florescent nucleic acid stain used for
quantification of double stranded DNA (dsDNA) in solution. This technique has
the advantage of detecting and quantifying small amounts of DNA. A standard
curve was produced using standard concentrations of 2000, 1000, 750, 500, 125,
12.5, and 1.25ng/mL in TRI EDTA buffer (TEB). The picogreen reagent was
prepared by a dilution of 1:200 in TEB. Using the 96 well plates, 50pL of the
standard DNA solution was added and 50pL of the pico green reagent was then
added to each well. The plates were shaked in the microplate reader and then
were measured against wavelength 535nm.
2.7 Transfection studies using PLGA/PEI-DNA complexes
The A-549 (Human lung carcinoma epithelial) cells were maintained in F-12K
Ham’s medium (Gibco) supplemented with 10% foetal calf serum (Gibco) and
lOOU penicillin/streptomycin (Gibco). Cells were incubated at 37°C, 5.0% CO 2
and 100% humidity. When cells were about 90% confluent, they were detached
from the surface of the tissue culture flask using trypsin/EDTA and re suspended
in an appropriate volume of growth medium. Cells were passaged at a ratio of
1:3 or 1:4. The PC-3 (human prostate cancer) cells were grown in DMEM
containing 1 mM Glutamax, glucose (lg/1, Invitrogen) and 10% foetal calf serum
(PCS). The cells were maintained in 5% CO 2 and 95% air at 37^C. The day
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before the transfection assay, cells were aliquoted into a 48-well cell culture plate
at 20,000 cells/well/500|xl volume medium. On the day, the cells were checked
for the degree of confluency. A confluence of between 50-80% was used for
transfection assays. The amount of particles to add per well was based on the
amount of DNA added/well according to the positive control used for cell
transfection. The positive control used was Superfect (Qiagen, USA). For a 48well plate, 0.75p,g of DNA is added/well. DNA complexed with Superfect
(Qiagen, USA) and equivalent volume of particle suspensions were added to the
cells with appropriate controls. Each ‘experiment’ was carried out in triplicate.
After 3 hours incubation, the complex/particles was removed and cells washed
with pre-warmed PBS. 200pl of fresh growth medium was added to the cells, and
returned to 37°C incubator. The cells were assayed after 24 hours.
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Table 2.1: Schematic representation describing the plan for the transfection
experiments.

Luciferase Assay
A Luciferase assay kit (Promega) was used to assay the amount of luciferin
expression. The protocol was as per the manufacturer’s instructions with the
exception of the fact that 50|il of the luciferase assay buffer was used instead of
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the recommended 100|il. 50|l i 1 of IX lysis buffer was used to lyse the cells after
washing initially with PBS. 20|il of the lysed cells was transferred into black
plates and assayed for luciferin expression. Luciferin is expressed as the amount
of luminescence given out per second.

BCA Protein Assay Reagent (Bicinchoninic acid)
The remaining lysed cells were used to assay for total amount of protein, and the
amount of counts per second of luciferin assayed was normalised to the total
amount of protein in the wells. The total amount of protein in each well was
assayed using a BCA assay (Pierce, USA). The total amount of protein was
calculated from a standard made from bovine serum albumin (BSA) supplied
with the kit. The assay was performed as per manufacturer’s instructions.
2.8 Measuring the in vitro cytotoxicity of different PLGA/PEI-DNA
complexes using the MTT assay
The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay
is a laboratory test for measuring cellular proliferation (cell growth). It was first
described by Mosmann in 1983 and was based on the ability of a mitochondrial
dehydrogenase enzyme from viable cells to cleave the tétrazolium rings of the
pale yellow MTT and form dark blue formazan crystals which is largely
impermeable to cell membranes, thus resulting in its accumulation within healthy
cells. Solubilisation of the cells by the addition of a detergent results in the
liberation of the crystals which are solubilised. The number of surviving cells is
directly proportional to the level of the formazan product created. The colour can
then be quantified using a simple colorimetric assay.
A 5mg/ml solution of MTT (Sigma, UK) was dissolved in PBS and filtersterilised. 4 hours before the end of incubation, 50pl of the MTT solution was
added to each well containing cells. The plate was incubated in a CO2 incubator
for 4 hours at 37°C. After 4 hours, the medium was aspirated from the wells
gently and 500pl of dimethyl sulfoxide (DMSO) was added to each well and
pipetted up and down to dissolve crystals. The plate was placed into a 37°C
incubator for 5 minutes to dissolve air bubbles and 200pl was aliquoted out into
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a 96-well plate, before reading the plate at 570nm. 100% cell viability was the
absorbance read for the cells that received no treatment and the ‘experimental’
cells were expressed as a percentage of this.
2.9 Determination of insulin loading using high performance liquid
chromatography
The science of chromatography was first documented by the Russian botanist M.
S. Tswett in 1872 as a technique for the separation of coloured plant pigments.
By the 1930s, there was an interest in the separation and purification of natural
products, which redirected the attention for the use of chromatography.
Following this rediscovery, the uses of chromatography started to expand leading
to different modifications and variants regarding the technique. Chromatography
was given a generalised definition by the committee of the International Union of
Pure and Applied Chemistry as a method used primarily for the separation of the
components of a sample distributed between two phases one of which is
stationary while the other moves. The stationary phase may be a solid, liquid
supported on a solid or gel. The stationary phase may be packed in a column,
spread as a layer or distributed as a film. Modem HPLC has many applications
including separation, identification, purification, and quantification of various
compounds. Identification of compounds by HPLC is a crucial part of any HPLC
assay. The first step is the selection of the appropriate detector which is set to
optimal detection settings. The following step is the development of a separation
assay with such parameters that a clean peak of the known sample is observed
from the chromatograph. This identifying peak should have a reasonable
retention time and should be well separated from extraneous peaks at the
detection levels at which the assay will be performed. Different parameters such
as the type of column, the mobile phase and the flow rate can be changed to alter
the retention time of a compound.
Insulin was analysed by high performance liquid chromatography HPLC. A
Zorbax Eclipse XDB-C8 (150 x 4.6mm) column was set up in the HPLC
instrument (HP 1050 with a UV detector. Applied Biosystems 759A Abs, USA)
and samples were analysed at 214nm. The flow rate was Iml/min at 30 degrees
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Celsius, and injection time was 20 |xl. The mobile phase was a mixture of 30%
acetonitrile and 70% buffer (buffer comprised of 50mM Na2 S0 4 , pH adjusted
using TFA). Insulin loading is expressed as insulin actual loading percentage.
The amount of non-encapsulated insulin was determined by suspending 5mg of
microparticles in 1 ml of water adjusted to pH 2.5 with hydrochloric acid. The
suspension was gently stirred by vortexing (Reax 2000, Heidolph, Germany) for
1 min. Samples were filtered through 0.45- pm PVDF filters and analysed by
HPLC.
2.10 In vitro deposition assessment for spray dried PLGA microparticles
using the twin stage impinger
The twin stage impinger (Figure 2.4) is a British Pharmacopial stage 3 proposals
relating to the aerodynamic assessment of fine particles in inhaled preparations.
This simple two stage inertial separation device divides the aerosol into a coarse
oropharyngeal fraction and a fine pulmonary fraction. This device can be used to
assess pulmonary devices as well as formulations flowability. It operates
normally at 60 litres per minute airflow, the upper and lower impingement
chambers are filled with the specified amount of solvent acting as a trap for drug
particles which can then be readily removed for assay. The upper impingement
(stage 1) represents the throat while lower impingement (stage 2) represents the
deep lung. The fractionation of the delivered aerosol between the two stages
depends principally on the aerodynamic size of the aerosolised particles. The
lower stage of the twin impinger has a cut-off diameter of 6.4 pm at 60 L/min
flow rate.
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Figure 2.4: Diagrammatic representation of the twin stage impinger (from
Copley handbook, 2005)

2.11 7/1 vivo studies

In vivo studies were performed in accordance with the Animals Act 1986
(Scientific protocol). The experiments are described in detail in the following
chapters.

2.12 Enzyme linked immunosorbant assay (ELISA) for the detection of IgG
antibodies
The ELISA is an important, high-throughput immunoassay that is widely used in
research, diagnosis, and testing. Immunoassays are a very important type of
biochemical test. Basically, an immunoassay uses antibodies against a particular
compound (usually a protein). If these antibodies are of high enough quality they
will bind to this chemical, and only to this chemical, the antibodies are then in
turn bound to a detectable indicator, such a fluorescent chemical, or radioactive
isotope, finally some method is used to separate the bound antibodies from the
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rest of the sample. The sensitivity of ELISA results from the amplification by
enzyme activity. Each bound enzyme molecule can generate thousands of
colored products molecules by enzymatic activity. ELISA assays can be done in
several different ways called "direct", "indirect", "sandwich", and "competition"
ELISA. The ELISA assay was used to monitor the antibody responses in the
serum of the

immunised animals. A 96 well microtitre plate (Dynatech, UK)

were coated with 100 |il per well of a lOOpg /ml BSA in PBS solution overnight
at 4^C. The plates were then washed three times with 0.05% v/v solution of
tween 20 (Sigma, UK) in PBS using a plate washer. The serum samples were
serially diluted in PBS and 50 pi of each sample was added to each well of the
coated ELISA plates. These were covered and incubated for one hour at 37°C.
The plates were again washed three times with the PBST solution. 50pl of antiIgG serum specific (Sigma, UK), diluted 1 in 1000 in PBS, was added to each
well, and the plates were covered and incubated for one hour at 37°C. The plates
were washed again three times in PBST, and 50 pi of the substrate (2,2’azinobis) 3-ethylbenzthia-zoline-6-sulphonic acid (ABTS), at a concentration of 3
tablets per 50ml of a citrate buffer plus 5pl hydrogen peroxide, was added to
each well and incubated at 37°C for 10 minutes for colour development. The
citrate buffer was prepared in advance using 44% O.IM citric acid and 56% 0.2M
disodium hydrogen orthophosphate. The immune titre was determined by
comparing the optical density of the samples to that of the negative control. The
optical densities of the plates were read at 405 nm using the Dynax MRX
microplate reader (Dynax technologies, UK). End-point titres were expressed as
the last dilution, which gave a reading above that of the negative controls after
the 30-minute incubation.
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physicochemical properties o f PLGA spray dried microparticles.
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3.0 Influence of formulation excipients and spray-drying operation parameters
on the physicochemical properties of PLGA spray dried microparticles

3.1 Introduction
Spray drying is widely used in numerous application fields to convert a liquid into
the solid state as a powder. This drying process involves the nébulisation of the
required liquid to be dried by means of high velocity air stream. The resulting spray
is instantaneously dried as it is introduced into the heated drying chamber. The rate
of drying is thought to depend on many factors, some of which are the inlet and
outlet temperatures, liquid feed rate and drying air flow rate. This drying technique is
increasingly applied to heat-sensitive materials, i.e. proteins, lipids, biocatalysts
(Masters, 1991). Although there has been an increasing interest in spray drying as a
method for preparing biopharmaceuticals delivered via the pulmonary route, limited
applications are related to the spray drying of therapeutic peptide and protein
formulations.

Since our main objective was to successfully encapsulate proteins (ovalbumin) in
PLGA microparticles using spray drying. Different preliminary experiments using
the single and double emulsion (w/o/w) spray drying methods were conducted,
trying to achieve optimum microparticles characteristics (loading, size, morphology).
The results (not shown) of the single emulsion were not satisfactory especially with
respect to loading. This might be attributed to the protein leakage to the aqueous
phase or the generation of air/water interface and/or shear stress during spray drying.

One of the most widely used strategies to stabilise peptides and proteins during their
formulation is the use of excipients (Lee, 2002). However the suitable excipient for a
definite protein is experimentally chosen among others by screening.

The most

widely used or under investigation excipients (Table 3.1) are sugars, surfactants,
polymers and salts.
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Sugars

Lactose, mannitol, trehalose, sucrose.

Surfactants

Polysorbate20, polysorbate 80, poloxamer
188, phosphatidylecholine. Vitamin
ETPGS.

Salts

Calcium bicarbonate, calcium carbonate,
calcium orthophosphate, magnesium
hydroxide, zinc carbonate.

Polymers

Polyvinylpyrolidone, Polyethylene glycol

Table 3.1: Commonly used groups of excipients to stabilize proteins within
formulation.
The aim of this chapter was to investigate the possible impact of different excipients
(PVA, PVP, tween 20, vitamin ETPGS, lactose) and spray drying parameters on the
morphology, size, loading efficiency and in vitro deposition capabilities of
ovalbumin loaded PLGA microparticles, trying to achieve powder formulation
suitable for pulmonary protein delivery. The technique used was a modified double
emulsion spray drying method experimenting excipients in either phases that are
approved for use in the pharmaceutical industry.

92

Chapter three- Influence o f form ulation excipients and spray drying operation parameters
on the physicochemical properties o f PLGA spray dried microparticles

3.2 Materials and methods

3.2.1 Spray drying of different PLGA formulations
Microparticles were prepared using a modified double emulsion spray drying
method. The primary emulsion was prepared using an aqueous solution containing
5.0 mg OVA dissolved in 2ml of different concentrations ( Tables 3.2 to 3.5) of
either polyvinyl alcohol (PVA) (Mw 13-23K, 87-89% hydrolysed, Aldrich, UK),
polyvinylpyrrolidone (PVP, Sigma, UK), D-d -tocopheryl polyethylene glycol 1000
succinate (Vitamin ETPGS, Eastman chemical company, USA), polysorbate 20
(Tween 20, Sigma, UK), or 0.10% m/v d-lactose monohydrate (Sigma, UK). This
solution was emulsified with the organic phase comprising 200mg of the polymer
PLGA 75:25 Mw 121K (Alkermes controlled therapeutic systems, USA) in 5ml of
the solvent dichloromethane (DCM, Sigma, UK). The aqueous solution (2ml) was
drop wise added to the organic phase (5ml) under stirred conditions for 2 minutes at
20.000 rpm using a Sil verson homogenizer (Silverson machines, Chesham, Bucks,
UK) keeping the temperature of the solvents always around 5°C with an ice bath.
The resulting emulsion was immediately drop wise added to a 100ml aqueous
solution of PVA 1.0%m/v or d-Lactose monohydrate concentrations (Table 3.6)
when the primary emulsion contained lactose, with further homogenization for 8
minutes. All formulations were compared to a formulation without excipients
(PLGA alone) as a control. The resulting double emulsion was fed immediately into
the 0.5 mm feeder nozzle of the Büchi® mini spray drier. The effect of variable
spraying parameters was investigated for each formulation with respect to the spray
drying yield, protein loading efficiency, morphology and particle size. The
investigated spray drying parameters for each formulation are shown in tables 3.2 to
3.6. The spraying parameters were initially studied based on previous studies and our
lab trials, to reach the suitable range where further tests can be done.

93

Chapter three- Influence o f form ulation excipients and spray drying operation parameters
on the physicochemical properties o f PLGA spray dried microparticles

Spray drying control

Investigated range

Excipient concentration (%m/v)

0.5-2.5

Pump rate (ml min'*)

5

Drying air flow rate (l/min)

200-800

Aspirator

50

Inlet temperature (°C)

160-190

Outlet temperature (°C)

65-85

Table 3.2: Spray drying parameters investigated for polyvinylalcohol.

Spray drying control

Investigated range

Excipient concentration (%m/v)

0.5-2.0

Pump rate (ml min *)

4-8

Drying air flow rate (l/min)

800

Aspirator

55

Inlet temperature (°C)

135-185

Outlet temperature (°C)

45-65

Table 3.3: Spray drying parameters investigated for polyvinylpyrrolidone.
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Spray drying control

Investigated range

Excipient concentration (%m/v)

5-30

Pump rate (ml min ')

6-10

Drying air flow rate (l/min)

700

Aspirator

50-75

Inlet temperature (°C)

60-95

Outlet temperature (°C)

30-50

Table 3.4: Spray drying parameters investigated for vitamin ETPGS.

Spray drying control

Investigated range

Excipient concentration (%m/v)

0.05-0.1

Pump rate (ml min ')

4-7

Drying air flow rate (l/min)

700

Aspirator

50-70

Inlet temperature (°C)

100-140

Outlet temperature (°C)

35-70

Table 3.5: Spray drying parameters investigated for polysorbate 20.
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Spray drying control

Investigated range

Excipient concentration (%m/v)

0.25-1.0

Pump rate (ml min ‘)

3-6

Drying air flow rate (l/min)

700

Aspirator

60

Inlet temperature (°C)

115-170

Outlet temperature (°C)

40-80

Table 3.6: Spray drying parameters investigated for external phase lactose.

3.2.2 Analysis of microparicles

3.2.2.1 Determination of the microparticles particle size and size distribution
Spray dried microparticles were sized by laser diffraction using the Malvern
Mastersizer X (Malvern Instruments, Malvern, UK). 5mg of each sample was fully
dispersed in water (filtered through 0.22um pore filter to remove dust). Particle sizes
were analysed and the results were expressed as volume diameter. Each sample was
analysed in triplicate to express the average for the particle volume diameter.

3.2.2.2 Determination of microparticles morphology
The shape and surface characteristics were of the spray dried microparticles using
scanning electron microscopy. A sample from each batch was laid on aluminium
stubs using carbon discs. Their surface was then coated with a thin layer of gold
under vacuum in argon atmosphere using a sputter coater (Emscope SC500). The
samples morphology and surface properties were viewed using an electron
microscope (Stereoscan 90B, Cambridge Instruments, UK).
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3.2.2.3 Determination of ovalbumin loading
5 mg of each sample was admixed with 1.0ml of IM NaOH at 37°C for 24 hours to
dissolve the polymer. The solution was then pH adjusted and the supernatant
obtained by centrifugation was tested. A series of calibrated protein standards were
prepared in the same medium as the samples for each assay run. The next step was to
make up the BCA working reagent by adding reagent B to reagent A at a ratio 1:50.
Finally 25[xl of each sample and standard were added to a 96 well flat bottomed
microtest plate in triplicate. To this 200 pi of the working reagent was added and the
plate was incubated at 60°C for 30 minutes.

3.2.2.4 Determination of the spray drying yield

The spray dried powder from each batch was collected from the collection vessel and
the yield was calculated as a percentage of the initial quantity added in the feed
solution.

3.2.2.5 In vitro deposition assessment of spray dried microparticles

5mg from each batch of the spray dried microparticles were suspended in 3ml
distilled water and was placed in the nebuliser (Pari LC Plus air-jet nebuliser
connected to a Pari Master compressor (Pari GmbH, Germany) reservoir. The system
was nebulised to sputtering time almost 10 mins. In case of the dry powder inhaler
(Rotahaler) the powder was filled manually in hard gelatine capsule. Capsules were
then loaded in a dry powder inhaler. The inhaler was connected to the twin stage
glass impinger (TSI) using a specially designed air tight ring. The TSI used in this
study was obtained from Copley Instruments Ltd, Nottingham, U.K. When operated
at 60 L/min, stage 2 of the device is claimed to collect fine particles with
aerodynamic diameters < 6.4 jum while larger material remains in stage 1. In many
publications (Phillips et al., 1990, Hickey, 1992), drug penetrating stage 2 of the TSI
is considered to be potentially “respirable” , although it is now more common to
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define a ‘fine particle fraction’ or ‘fine particle dose’ in the same way (Inhalanda,
1993). Powders were collected from different parts of the nebuliser and impinger by
washing. A BCA assay to investigate ovalbumin loading was performed on the
samples collected from each stage of the TSI.

3.3 Results and discussion
The influence of formulation components and spraying parameters on the
characteristics of PLGA spray-dried powders was examined and recorded in tables
(3.7-4.4). Different concentrations of PVA, PVP, vitamin ETPGS, polysorbate 20
and lactose were added in the internal phase of the w/o/w emulsion.

3.3.1 Effect of drying air flow rate and PVA concentrations on the spray drying
of PLGA-PVA formulations

PVA range investigated was between 0.5-2.5%m/v. The mean particle size range
measured using the laser diffraction was between 4.1±0.9 pm and 8.2 ±0.9 pm (Table
3.7). Generarally the percentage yield of the recovered powder is considered low as
it varied between 14% and 45%. When PVA concentrations were increased the yield
gradually increased. During the course of this experiment, raising the spray drying
air flow rate together with the inlet temperature, there was an increase in the
percentage yield. This may be attributed to the fact that the air flow rate represents
the quantity of the compressed air, and by increasing the air compression with an
increase in the inlet temperature, the feed was sufficiently atomised with more
solvent evaporation at a given time. Zhou et al. (2004) concluded that increasing the
air flow rate and inlet temperature will decrease the moisture content, leading to a
decrease in moisture content. This will prevent the powder adhere to the spray dryer
walls, thus increases the yield.
The scanning electron microscope images (Figure 3.1) showed that the spray-dried
particles exhibited a smooth surface regardless of the PVA concentrations. This may
be attributed to the hydrophilic nature of PVA, aligning itself at the droplet surface,
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promoting stability by lowering the free energy at the interface between the two
phases and resisting coalescence and flocculation of the microparticles (Mu and
Feng, 2002). This ability favours PVA to be widely used as a stabiliser for the
formation of microparticles (Clark, 1995).

Figure 3.1: SEM
microparticles.
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Excipient
concentration
%m/v

Drying airflow l/min

Inlet
temp.°C

Outlet
temp.°C

% Yield

VMD (do.5 , //m±S.D)

Morphology

0.5

200

170

79 ± 2

28 ±1.2

8.2 ±0.9

Spherical

1.0

200

170

78 ± 1

29 ± 2

7.9 ± 1.0

Spherical

1.5

200

170

77 ± 1

15 ±1.4

6.8 ± 1.2

-

2.5

200

170

80 ± 2

26 ± 0.8

6.7 ±0.8

Spherical

0.5

400

173

72 ±1

32 ± 0.9

7.4 ± 0.6

Spherical

1.0

400

173

71 ± 2

38 ± 1

6.3 ±0.9

Spherical

1.5

400

173

75 ±1

14 ± 1.5

7.4 ± 1.0

-

2.5

400

173

74 ± 2

39 ± 1.3

6.9 ±0.7

Spherical

0.5

800

185

65 ± 2

37 ± 1

5.3 ±1.0

-

1.0

800

185

67 ±1

40 ± 1.5

4.1 ±0.9

-

1.5

800

185

69 ± 2

41 ±1.6

4.7 ±0.8

Spherical

2.5

800

185

67 ± 1

45 ± 1.5

4.0 ± 0.9

Spherical

Table 3.7: The effect of drying air flow rate and PVA concentrations on the spray drying of PLGA-PVA formulations. The
pump rate and aspirator were constant 5ml-min'^ and 50 respectively.The data were expressed as mean values (n = 3 ± s.d).
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3.3.2 Effect of drying air flow rate and pump rate on the spray drying of
PLGA-PVP formulations
In the case of PVP the concentration range investigated was between 0.5-2.5%m/v.
The particle size range measured using the laser diffraction was between 3.0±0.9 pm
and 10±1.0/^m (Tables 3.8, 3.9). As for PVA the percentage yield of the recovered
powder is considered low as it varied between 5% and 50%. The powder yield
increased with higher process temperatures, owing to improved droplet drying and
reduced droplet/particle deposition on the walls of the drying chamber which
correlates with (Labrude, 1989) findings. If the atomised droplets were not
sufficiently dried before their impact with the cyclone wall, the particles can adhere,
resulting in the formation of a wet deposit and hence a reduced powder yield. This
phenomenon is known with pilot and production scale spray-dryers (Nijdam and
Langrish, 2005). Also it was seen from the results of this experiment that by
decreasing the air flow rate and pump rate with PVP preparations there was a sharp
decrease in the yield. This may be due to the fact that by decreasing these two factors
there is not enough atomisation energy to dry the microparticles despite the
increased residence time at the drying chamber. This assumption comes in
accordance with (Maury et a l, 2005) conclusion regarding the relation between the
air flow rate, pump rate and the spray drying yield. There was actually no significant
difference with changing PVP concentrations regarding the yield. All the surfaces of
the PVP spray-dried formulations showed wrinkled surfaces (Figure 3.2) regardless
of the amount of PVP added or the different spraying parameters. This surface
morphology doesn’t match the spherical morphology results obtained by (Coombes
et a l, 1998) after using PVP as an emulsion stabiliser. This dimpled structure may
be due to the high viscosity of PVP which in turn increases the droplet viscosity
formed during the first emulsion. This may lead to uneven formation of drying
channels during drying leading to this irregular shape (Tasselli et a l, 2005).
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Morphology

Excipient
concentration
%m/v

Drying airflow
1/min

Inlet
temp.°C

Outlet
temp.°C

% Yield

0.5

200

150

49 ± 2

5±2

7.2 ± 0.9

-

1.0

200

150

48 ±1

9 ± 1.5

7.9 ±1.0

Wrinkled

1.5

200

150

57 ± 1

15 ± 3

7.8 ±1.2

-

2.5

200

150

40 ± 2

26 ± 2.4

6.7 ±0.8

Wrinkled

0.5

400

163

52 ± 1

24 ± 1.8

7.4 ±0.6

-

1.0

400

163

51 ± 2

25 ± 2.2

6.3 ±0.9

-

1.5

400

163

55 ± 1

14 ± 1.9

7.4 ± 1.0

-

2.5

400

163

54 ± 2

13 ±2.2

6.9 ±0.7

Wrinkled

0.5

800

165

65 ± 2

16 ± 1.6

5.3 ± 1.0

-

1.0

800

165

67 ± 1

29 ± 1

4.1 ±0.9

-

1.5

800

165

69 ± 2

34 ± 2.5

4.7 ± 0.8

Wrinkled

2.5

800

165

67 ± 1

45 ± 1.5

3.0 ± 0.9

Wrinkled

VMD (do.5 , yum±S.D)

Table 3.8: The effect of drying air flow rate on the spray drying of PLGA-PVP formulations. The pump rate and
aspirator were constant 5ml-min * and 55 respectively.The data were expressed as mean values (n = 3 ± s.d).
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Excepient
concentration
%m/v

Pump rate
ml-min^

Inlet temp.°C

Outlet temp.°C

% Yield

VMD (do.5 , pm±S.C>)

Morphology

0.5

4

155

49 ± 2

9 ± 1.5

10 ± 1.0

-

1.0

4

155

48 ± 1

13 ±2.4

8.9 ±0.8

Wrinkled

1.5

4

155

57 ± 1

18 ±1.7

8.8 ± 1.2

-

2.5

4

155

40 ± 2

21 ± 1

9.7 ±0.8

Wrinkled

0.5

5

155

52 ±1

24 ± 3.2

6.4 ± 0.8

-

1.0

5

155

51 ± 2

25 ± 2.4

6.9 ± 0.9

-

1.5

5

155

55 ±1

14 ± 1.9

7.4 ± 1.0

-

2.5

5

155

54 ± 2

13 ±1.5

6.9 ± 0.7

Wrinkled

0.5

8

185

65 ± 2

26 ± 1

3.3 ± 1.0

Wrinkled

1.0

8

185

67 ± 1

38 ± 2.4

4.1 ±0.9

Wrinkled

1.5

8

185

69 ± 2

54 ± 1.8

4.7 ±0.8

Wrinkled

2.5

8

185

67 ± 1

50 ± 1.7

4.0 ± 0.9

Wrinkled

Table 3.9: The effect of drying pump rate on the spray drying of PLGA-PVP formulations. The drying airflow and aspirator
were constant 800 1/min and 55 respectively. The data were expressed as mean values (n = 3 ± s.d).
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Figure 3.2: SEM image o f spray dried PLGA-PVP (0.5% m/v) microparticles.

3.3.3 Effect o f aspirator rate and pump rate on the spray drying of PLGAvitamin ETPGS form ulations
In this experiment the effect of aspirator and pump rate on the final dried particles
was evaluated after the addition of vitamin ETPGS with the primary emulsion.
Vitamin ETPGS is a water soluble derivative of natural vitamin E, formed by the
estérification of vitamin E succinate with polyethylene glycol 1000. The chemical
structure of vitamin ETPGS has amphiphilic properties comprising both lipophilicity
through its polyethylene glycol alkyl tail and hydrophilicity through tocopherol polar
head portion. These characteristics make it an efficient em ulsifier for a wide range of
water soluble or immiscible systems (Mu and Eeng, 2002). Different concentrations
of vitamin ETPGS were investigated in the range of 5-30% m/v. The particle size
range measured using the laser diffraction was between 2.9±0.7 and 10±1.0 (Tables
3.10,

3.11).

Only

four formulations out of twenty four showed
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microparticles (Figure 3.3). There was no significant effect on the yield and
morphology with changing the drying pump rate. These results in a way differ from
the findings of the work done by (Somavarapu et a l, 2005). Through there work
they almost used the same spray drying parameters range with vitamin ETPGS, and
they showed smooth spherical microparticles with all the vitamin ETPGS
concentrations. Since the same spray drying parameters were tried through the
course of this experiment and the final microparticles showed a non uniform
morphology (Figure 3.4), this may be attributed to the fact that they used a different
polymer. Higher yields and spherical shaped microparticles were seen by increasing
the aspirator level to 65-75% with an inlet temperature of 75-90°C and an outlet
temperature of 42-50°C. These parameters were only effective with higher
concentrations of vitamin ETPGS. This contradicts the results of (Mu and Feng,
2003) where no spherical particles were formed by increasing the concentrations of
vitamin ETPGS. While in a recent publication by (Mu et a l, 2005) they indicated
that the microparticles surface was smooth rounded but not very spherical.
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Figure 3.3: SEM image of spherical spray dried PLGA-vitamin ETPGS (30% m/v)
microparticles.

Figure 3.4: SEM image of non uniform spray dried PLGA-vitamin ETPGS
(20%m/v) microparticles.
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% Yield

VMD (do.5 , yWm±S.D)

Morphology

Pump rate
ml-min'^

Inlet temp.°C

Outlet temp.°C

5

6

65

30 ± 2

18 ±1.4

10 ± 1.0

10

6

65

32 ± 1

20 ± 0.9

9.9 ± 0.8

Non uniform

20

6

65

35 ± 1

49 ± 2.6

8.6 ± 1.2

Non uniform

30

6

65

40 ± 2

56 ±3.1

7.8 ±0.8

Non uniform

5

8

75

41 ± 1

22 ±0.8

7.4 ± 0.8

-

10

8

75

41 ± 2

34 ±1.6

6.9 ± 1.0

-

20

8

75

42 ± 1

59 ± 2

5.4 ± 1.0

-

30

8

75

44 ± 2

62 ±2.1

5.9 ±0.7

Non uniform

5

10

90

45 ± 2

39 ± 2.7

5.3 ± 1.0

-

10

10

90

47 ±1

38 ± 1.6

5.1 ± 0.6

Non uniform

20

10

90

49 ± 2

54 ±1.2

5.7 ±0.8

Non uniform

30

10

90

50 ±1

59 ± 1.7

5.0 ± 0.9

Non uniform

Excipient
concentration
%m/v

-

Table 3.10: The effect of drying pump rate on the spray drying of PLGA-Vitamin ETPGS formulations. The airflow and
aspirator were constant 7001/min and 50 respectively. The data were expressed as mean values (n = 3 ± s.d).
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Excipient
concentration
%m/v

Aspirator

Inlet temp.°C

Outlet temp.°C

% Yield

VMD (do.5 , y«w±S.D)

Morphology

5

55

65

30 ± 2

16 ± 1.3

10 ± 1.0

-

10

55

65

32 ± 1

21 ±0.5

9.9 ±0.8

Non uniform

20

55

65

35 ± 1

45 ± 2.4

8.6 ±1.2

Non uniform

30

55

65

40 ± 2

43 ±1.7

7.8 ±0.8

Non uniform

5

65

75

41 ± 1

22 ± 1.2

7.4 ±0.8

-

10

65

75

41 ± 2

34 ± 2.3

6.9 ± 1.0

-

20

65

75

42 ±1

59 ±0.6

3.4 ± 1.0

Spherical

30

65

75

44 ± 2

59 ±0.9

2.9 ± 0.7

Spherical

5

75

90

45 ± 2

45 ±1.9

5.3 ±1.0

Non uniform

10

75

90

47 ± 1

68 ± 1.4

5.1 ±0.8

Non uniform

20

75

90

49 ± 2

72 ± 2.7

3.7 ±0.8

Spherical

30

75

90

50 ± 1

79 ±1.9

2.9 ± 1.0

Spherical

Table 3.11: The effect of aspirator rate on the spray drying of PLG A-Vitamin ETPGS formulations. The pump rate and
airflow were constant 8mi-min *and 7001/min respectvly. The data were expressed as mean values (n = 3 ± s.d).
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3.3.4 Effect of aspirator rate and pump rate on the spray drying of PLGApolysorbate 20 formulations
Polyoxyethylene sorbitan fatty acid esters (polysorbates) are a series of partial fatty
acid esters of sorbitol and its anhydrides copolymerized with approximately 20, 5, or
4 moles of ethylene oxide for each mole of sorbitol and its anhydrides. This leads to
the formation of a product made of a mixture of molecules of varying sizes rather
than a uniform mixture of a single chemical. Polysorbates containing 20 units of
oxyethylene are hydrophilic nonionic surfactants which are used widely as
emulsifying agents in the preparation of stable oil-in-water pharmaceutical
emulsions. They may also be used as solubilising agents for a variety of substances
including essential oils and oil-soluble vitamins, and as wetting agents in the
formulation of oral and parenteral suspensions. Recently they have been found to be
useful in improving the oral bioavailability of drug molecules that are substrates for
p-glycoprotein (Lo et a i, 2003).
The effect of aspirator and pump rate on the dried particles containing polysorbate
20 was evaluated. Different concentrations of polysorbate 20 were added to the
internal phase of the primary emulsion and investigated in the range of 0.05-0.10%
m/v. The particle size range measured using the laser diffraction was between 3.1 ±
0.3 and 7.9 ± O.Sfxm (Tables 3.12, 3.13). Higher yields and spherical shaped
microparticles were seen by increasing the aspirator level to 65-75% with an inlet
temperature of 120-125°C and an outlet temperature of 41-43 ± 2°C. There was a
marked decrease in particle size when the pump rate was increased to 7 ml-min'\
This could be due to the fact that by increasing the pump rate with higher drying
inlet temperatures and air flow rate there is more atomisation with moderate
residence drying time. However, at a certain point any more increase in the feed
pump rate and aspirator can increase the quantity of solvent being evaporated at any
one time. This results in lowering the surrounding air temperatures to a point where
evaporation is insufficient; resulting in a wet, low yield product.
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Figure 3.5: SEM image showing a non uniform spray dried PLGA-polysorbate 20
(0.05% m/v).
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Figure 3.6: SEM image showing spherical spray dried PLGA-polysorbate 20
(0.10%m/v) microparticles.
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Excipient
concentration
%m/v

Pump rate
ml-min'^

Inlet temp.°C

Outlet temp.°C

% Yield

VMD (do.5 , y«m±S.D)

Morphology

0.05

4

100

45 ± 2

44 ±0.7

6.2 ± 1.0

Non uniform

0.08

4

100

47 ± 1

48 ± 0.9

7.9 ±0.8

Spherical

0.10

4

100

50 ± 1

56 ± 1.2

6.6 ±1.2

Spherical

0.05

5

120

40 ± 2

66 ± 1.4

6.8 ±0.8

Spherical

0.08

5

120

42 ± 1

49 ±0.5

5.4 ± 0.8

Spherical

0.10

5

120

44 ± 2

74 ± 1.3

5.9 ± 1.0

Spherical

0.05

7

125

47 ± 1

53 ±0.8

4.4 ± 1.0

Spherical

0.08

7

125

48 ± 2

77 ± 0.9

3.9 ±0.7

Spherical

0.10

7

125

43 ± 2

75 ± 0.6

4.3 ±1.0

Spherical

Table 3.12: The effect of pump rate on the spray drying of PLGA-polysorbate 20 formulations. The airflow and aspirator
were constant 7001/min and 55 respectively.The data were expressed as mean values (n = 3 ± s.d).
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Excipient
concentration
%m/v

Aspirator

Inlet temp.°C

Outlet temp.°C

% Yield

VMD (do.5 , //m±S.D)

Morphology

0.05

55

100

45 ± 2

44 ± 2.3

5.2 ± 1.0

Non uniform

0.08

55

100

47 ± 1

48 ±1.4

6.9 ±0.8

Spherical

0.10

55

100

50 ±1

34 ± 0.9

6.6 ± 1.0

Spherical

0.05

65

120

40 ± 2

56 ±0.8

6.8 ±0.5

Spherical

0.08

65

120

42 ± 1

69 ±0.7

5.4 ± 0.9

Spherical

0.10

65

120

44 ± 2

64 ± 1.2

5.9 ± 1.0

Spherical

0.05

75

125

47 ± 1

53 ± 1.5

3.4 ± 2.0

Spherical

0.08

75

125

48 ± 2

65 ±0.9

3.1 ±0.3

Spherical

0.10

75

125

43 ± 2

46 ± 0.6

4.8 ± 1.0

Spherical

Table 3.13: The effect of aspirator rate on the spray drying of PLGA-polysorbate 20 formulations. The pump rate and
airflow were constant 7ml-min ‘ and 700 respctvly. The data were expressed as mean values (n = 3 ± s.d).
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3.3.5 Effect of pump rate on the spray-drying of PLGA-lactose formulations
Lactose is a widely used Food and Drug Administration (FDA) approved pulmonary
delivery excipient for inhalation products. This excipient is also used as a filler,
diluent, carrier in tablets, capsules, and to a more limited extent in lyophilized
products and infant feed formulas (Kibbe, 2000).
In this experiment a modified double emulsion technique was adapted to prepare
spray dried

ovalbumin

loaded

PLG A microparticles.

In

all experimental

formulations different concentrations of lactose instead of the frequently used PVA
was used in the external phase. 0.1%m/v lactose and 0.10%m/v polysorbate 20 were
used in the internal phase. Microparticles shape and surface morphology were
dependant on the lactose external phase concentration. Only 0.50 and 0.75%m/v
(Table 3.14) formulations showed well defined spherical microparticles (Figure 3.7)
with a size range of 1.7±0.6 pm -3.6 ±1.2 pm. These results correlate with the work
done by (Grenha et a l, 2005) regarding the effect of adding lactose on morphology.
The other lactose concentrations formulations showed bulky, non uniform particles
(Figure 3.8). The spray drying yield was noticeably affected by the changing the
pump rate and the inlet temperature. There was an approximately 86% yield with a
pump rate of 6ml-min \ and an inlet temperature of 170°C. In contrast the yield
dropped to 20% with a pump rate of 3ml-min‘* and inlet temperature of 120°C. This
can be explained on the basis that increasing the pump rate will lead to a higher
atomisation flow, this means there will be more supplied energy for breaking up the
liquid into droplets during the atomisation step resulting in smaller droplets. These
small droplets when accompanied by high inlet temperature will lead to high yields
(Masters, 1991). There was a decrease on either the yield or the morphology
uniformity, when the external lactose concentrations reached l%m/v. This may be
attributed to the fact that above a certain feed concentration larger particles will be
formed, which will need more time to dry. This means more moisture content
leading to lower yields, owing to the droplets deposition on the walls of the drying
chamber. This was observed during the course of this experiment, with 86, 70 and
27% yield with 0.50, 0.75, and 1% m/v lactose concentrations.
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Figure 3.7: SEM image of spherical PLGA-lactose (0.50%m/v) microparticles.

Figure 3.8: SEM image showing the non uniform particles formed by different
PLGA-lactose formulations.
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Excipient
concentration
(external phase)
%m/v

Pump rate
ml-min^

0.10

3

0.50

3

0.75

Inlet temp.°C

Outlet temp.°C

% Yield

30 ± 2

23 ± 0.5

3.6 ± 1.0

-

140

32 ± 1

20 ± 1.2

2.9 ±0.8

Spherical

3

140

35 ±1

29 ± 1.6

3.6 ± 1.2

Spherical

1.00

3

140

40 ± 2

31 ±0.9

3.8 ±0.8

-

0.10

5

160

41 ±1

52 ±2.1

3.4 ±0.8

-

0.50

5

160

41 ± 2

78 ± 1.8

2.9 ±1.0

Spherical

0.75

5

160

42 ± 1

64 ± 1.6

2.4 ± 1.0

Spherical

1.00

5

160

44 ± 2

42 ± 1.2

3.9 ±0.7

-

0.10

6

170

45 ± 2

43 ± 0.5

5.3 ± 1.0

-

0.50

6

170

47 ± 2

86 ± 0.8

1.9 ±0.4

Spherical

0.75

6

170

49 ± 2

70 ±1.3

2.7 ± 0.6

Spherical

1.00

6

170

50 ± 1

27 ± 3.4

3.0 ±0.9

-

140

VMD (do.5 , /^m±S.D)

Morphology

Table 3.14: The effect of drying pump rate on the spray drying of PLGA-lactose formulations. The airflow and aspirator
were constant 7001/min and 60 respectively. The data were expressed as mean values (n = 3 ± s.d).
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3.4 Effect of formulation excipients on the loading of spray-dried ovalbumin
PLGA microparticles
Therapeutic proteins can lose some or all of their biological activity when
exposed to elevated temperatures and new air/water interfaces (Lee, 2002). The
use of excipients is considered an effective approach to protect proteins from
aggregation and inactivation during émulsification and spray drying, especially if
the correct formulation and spray drying conditions are identified (Nayar, 2002).
The aim of this experiment was to evaluate the effect of each excipient on the
loading of spray dried ovalbumin loaded PLGA microparticles. The most
effective excipient formulation and spray drying parameters for each excipient
from the previous experiments with respect to yield, size and morphology were
investigated. Based on the results (Figure 3.9), lactose formulation had the
highest loading efficiency almost 89% with a low burst release of 23.2%. If
compared with the other excipients formulations or even the PLGA alone
formulation. This correlates in a way with (Grenha et a i, 2005) using lactose as
an excipient to microencapsulate protein-loaded chitosan. Their formulations
showed protein loading capacity of (65-80%). This higher protein loading effect
accompanied

with

the

lactose

containing

formulation

(compared

to

PLGA/lactose only as a control for EGA interference) may be due to its
stabilising effect on proteins by hydrogen bonding and other weak attraction to
the polar and charged parts of the proteins. This can prevent the drying induced
protein dénaturation from water loss (Nayar, 2002).
Formulations with vitamin ETPGS and polysorbate 20 showed close loading
efficiency 56-59% respectively. The burst release of polysorbate 20 was 31.4%
which is lower than that of vitamin ETPGS 48.6%. Both excipients are
considered surfactants. The way that surfactant stabilises proteins during spray
drying is not very well established. This may be because the drying time using
the Buchi spray dryer is a few milliseconds (Lee, 2002), and a very complicated
measures are needed for observation (Gander et a i, 2000).

The use of

polysorbate 20 to the liquid feed during spray drying prevented the aggregation
of recombinant methionyl human growth hormone. This effect can be because of
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the surfactant replacing the protein molecules at the air-liquid interface of the
droplets during spraying, leading to a reduction in protein exposure to surface
unfolding and dénaturation (Mumenthaler et a l, 1994). Dickinson, (1998)
showed that adsorption of protein and surfactant molecules in a mixed system to
the interface may he competitive. However, in another study increasing vitamin
ETPGS concentrations with PCL formulations did not show any significant
increase in protein loading (Somavarapu et a l, 2005).

Formulations with PVP showed loading efficiency of almost 60% and a burst
release of 20% after one hour, which may be because of the higher viscosity
related to the molecular weight of these droplets. During microparticle drying
liquid flows with the accompanying solids to the droplet surface by capillary
action. The presence of PVP raises the viscosity so less protein may be able to
move to the surface allowing more protein being trapped in the dried particles.
The PVA formulations showed low loading efficiency and a high burst release of
59%. Liao et al. (2005) reported that the inclusion of PVA in spray drying could
stabilize proteins and enhance the physical stability of particles. However PVA
was found to cause partial loss of the native bovine serum albumin structure
during spray drying (Elversson and Fureby, 2005).
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Figure 3.9; Effect of formulation excipients on the spray dried ovalbumin loaded
PLGA microparticles. The data were expressed as mean values (n = 3 ± s.d).

3.5 Effect o f formulation excipients on the in vitro deposition using the TSI

Results of the in vitro deposition studies using the twin stage impinger are shown
in (Table 3.15) for the spray dried microparticles liberated from the Rotahaler
and (Table 3.16) for those liberated from the nebuliser. The emitted dose of all
spray-dried powders from the Rotahaler was found to be in excess of 80%, with
the exception of the PVP and vitamin ETPGS formulations were 50% and 58%
respectively. The formulation with lactose had the highest stage II deposition of
about 76.21%. The PVP and PVA formulations showed a very low stage II
deposition. This matches the size analysis made earlier as these two formulations
exhibited large and uneven particles distribution. Liao et al. (2003) reported that
the fine particle fraction of enzyme delivered to the lower stage of a twin-stage
impinger from lysozyme preparations depend on the amounts of excipients.
There was no significant difference P>0.05 between the two devices in the
amount of fine powders reaching stage II. The highest deposition with both
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devices was for the spray dried lactose formulation (0.50%m/v) showing 76.21
and 84.42% for the Rotahaler and nebuliser respectively.
Device

Stage I

Stage II

(%wt ±s.d, n=5)

(%wt ±s.d, n=5)

(%wt ±s.d, n=5)

PVA

20.23±1.6

59.4±2.3

27.26±1.4

PVP

50.38±1.8

33.36±2.6

16.57±1.8

Vitamin ETPGS

43.28±2.1

24.65±1.6

34.42±1.7

Polysorbate 20

20.43±0.6

19.24±1.4

59.26±1.3

Lactose

19.23±1.4

9.4±2.0

71.2±1.0

Added excipient

Table 3.15: Twin impinger analysis of different spray dried formulation
excipients liberated from the rotahaler. The data were expressed as mean values
(n = 5 ± s.d).

Device

Stage I

Stage II

(%wt ±s.d, n=5)

(%wt ±s.d, n=5)

(%wt ± s.d, n=5)

PVA

33.13 ±2.7

45.31 ± 1.3

17.24 ±3.2

PVP

43.24 ±2.1

48.26 ± 1.3

14.24 ± 2.3

Vitamin ETPGS

52.18 ± 1.6

19.55 ± 1.2

28.32 ± 1.2

Polysorbate 20

15.23 ±1.6

15.24 ±2.4

64.46 ±2.1

Lactose

12.31 ± 1.5

6.31 ±2.3

84.42 ± 2.0

Added excipient

Table 3.16: Twin impinger analysis of different spray dried formulation
excipients liberated from the nebuliser. The data were expressed as mean values
(n = 5 ± s.d).
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This superior behaviour of the lactose containing formulation over the other
formulations within the two devices may be related to a better dispersion exerted
by the presence of lactose. The presence of lactose with salbutamol sulphate
significantly affected the powder flow and improved its dispersion (Louey et al.,
2003). Nakate et al. (2004) concluded that flowability of carrier lactose
influenced the emitted dose from a dry powder inhaler. Formulation of proteins
with lactose has also been reported to minimize aggregation (Andya et al, 1999).
The formation of aggregates may be induced by surface dénaturation at the airliquid interface of droplets during spray (Maa et ai, 1998). The presence of
lactose and polysorbate-20 surfactant can compete with protein molecules to
occupy the interface and leave a smaller interface for protein to unfold and
aggregate. There was no detection of any aggregates with the lactose formulation
if compared to the other formulations (PVP, PVA, vitamin ETPGS). Bosquillon
et al. (2004) showed that the formulation of protein (growth hormone) with
lactose and DPPC enhanced aerosilsation properties with no formation of
aggregates.

3.6 Conclusion
From the previous results and discussion, the following could be deduced:
Using the spray dry technique for the preparation of ovalbumin
microparticles, the feeding liquid type, concentration, the air flow rate,
pump rate, inlet and outlet temperatures exhibited outmost importance in
determining microparticle properties such as morphology, size and
loading.

-

Raising the spray drying air flow rate caused an increase in the
percentage yield. This increase was considerable when coupled with an
increase in the inlet temperature. This effect was obvious in the formula
containing PVA and PVP.
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Increasing the pump rate together with the inlet temperature increased the
yield as seen in the formulations containing lactose and polysorbate 20.

The presence of lactose 0.5%m/v in the external phase resulted in the
production of regular spherical microparticles with an average size of 1.9
jum and with the highest loading efficiency (89%) compared with
formulations containing PVA, PVP, vitamin ETPGS or tween 20.

Lactose containing formulations showed a very high stage II deposition
when tested using the twin stage impinger, while those containing PVA
and PVP showed very low stage II deposition.

We can therefore conclude that by the selection of appropriate formulation
excipients and spray drying parameters, the encapsulation of the fragile model
protein ovalbumin using the polymer PLGA was successfully accomplished. The
prepared ovalbumin microparticles were of suitable size, with narrow size
distribution

and

showed

good

aerosolisation

properties.

The

prepared

microspheres could therefore be good candidates to be delivered to the lower
respiratory tract allowing for the systemic delivery of their protein content.

The use of lactose in the external phase instead of the commonly used PVA
presented a formulation with a safe excipient especially as the respiratory tract is
the target organ. This formulation was also chosen as the best formula since the
produced microparticles were spherical with uniform shape and have an average
size of 1.9 pm, the yield was 86% and the ovalbumin loading 89%. The
microparticles showed also the highest stage II deposition using both a nebuliser
and a dry powder inhaler. This formulation would therefore be predicted to
exhibit high deposition in the lower regions of the respiratory tract. This formula
was therefore chosen for further work.
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CHAPTER 4
The effect o f m odified double em ulsion spray drying on the properties o f
insulin loaded poly(lactide-co-glycolide) microparticles
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4.0 The effect of modified double emulsion spray drying on the properties of
insulin loaded poly(lactide-co-glycolide) microparticles

4.1 Introduction
The objective of this study was to assess the potential of using the modified
double emulsion spray drying method described in the previous chapter to
encapsulate the labile bovine insulin into PLGA microparticles aimed for
pulmonary delivery. This modified method is based on using lactose within the
emulsion phases instead of PVA and being dried using spray drying.
Since the 1920’s when insulin was first discovered there has been a great interest
in this protein with regard to optimising delivery systems, formulations and
delivery sites (Choi and Kim, 2003). Due to the rise in numbers of diabetics
around the world, insulin has become one of the leading therapeutic molecules
under research with a marked increase in the number of insulin analogues and
patents (Philli and Panchangnula, 2001). However, subcutaneous injection is the
main route for insulin administration. The frequent use of this delivery port for
diabetic patients has a lot of drawbacks some of which are pain, irritation,
swelling, atrophy of subcutaneous fat tissue, and poor patient compliance (Kwon
et a i, 2004). To overcome these problems associated with injection, alternative
routes for insulin administration (e.g. oral, buccal, nasal and pulmonary) were
studied (Shima et al., 2006; Grenha et al., 2005; Shaoyun Yu et al, 2004). Most
of these alternative approaches have met major barriers for effective insulin
delivery. Variable bioavailability due to protoletic enzymes (Shen et al., 1992)
within the oral route, irritation and allergic reactions due to the use of penetration
enhancers within the nasal route are among the major barriers to these alternative
routes (Hilsted et a l, 1995).
The use of the pulmonary route as an alternative non invasive port for the
delivery of insulin has recently gained attention due to the inherent advantages
this route acquires. The lung large surface area, avoidance of the first pass effect
and the thin alveolar epithelium allow a rapid onset of action with higher
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bioavailability (Byron and Patton, 1994).

However to reach this higher

absorption as in the case of insulin, many characteristics must be considered
(Heinemann et a i, 2001). These include the preservation of its stability during
formulation, achieving the optimal particle size, shape, density and the careful
choice of carrier, excipient and device for pulmonary administration.
Insulin is an unstable protein susceptible to chemical and physical degradation
during formulation leading to the formation of linear, biologically inactive
aggregates (Choi et a i, 2004). Excipients such as lactose, sorbitol and mannitol
can be used to aid as stability enhancers for proteins during the manufacturing
process. The presence of sorbitol was found to affect the stability of the prepared
interferon B formulations intended for inhalation (Patton et ai, 1994). It has been
concluded that the use of lactose as an excipient positively influenced the
stability of proteins and peptides (Li et al., 1996; Klink et at., 2001). However,
there are safety concerns regarding the use of excipients and the long term
exposure of the lung to them (Heinemann et a l, 2000). Lactose is among the
very few FDA approved carriers for inhalable preparations. It has been
extensively used with these formulations for so many years. This presents lactose
as a suitable promising excipient for protein pulmonary delivery. The majority of
insulin inhalation studies have been focused on its rapid absorption with a very
short duration of action (Steiner et al, 2002). In general several proteins for
inhalation have been formulated with the aim of prolonging the release, using
liposomes or microparticles (Surendrakumar et al, 2003). The use of polymer
based carrier systems for inhalation of protein can enhance the transport and the
amount of protein reaching the site of action (Ehrhardt et al, 2002). An example
of these polymeric systems is the use of the biodegradable polymer PLGA, to
formulate microparticles capable of encapsulating proteins and peptides with a
prolonged action (Kawashima et a l, 1999). These microparticles can be
formulated to deliver the desired protein locally or systemically (Tobio et a l,
1999). However the major safety concern in delivering these systems composed
of therapeutic peptides, proteins and biodegradable polymers to the lungs are the
possibility of immunologic reactions and accumulations within the lung tissues.
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Most of the work done regarding the short term delivery of insulin via inhalation
has suggested that it is safe to lung tissues (Cefalu et a l, 2000). The history of
PLGA use in humans is documented and its use has been approved for different
routes, these considerations form the basis for trying it with the pulmonary route.
4.2 Materials and methods
4.2.1 Preparation of insulin loaded PLGA microparticles

Microparticles were prepared using a modified emulsion spray drying method.
The primary emulsion was prepared using an aqueous solution containing insulin
from bovine pancreas (Sigma, UK) 2.5% m/m (2.5 mg per 100 mg polymer)
theoretical loading. Excipients of 0.1% m/v lactose (lactose monohydrate Sigma,
UK) and 0.10%m/v polysorbate 20 (tween 20, Sigma, UK) were added to the
internal aqueous phase. This solution was emulsified with the organic phase
comprising 200mg of the polymer PLGA 75:25 Mw 12IK (Alkermes controlled
therapeutic systems) in 5ml of the solvent dichloromethane (DCM, Sigma, UK).
The aqueous solution (2ml) was drop wise added to the organic phase (5ml)
under stirred conditions using a homogeniser, ultra torrax (T 25, IKA) for 2
minutes at 20,000 rpm keeping the temperature of the solvents always around
5°C with an ice bath. The resulting emulsion was drop wise added to a 250 ml
beaker containing 100ml aqueous solution of either 0.10 or 0.50 or 0.75%m/v
lactose monohydrate (Sigma, UK) with further homogenization

using the

Silverson homogeniser (Silverson machines, Chesham, Bucks, UK) for 8
minutes at 10.000 rpm. The resulting double emulsion was fed immediately into
the 0.5 mm feeder nozzle of the Buchi® mini spray drier under the following
spray drying parameters table 4.1.
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Inlet
temperature

Outlet
temperature

Flow control

Feed rate

Aspirator
level

158±3 °C

43±2 °C

7 0 0 1/min

5.0 ml/min

60%

Table 4.1: Spray drying parameters of insulin loaded PLGA microparticles

4.2.2 Analysis of microparicles
4.2.2.1 Determination of the microparticles particle size and size
distribution
Spray dried microparticles were sized by laser diffraction using the Malvern
Mastersizer X (Malvern Instruments, Malvern, UK). 5mg of each sample was
fully dispersed in water. Particle sizes were analysed and the results were
expressed as volume mean diameter. Each sample was analysed in triplicate to
express the average for the particle volume mean diameter.

4.2.2.2 Determination of microparticles morphology
The shape and surface characteristics of the spray dried microparticles were
analysed using scanning electron microscopy. A sample from each batch was
laid on aluminium stubs using carbon discs. Their surface was then coated with a
thin layer of gold under vacuum in argon atmosphere using a sputter coater
(Emscope SC500). The samples morphology and surface properties were viewed
using an electron microscope (Stereoscan 90B, Cambridge Instruments, UK).
4.2.2.3 Determination of the process yield
The spray dried powder from each batch was collected from the collection vessel
and the yield was calculated as a percentage of the initial quantity added in the
feed solution.
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4.2.2.4 Determination of insulin loading
Insulin content within the microspheres was measured using high performance
liquid chromatography (HPLC). Briefly, 5mg of microparticles were then
dispersed in dichloromethane. O.IN HCl solution was added to extract insulin
and the two phases were vortex-mixed. The dispersion was allowed to settle at
room temperature for 10 min before the dichloromethane phase was separated
from the mixture by centrifugation at 2000 rpm for 3 min. The upper aqueous
phase containing insulin was analyzed by HPLC. A Zorbax Eclipse XDB-C8
(150 X 4.6mm) column was set up in the HPLC instrument (HP 1050 with a UV
detector, Applied Biosystems 759A Abs, USA) and samples were analysed at
214nm. The flow rate was 1ml/min at 30 degrees Celsius, and injection time was
20 pi. The mobile phase was a mixture of 30% acetonitrile and 70% buffer
(buffer comprised of 50mM Na2S04, pH adjusted using TEA). Insulin loading is
expressed as insulin actual loading percentage.
4.2.2.5 Determination of non-encapsulated insulin
The amount of non-encapsulated insulin was determined by suspending 5 mg of
microspheres in 1 ml of water adjusted at pH 2.5 with hydrochloric acid. The
suspension was gently stirred by vortexing (Reax 2000, Heidolph, Germany) for
1 min. Samples were filtered and analysed by HPLC.
4.2.2.6 In vitro release of insulin from PLGA microparticles
Insulin release was evaluated by suspending 5 mg of dried microspheres in 1 ml
of 0.05 M aqueous Tris buffer at pH 7.4. Quadruplicate samples for each batch
were placed in a thermostatic bath at 37 °C. At scheduled time intervals the
release medium was withdrawn and replaced with the same volume of fresh
medium. Samples were filtered through 0.45-pm PVDF filters and analysed by
HPLC. Insulin remaining in the microspheres was extracted and quantified as
described for the evaluation of insulin loading.
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4.2.2.7 Determination of the nebulised microparticles volume median
diameter and Span
The Malvern 2600c Particle sizer, comprising the measurement unit and
computer has an inherent capability to measure liquid sprays passing through the
laser beam without the need for sample presentation accessories. 5mg of
microparticles from each formulation were suspended in 3ml distilled water and
was placed in the nebuliser reservoir. The system was nebulised to sputtering
time. The volume median diameter (VMD) and size distribution (span) of the
aerosols produced by the nebuliser was measured using laser diffraction
(Malvern 2600c, particle and droplet analyzer, Malvern Instruments, UK). The
63mm lens was used and the nebuliser clamped such that the tip of its
mouthpiece was 2.5cm from the laser beam, 1.5cm from the lens and at a height
which allowed the aerosol to traverse the laser beam. A vacuum was used to
draw the aerosol through the laser beam (Figure 4.1). Measurements were taken
every 2mins from the start of nébulisation to sputtering time and the lens was
covered with card in between readings to minimize deposition of aerosol on the
lens. The VMD (i.e. the particle size above and below which 50 percent of the
aerosol particles are detected) and size distribution (span) were recorded with
nébulisation time. The span was calculated by the instrument software.
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Figure 4.1 : Schematic diagram of the apparatus arrangement
determination of aerosol size and size distribution (Bridges, 2001).

for

the

4.2.2.S In vitro deposition assessm ent of insulin loaded PLGA spray dried
microparticles
An in vitro determination of the fine particle fraction (FPF) of the spray dried
microparticles was examined by the twin stage impinger (TSI) using either the
air jet nebuliser (Pari LC Plus air-jet nebuliser connected to a Pari Master
compressor. Pari GmbH, Germany) or a dry powder inhaler (Rotahaler®, Glaxo).
5mg from each batch of the spray dried microparticles were suspended in 3ml
distilled water and was placed in the nebuliser reservoir. The system was
nebulised to sputtering time almost 10 mins. In case o f the dry powder inhaler
(Rotahaler®) the powder was filled manually in hard gelatine capsule. Capsules
were then loaded in the dry powder inhaler. The inhaler was connected to the
twin stage glass impinger (TSI) using a specially designed airtight ring. The TSI
used in this study was obtained from Copley Instruments Ltd, Nottingham, U.K.
When operated at 601/min, stage II of the device is claimed to collect fine
particles with aerodynamic diameters < 6.4 pm while larger material remains in
stage I (Hallworth and W estmorland, 1987). In many publications (Phillips et al.,
1990, Hickey, 1992), drug penetrating stage II o f the TSI is considered to be
potentially “respirable”, although it is also defined as ‘fine particle fraction’ or
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‘fine particle dose’ in the same way (Inhalanda, 1993). The volume of capturing
solvent (water) in the upper stage I and lower stage II were 7 mL and 30 mL,
respectively. The inhaler body, capsule shells, mouthpiece, stage I, and stage II
were washed carefully. The washes from each stage were centrifuged at 2000
rpm for 3 min and the pellets were then dispersed in dichloromethane. O.IN HCl
solution was added to extract insulin and the two phases were vortex-mixed. The
dispersion was allowed to settle at room temperature for 10 min before the
dichloromethane phase was separated from the mixture by centrifugation at 2000
rpm for 3 min. The upper aqueous phase containing the extracted protein was
analyzed to measure the amount of insulin retained using HPLC as described
before. The percentage weight distribution of insulin was calculated based on the
amount collected from different compartments (reservoir, stage I, stage II).
4.2.2.9 Determination of spray dried microparticles tap density
The tap density (random dense packing) is obtained by tapping the container
holding the aerated sample. The structure of a cohesive powder will collapse
significantly on tapping while the weak or free-flowing powder has little scope
for further consolidation. The powder particles are forced to jump and to lose
contact with each other for a moment while tapping. When there is reduced
friction between the particles, the particles rearrange and thus tapping results in
improved packing conditions (Abdullah and Geldart, 1998). To measure the tap
density, in which the powder sample was slowly poured into a standard funnel
with an opening of 5 mm in diameter, through which the powder flowed and
filled a cylindrical container of height 50 mm and diameter 30 mm. The tapped
density was measured using a volume of a known weight (0.5g) of powder. After
observing the initial volume of microparticles, manual vertical tapping was
continued on a hard surface at a rate of 30 taps per min until there was no change
in the height observed. Tapped density = mass of microparticles / volume of
microparticles after tapping
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4.3 Results and discussion
4.3.1 Effect of different lactose concentrations on particle size, density and
yield of insulin loaded microparticles
All batches of PLGA microparticles containing insulin which were prepared
using different concentrations of lactose in the external phase exhibited a particle
size range of 2.0 to 3.8pm (Table 4.2). Batches without lactose showed 8pm size
particles. There was a tendency of increasing microparticle size with growing
concentrations of the lactose concentrations. This has been clearly observed for
powders constituted of 0.10% m/v lactose corresponding to the lowest lactose
concentration showing microparticles of 2.0 pm, and 0.75% m/v corresponding
to the higher lactose concentration showing microparticles of 3.8pm in size
(Figure 4.2). This increase may be attributed to the increase of the total solids to
be spray dried. The explanation for this can be based on the fact that during the
spray drying process if the feed rate is constant any increase in the concentration
of the spraying solution means an increase in the solids contained in the liquid
which is sprayed in a specific time, giving rise to a larger droplet and dry particle
formation (Chidavaenzi et al., 1997). Bosquillon et al. (2001) concluded that
formulations with higher solid contents (mannitol/nanoparticles) spray dried at a
constant feed rate exhibited larger microparticles than those with lower solid
contents. The tapped density values of the spray dried formulations ranged from
0.127 to 0.441g/cm^ for the lactose containing formulations which correlates
with the size range results of 2.0-3.8pm and 0.893g/cm^ for the no external phase
lactose formulation. The yield of recovered powder varied, with some
formulations performing well in the spray-dryer and generating yields of almost
78%, whilst other formulations generated much lower yields 20%. In general,
increasing the concentration of lactose from 0.10 to 0.50% m/v within the
external phase increased the yield from 52-78% respectively. However further
lactose increase to 0.75% m/v was accompanied by a decrease in yield to 50%.
Formulation with no lactose in its external phase showed 20% yield. This
suggests that, increasing the lactose concentration over 0.50% leads to a higher
formulation viscosity which under standard spray-drying conditions gives low
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yields of high density microparticles. This effect of viscosity was reported by
other researchers (Iskandar et al., 2003). The other reason may be because a
higher solid's content of the liquid feed will produce larger particles (Adler and
Lee, 1999), after a critical point of the solid’s content, the larger particles will
dry more slowly than do the smaller ones obtained at lower solid's content. This
will increase deposition in the drying chamber and hence reduce yield. Increased
deposit formation on the inside wall of the drying chamber was observed at
lactose concentrations > 0.50% m/v.

Lactose

VMD do.5 (pm ±

Tap density

Production yield

concentration % m/v

s.d, n=4)

g/cm^

%

0

8.0 ±0.5

0.893 ± 0.02

20 ± 4.2

0.10

2.0 ±0.8

0.127 ±0.005

52 ± 3.4

0.50

3.0 ±0.9

0.132 ±0.004

78 ± 3.2

0.75

3.8 ± 1.3

0.441 ±0.12

50 ± 1.2

Table 4.2: Effect of changing external phase lactose concentration on the size,
tapped density and production yield of the spray dried insulin loaded PLGA
microparticles.

Theoretically these 0.10% and 0.50% m/v lactose dry powder formulations with
microparticles compromising sizes between 2 and 4pm and low densities are
considered suitable for administration to the deep lungs (Bosquillon et a l, 2001).
The microparticles size of a powder formulation together with their density are
considered

prominent factors in the success of formulation intended for

inhalation, because it strongly influences the dispersion and sedimentation
properties of the powder (Taylor and Kellaway, 2001)

132

Chapter four- The effect o f a modified double emulsion spray drying method on
the properties o f insulin loaded poly(lactide-co-glycolide) microparticles

8
7

6
N
(A
C
(0

0)

5
4
3
2
1

0
0

0.1
0.2
0.3
0.4
0.5
0.6
Lactose concentrations m/v%

0.7

0.8

Figure 4.2: Effect of lactose concentration in the external water phase on the
mean diameters of microcapsules prepared by the modified emulsion spray
drying. The data are presented as mean ± S.D. (/z = 4).

4.3.2 Effect o f different lactose concentrations on the morphology of spray
dried insulin loaded microparticles

SEM micrographs of the particles prepared by the modified double emulsion
spray drying procedure with and without the addition of lactose concentrations
showed a significant difference in the surface structure. In general the
morphology of formulations containing lactose within their external phase
showed regular, smooth and spherically shaped microparticles (Figure 4.3).
These images correlate with the previous sizing and density results. Formulations
with 0.50% m/v lactose exhibited a higher degree of uniformity regarding shape
and distribution, while those prepared with 0.75% m/v lactose showed larger
particles with a lower degree of uniformity. This may be due to the fact that an
increase in lactose concentration in the feed solution may accelerate its
precipitation at the droplet surface during the drying process (Sacchetti and Van
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Oort, 1996). Bosquillon et al. (2004), concluded that spray dried particles
prepared with lactose were small and highly respirable.

m

(a)

(b)
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(C)

Figure 4.3: Scanning electron micrographs of insulin loaded PLGA
microparticles prepared using modified double emulsion spray drying method a)
0 .10%m/v lactose b) 0.50% m/v lactose c) 0.75% m /v lactose.
In this study, all preparations with no lactose in their external phase resulted in
incompletely formed microparticles (Figure 4.4). These microparticles exhibited
lumpy structures with the impression of incomplete dryness. This explains the
marked increase in mean diameter observed during the sizing experiments. It was
found that one of the main problems encountered in the spray-drying of
polymeric solutions was the formation of fibres owing to insufficient forces to
break up the liquid into droplets (Bodmeier and Chen, 1988).
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Figure 4.4: Scanning electron micrograph o f insulin loaded PLGA microparticles
prepared using no external phase lactose.

4.3.3 Effect of different lactose concentrations on the non encapsulated and
loading efficiency o f spray dried insulin loaded microparticles

In order to ascertain that insulin in all formulations was entrapped within the
polymeric matrix, an appropriate amount of microparticles was washed with
hydrochloric acid to dissolve non-encapsulated insulin. No detectable amounts of
insulin were found in the washing media except a trace amounts for the
formulation in which the higher lactose concentration in the external phase was
used.

Loading

efficiency

is

one

of

the

key

criteria

for

evaluating

microencapsulation process. Analysis of the content of the powders (Figure 4.5)
revealed that all lactose containing formulations offered protection to the drug
during the spray drying process. Formulations containing 0.10%, 0.50% and
0.75%

m/v lactose showed loading efficiencies of 60%, 90% and 71%

respectively. The best formulation in terms of protection of insulin loading
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during the spray drying process was the 0.50% lactose, while the lowest (50%)
was the formulation composed of only PLGA with no external phase lactose.

O ' 80

0 .1 0

0 .5 0

Lactose concentrations %m/v

Figure 4.5: Effect of different external phase lactose concentrations on the
loading efficiency of spray dried insulin loaded PLGA microparticles prepared
using modified double emulsion spray drying method (n =3 ± s.d).

However the highest concentration of lactose (0.75%) showed lower loading. In
general these results show that the inclusion of lactose in the external phase
effectively increased protection and encapsulation efficiency during spray drying
of insulin within PLGA. This may be due to the fact that lactose may have
minimised the diffusion of insulin molecules from the bulk to the subsurface
region which in turn decreases insulin adsorption to the air liquid interface
(M agdassi, 1996). Also the presence of polysorbate 20 as a surfactant within the
internal phase could have helped in stabilising insulin by displacing it from the
air-water interface. Polysorbate 20 was able to displace beta-lactoglobulin from
air-water interfaces (Roth, 2000). The other hypothesis is the water replacement
hypothesis, which is based on the ability of sugars to stabilise
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proteins by weak forces of attraction and hydrogen bonding replacing the water
loss. This prevents the dénaturation of proteins induced by drying (Allison et a i,
1999). This protective effect exerted by lactose was clearly missing with the
formulation where no lactose was used, where a high proportion of insulin was
lost during drying. As already mentioned, insulin needed to be dissolved in an
acid solution during the w/o/w procedure, but the solution was used immediately
and such working conditions were therefore not damaging enough to induce
insulin dénaturation. Also the chromatograms of the encapsulated insulin were
exactly the same as the native insulin (Figure 4.6). It is possible to claim that
entrapped insulin within microparticles could be considered as fully biologically
active.
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Figure 4.6: HPLC chromatogram of a) native insulin (control), b) insulin
extracted from 0.50% lactose formulation.
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4.3.4 Evaluation of lactose concentrations effect on the in vitro insulin
release from spray dried insulin loaded PLGA microparticles

The characteristics of insulin release from PLGA microparticles stabilised by
different lactose

concentrations

(0%-0.75%)

are shown in figure 4.7.

Microparticles produced using 0.75% lactose as a stabiliser in the external
aqueous phase, exhibited the highest burst release of insulin in one hour
amounting to 30% of the insulin load. The burst phase is generally considered to
result from loss of surface protein or condensed protein near the inside surface of
the microparticle. However former experiments aiming to detect surface insulin
(non encapsulated) revealed only 5% surface insulin within the 0.75% lactose
formulation. These results tend to confirm the second suggestion regarding the
presence of higher concentrations of insulin near the inside microparticle surface.
Clearly, the inclusion of different lactose concentrations into the formulation
could influence the in vitro release kinetics. In the case of the formulations
containing higher lactose concentrations the initial release, the so- called burst
effect, was higher than the formulations containing lower lactose concentrations.
After one hour, the cumulative amount of insulin released was about 10%, 18%,
23%, and 30% for microparticles composed from 0%, 0.10%, 0.50% and 0.75%
respectively. This release profile regarding the burst effect during the first hour
especially with the 0.10% and 0.50% may enhance the control over blood sugar
level after administration and have prospective benefits to diabetes patients. The
majority of the reported data are for PLGA microparticles releasing high levels
of insulin immediately after administration, which can cause hypoglycaemia, and
glucose excursions. However, there are some studies with formulations
exhibiting very low burst release showing a marked low insulin control
especially after administration which may lead to an initial hyperglycaemia.
Hinds et al. (2005), demonstrated a novel controlled release formulation using
PEGylated insulin encapsulated in PLGA showing high encapsulation efficiency
and activity, but with a negligible initial burst release. The 0% lactose
formulation retained only 47% insulin through the whole 50h. Generally there
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are major basic mechanisms for the release of a loaded drug from a polymeric
matrix. These are diffusion through the polymer matrix, or diffusion through the
aqueous channels formed by water penetration into the matrix and finally erosion
of the polymer matrix (Schwendeman et al., 1996). Any or all of these
mechanisms may occur in a given release system (Langer,

1990). The

degradation of PLGA is usually slow (7-35 days) and in this present delivery
system the time taken for complete release was about 50 hours. Therefore the
mechanism of release o f insulin from microparticles may depend on either the
insulin diffusion through the water filled pores and/or the PLGA matrix.
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Figure 4.7: Release profiles of insulin from PLGA microparticles. M icroparticles
were prepared by a modified double emulsion spray drying using different
external phase lactose concentrations.

Upon exposure to the release medium water is taken up by the PLGA
microparticles. The hydrophilicity o f the polymer will determine the uptake
speed of water during the course of release. W ith the uptake of water, the
particles will swell and allow the drug within to diffuse through the pores. This
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sort of mechanism is faster than drug diffusion through an intact polymer barrier
(Schwendeman et a l, 1996). The generally different release timing with these
lactose added formulations may be accounted for by the hydrophilisation of the
matrix exerted by lactose which leads to a more rapid entry of water into the
polymeric matrix. Mu et al. (2005) concluded that the combination of additives
into the formulation could alter the hydrophilicity of the PLGA matrix which in
turn influence the in vitro release kinetics. The presence of PEG within the PEG
microparticle matrix was considered to perform a similar role in ovalbumin
release (Yeh et al, 1995). In addition, data generated from the release profile
(Figure 4.7) with a low burst release and a continuous (near zero order) insulin
release contributes to the formation of a homogeneous, porous structure
microparticles. Particulate systems fabricated by spray-drying usually possess a
porous quality that aids water penetration into the particles, thereby promoting
release (Masters, 1991). This is one related advantage of spray-drying for
controlled release especially for poorly soluble drugs. This study has highlighted
the use of lactose in microparticle technology as a modulator of insulin release in
a time limit of 50 hours. However, pulmonary moisture is much less in
comparison with the dissolution test. Therefore, slower releases of insulin from
microparticles are expected in the lung. However, other studies have
demonstrated release over 45 days using cyclodextrins with PLGA (Quaglia et
a l, 2003), and 28 days using PVP (Coombes et a l, 1997). This 50 h release time
has the advantage over longer periods in protecting the released insulin since the
deamidation of bovine insulin in PLGA microparticles during erosion has already
been extensively reported in the literature (Shao and Bailey, 2000). This can be
related to the acidic conditions that prevail during PLA and PLGA degradation.
However, Ibrahim et al. (2005) showed a stable insulin structure after 18 days of
release and concluded that insulin structure and properties may also have an
effect during release.
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4.3.5 Effect o f different spray dried insulin loaded PLGA form ulations on
the aerosols volume median diam eter and span
The aim of this experiment was to study the performance of the different spray
dried insulin loaded PLGA formulations using the widely recommended PARI
LC Plus® nebuliser (Figure 4.8).

y

Figure 4.8: Schematic diagram showing the Pari LC plus air-jet nebuliser
(adapted from PARI Respiratory Equipment, Inc. & Pari Gmbh).

In numerous studies it has been proven that the size of suspended microparticles
can significantly influence the volume median diameter (VMD) and the size
distribution (span) of the generated aerosol (Dailey et a i, 2002). The results of
this study showed that VMD and span generated from all the spray dried insulin
loaded PLGA formulations with lactose in their external phase exhibited a
narrow size range (Figure 4.9) and distribution (Figure 4.10). In contrast,
formulations with 0% lactose showed a wider range. The Laser diffraction results
showed that median size of droplets generated from the PARI nebuliser was
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reasonably consistent during nébulisation for all formulations (Figure 4.9).
However, towards the end of nébulisation, formulations containing 0.50% lactose
tended to show

a decrease in size whilst those containing no lactose

dem onstrated an increasing trend in droplet size. There was a significant
deference p<0.05 between the two formulations at 8 mins. This might be
attributed either to the formulation ingredients or to the sputtering phase at the
final few mins of nébulisation when the process of liquid atomisation within the
nebuliser becomes erratic and intermittent. These results also correlate with the
particle size results in section (4.3.1).
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Figure 4.9: Size of aerosol droplets generated from insulin loaded PLGA
microparticles prepared using modified double emulsion spray drying method
using PARI LC Plus air jet nebuliser (n = 3 ± s.d).

Size distribution (Span) of the aerosol droplets was consistent at all time intervals
investigated for the lactose containing formulations (Figure 4.10). However, the
lowest consistency was observed for the formulation containing 0% lactose.
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indicating that the presence of lactose was desirable to keep the variation in Span
minimal during nébulisation.

At midway nébulisation (e.g. 6 mins), there was no significant difference p> 0.05
between the lactose containing formulations size (VMD) of aerosol droplets.
However, at the same nébulisation interval there was a significant difference
(p<0.05) in size distribution (Span) between the 0.50% lactose formulation and
the 0% lactose formulation. These results confirm the former indication, that the
presence of lactose exerts a positive effect on decreasing variations during
nébulisation. Nebulisers can convert suspensions into aerosols for inhalation
(Newman et al., 1986). Their advantage stems from their ability to deliver the
required drug during relaxed tidal breathing. Their efficacy depends upon the
pulmonary deposition of aerosol which is affected by the size and mass output of
the aerosol product (Smaldone et al., 1998). However, Bridges and Taylor,
(1998) demonstrated that the shear forces generated during jet nébulisation can
disturb liposomal integrity, thus leading to rupture and leakage of the drug
compound. On the other hand, (Dailey et al., 2002) have reported the generation
of aggregations under these conditions.

Although there is no interaction between the nebuliser and the formulation,
nébulisation quality is the combined result of the formulation, the nebuliser and
the operating conditions. The performance characterisation of the chosen
nebuliser is not the focus of this study since the main aim was to investigate the
behaviour of the suspended microparticle formulations within the aerosol
droplets under the relatively aggressive conditions of nébulisation. This study has
shown that the inclusion of lactose within the external phase during the
émulsification process leads to the formation of a narrower droplet size range if
compared to the formulations with no lactose. This might also be attributed to the
hydrophilic nature that lactose exerts on the PLGA microparticles matrix
reducing the aggregation during nébulisation (Dailey et a l, 2002). This
hydrophilic nature also correlates with the assumption made with the in vitro
release studies in section 4.3.4. The droplet size produced by a nebuliser is
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in determining the in vivo efficacy of a nebulised formulation

critical

(O ’Callaghan and Barry, 1997).
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Figure 4.10: Size distribution of aerosol droplets generated from insulin loaded
PLGA microparticles prepared using modified double emulsion spray drying
method using Pari Lc Plus air jet nebuliser (n = 3 ± s.d).

The laser diffraction sizing technique provides an accurate and convenient
means for the determination of the droplet size of nebulised aerosols (Clarke,
1995). However, this method, as with most measuring methods, is potentially
flawed in that none can reproduce the effects of changes in the relative humidity
of the surrounding air as the aerosol cloud enters the lung in vivo. The resultant
evaporation or condensation of droplets declining within the emitted aerosol
cloud may all have a significant impact on the aerosol droplet size during
inhalation (Gonda, 1992).
4.3.6 Effect o f different lactose concentrations on in vitro deposition o f spray
dried insulin loaded microparticles
The aim of this study was to access the in vitro deposition of the different
formulations from a dry powder inhaler DPI (Rotahaler) and an air jet nebuliser
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(Pari LC plus) using the twin stage impinger. There was no significant difference
p>0.05 between formulations tested using the DPI and nebuliser with regard to
stage II deposition. However, there was a higher stage II deposition with the DPI
than the nebuliser at the same air flow (60 1/m). The fine particle fraction (FPF)
defined as the particles generated with a suitable size (< 5pm) that can achieve an
adequate deposition deep into the lung (Heinmann et al., 2001) varied between
the two devices. As it is shown in figure 4.11 the fine particle fraction after
nébulisation, which roughly corresponds to the insulin deposition at stage II is
higher for the 0.50% lactose than for the 0.10% lactose formulation, which is
even higher than for the 0.75% lactose formulation. These FPF results are in
accordance with the particle size determinations obtained by laser diffraction in
the previous study. The total amount of insulin recovered from all compartments
is 94.62% and 89.23% for the DPI and nebuliser respectively.
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Figure 4.11: Insulin mass distribution between the nebuliser reservoir and the
impinger stages. The data were expressed as mean values (n = 3 ± s.d).

On the other hand, the deposition pattern with all formulations was the same
using the rotahaler but with higher wt% deposition in stage II (Figure 4.12). The
0.50% lactose formulation generated 81.45% and 89.31% representing the
highest FPF with the jet nebuliser and the rotahaler respectively. The formulation
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with 0% lactose showed the lowest stage II deposition from among all
formulations 20.38% and 18.35% with the nebuliser and rotahaler respectively.
Using a Pari LC Plus jet nebuliser, twin impinger studies showed that insulin
mass distribution between the nebuliser reservoir and the impinger stages was
highly dependent on lactose concentration within formulations. Formulation
containing no lactose had a low insulin fraction delivered to the lower stage of
the impinger with more than half of the insulin originally included remaining
undelivered in the nebuliser reservoir.
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Figure 4.12: Insulin mass distribution between the rotahaler reservoir and the
im pinger stages. The data were expressed as mean values (n = 3 ± s.d).

This agrees with laser diffraction findings, demonstrating that the presence of
lactose within DPI insulin formulations may be advantageous. Flowever, when
lactose concentration was as high as 0.75%m/v, insulin fraction to the lower
stage of the twin impinger was markedly reduced. This suggests that lactose is
desirable only when included in an optimal concentration (e.g. 0.50%). A similar
trend was observed when a rotahaler device was em ployed to deliver these
formulations which suggest that lactose concentration within formulations had
played a significant role in the aerodynamic properties o f the aerosols generated
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from the inhalation devices. In the case of the DPI the presence of lactose within
the microparticles matrix may have lead to the reduction of their adhesion to
each other and/or to the inhalation device, which is why lactose is mainly used in
DPI’s to enhance formulations dispersion and flow properties (Niwa et al.,
1995).
In the case of the jet nebuliser, the microparticles hydrophilic nature within the
microparticles matrix induced by the presence of lactose may have reduced the
aggregation and enhanced dispersion during nébulisation (Dailey et a l, 2002).
However, insulin fractions delivered to the lower stage of the twin impinger were
generally higher than those delivered by the Pari nebuliser. The fine particle
fraction of a model protein formulation delivered to the lower stage of a twinstage impinger was dependent on the presence of excipients when delivered
using the rotahaler (Liao et a l, 2003). Lucas et a l (1998) concluded that the
addition of lactose as an excipient with a model protein improved the
performance of carrier-based protein dry powder aerosols. It was also concluded
that the aerosol properties of spray dried rhDNase powders using a rotahaler can
be controlled by incorporation of a suitable excipient (Chan et a l, 1997). The
inclusion of excipients within the freeze dried aviscumine was found to retain
70% of its activity after 20 min nébulisation.

4.4 Conclusion

From the obtained results, the following could be deduced:
The presence of lactose within the microparticles matrix of insulin loaded
microparticles significantly affected the morphology of the microparticles
which appeared as regular, uniform spherical particles. The optimum
uniformity was obtained with the 0.50% lactose formulation.

-

Lactose containing formulations showed also lower particle sizes, ranging
from 2 to 3.8 microns, than those with 0% lactose in their external phase
showing a mean diameter of 8 microns.
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Increasing the concentration of lactose in the external phase increased the
particle size of the obtained microparticles.

Increasing the concentration of lactose in the external phase increased the
yield except with the formula containing 0.75% m/v lactose where a
lower yield (50%) was detected.

The highest loading efficiency was obtained from the formula containing
0.50% lactose in the external phase.

Concerning the release of insulin from the prepared microparticles, the
formula containing 0.50% lactose in the external phase gave the optimum
release where 23% of insulin was released in the first hour with
subsequent 100% release in 50 hours.

The laser diffraction results showed a narrow size range and size
distribution for all lactose containing formulations during nébulisation.
The size (VMD) of aerosol droplets at midway nébulisation (e.g. 6min)
was 3.64, 3.12, 2.93, and 3.31p.m for 0%, 0.10%, 0.50% and 0.75%
lactose formulations respectively. The size distribution (span) showed a
significant difference between the lactose containing formulations and the
0% lactose formulation during nébulisation.

The in vitro deposition of the insulin loaded PLGA was not dependent on
the device used whether air jet nebuliser or rotahaler but depended mainly
on the formulation.

The greatest fine particle fraction was found with the formula containing
0.50% lactose in the external phase.
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We can therefore conclude that the inclusion of the FDA approved excipient
(lactose) allowed the preparation of spray dried insulin loaded PLGA
microparticles that display enhanced aerosolisation properties, and would be
predicted to exhibit high deposition in the lower regions of the respiratory tract,
thereby facilitating systemic delivery of insulin. Moreover, the best concentration
found was 0.50% m/v.
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CHAPTER 5
The use o f spray drying fo r the preparation o f cationic PLGA
microparticles aiming fo r pulmonary DNA delivery
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5.0 The use of spray drying for the preparation of cationic PLGA
microparticles aiming for pulmonary DNA delivery

5.1 Introduction
The use of the pulmonary route for gene delivery may play an important role in
treating genetically related diseases which may also include induction of immunity
towards pathogens entering the body via the airways (Douglas, 2003). This route
allows the delivery of therapeutic agents directly to the lungs, bypassing several
biological and physiological barriers encountered by intravenously administered
agents. The use of gene based pharmaceuticals have opened another promise gate for
treating diseases considered to be incurable (Gautam et al., 2000; Gautam et a l,
2003). However, to achieve effective gene transfer, there must be a careful choice of
the delivery system carrying the gene of interest (Douglas, 2003). Both viral and non
viral gene delivery systems are being studied for gene delivery. Although the viral
approach has gained more attention, research on non viral systems has gained
momentum as they offer several advantages such as low cost, non infectivity,
absence of immunogeicity and ease of manipulation (Kircheis et a l, 2001). A variety
of non viral gene delivery systems are present such as cationic lipids, proteolipidic
systems and cationic polymers. From among cationic polymers, polyethyleneimines
(PEIs) are considered to be promising candidates for the delivery of DNA and
oligonucleotides, for in vitro and in vivo applications (Von harpe et a l, 2000). PEI
(Figure 5.1) has been shown to condense plasmids into colloidal particles that
effectively transfect genes into a variety of cells in vitro (Kircheis et al., 2001). It
was also claimed that PEI protects plasmids against degradation by buffering the
endosomal compartments thus protecting plasmids against degradation and
enhancing their intracellular trafficking (Godbey et al., 1999).
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Figure 5.1: A schem atic draw ing show ing the chem ical structure o f branched
polycthylcncim inc (adapted from U ngaro et al., 2002).

Although the use o f PEI may lead to an efficient transfection, its use is still
ham pered by their short half-life (M ahato et a i, 1999). In order to achieve a
sustained

pharm acological

activity

of

oligonucleotides

and

avoid

repeated

adm inistrations, the use o f systems based on biodegradable polym ers such as
poly(lactic-co-glycolic acid) (PLGA) m ay offer a solution (H ussain

et a!., 2002).

These polym ers were tested for toxicity and safety in animal models and are
currently used in humans for bone im plants and scaffolds in tissue engineering
(Panyam et a i, 2003). M oreover these polym ers were extensively evaluated for their
ability to deliver a variety o f sustained delivery therapeutic agents through a variety
of routes (Perez et al., 2001). Panyam et al. (2003) have shown that PLGA
nanoparticles w ere able to escape from the endo-lysosom al com partm ent to the
cytoplasm ic com partm ent and release their contents over extended periods of time.
Also positively charged cetyltrim ethylam m onium brom ide (CTAB) w ere used to
produce positively charged PLG particles that were able to induce higher antibody
and cytotoxic im m une responses to HIV-1 pCM V p55 gag plasm id in vivo (DenisM ize et al., 2001).The use of spray-drying has been regarded as a prom ising
alternative to traditional techniques for the production o f PLGA m icrospheres
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(O’Hara and Hickey, 2000). Spray drying is a fast single step process that has a
potential for the large scale production with the availability of manipulation of
operation conditions. Furthermore, it generally produces yields of narrow size
suitable for pulmonary delivery.
The main of this study was to formulate a pulmonary delivery system capable of
successfully adsorbing DNA, releasing it in a controlled manner and enhancing its
transfecting abilities within its final destination in the cell. To achieve this, the
addition of the cationic polymer polyethyleneimine (PEI), to the biodegradable
polymer (PLGA) to acquire a positive charge density using a modified double
emulsion spray drying method was investigated. In this study, novel PLGA / PEI
microparticles were prepared using a modified double emulsion spray drying method
and characterised with regard to morphology, size, zeta-potential, DNA adsorption
efficiency and in vitro deposition capabilities. The intracellular pathway of these
particles was evaluated together with their cytotoxicity in the A-549 (Human lung
carcinoma epithelial cells) in order to assess their potential in serving as pulmonary
gene delivery systems.
5.2 Materials and methods

5.2.1 Determination of optimum spray drying parameters for the preparation
of PLGA/PEI microparticles using a modified double emulsion spray
drying method
Microparticles were prepared using a modified double emulsion spray drying
method. The primary emulsion was prepared using an aqueous solution (2ml)
containing

different

concentrations

(0%,

0.50%,

0.75%,

1.0%

m/m)

of

polyethyleneimine (PEI) (Mw 25K, Sigma, UK). This solution was emulsified with
the organic phase comprising 200mg of the polymer PLGA 75:25 Mw 12IK
(Alkermes

controlled

therapeutic

systems,

USA)

in 4ml

of the

solvent

dichloromethane (DCM, Sigma, UK). The aqueous solution (2ml) was drop wise
added to the organic phase (4ml) under stirred conditions for 2 minutes at 20,000
rpm using a Silverson homogenizer (Silverson machines, Chesham, Bucks, UK)
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keeping the temperature of the solvents always around 5°C with an ice bath. The
resulting emulsion was immediately drop wise added to a 100ml aqueous solution of
Polyvinyl alcohol (PVA) (Mm 13-23K, 87-89% hydrolysed, Aldrich, UK) with
further homogenization for 8 minutes. The resulting double emulsion was fed
immediately into the 0.5 mm feeder nozzle of the Biichi® 191mini spray drier. The
effect of variable spraying parameters (Table 5.1) was investigated to achieve the
characteristics for all formulations. The spraying parameters were initially studied in
order to optimise the suitable range where further tests can be done.

Parameter

Investigated range

PEI concentration (%m/v)

0.0-1.0

Pump rate (ml min'^)

5

Drying air flow rate (1/min)

200-800

Aspirator

60

Inlet temperature (°C)

80-120

Outlet temperature (°C)

40-60

Table 5.1: Spray drying parameters investigated for different PEI concentrations
within PLGA/PEI emulsions prepared using a modified double emulsion method.

5.2.2 Determination of the microparticles size and morphology
Spray dried microparticles were characterised with respect to their size, using
Malvern Mastersizer, as described in section 2.2.1. The morphology of the particles
was studied by scanning electron microscopy, as described in section 2.2.2.
5.2.3 Determination of spray dried microparticles tap density
The tap density (random dense packing) is obtained by tapping the container holding
the aerated sample. The structure of a cohesive powder will collapse significantly on
tapping while the weak or free-flowing powder has little scope for further
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consolidation. The powder particles are forced to jump and to lose contact with each
other for a moment while tapping. When there is reduced friction between the
particles, the particles rearrange and thus tapping results in improved packing
conditions (Abdullah and Geldart, 1998). To measure the tap density, in which the
powder sample was slowly poured into a standard funnel with an opening of 5 mm in
diameter, through which the powder flowed and filled a cylindrical container of
height 50mm and diameter 30mm. The tapped density was measured using a volume
of a known weight (0.5g) of powder. After observing the initial volume of
microparticles, manual vertical tapping was continued on a hard surface at a rate of
30 taps per min until there was no change in the height observed. Tapped density =
mass of microparticles / volume of microparticles after tapping
5.2.4 Determination of the microparticles surface charge

The micropartieles formulations zeta potential was determined by the conversion of
the electrophoretic mobility of the particles to a zeta potential. This was done using
the Malvern Zetamaster (Malvern instruments Ltd, UK). 5mg of each sample was
dispersed in distilled water. Samples were diluted to obtain a sample of appropriate
concentration for the measurement of the electrophoretic mobility. The average zeta
potential was recorded over five readings for each sample.
5.2.5 Determination of DNA adsorption efficiency to PLGA/PEI microparticles
using the Pico green ultra sensitive fluorescent nucleic acid stain
50 pg DNA (p CMV/mjc) (Clontech, USA) was adsorbed on a known amount (5mg)
of the spray dried formulations (PLGA, PLGA/PEI 0.50%, PLGA/PEI 0.75%,
PLGA/PEI 1.0%) using this formula 5mg of microparticles + 950 pi of Tris EDTA
Buffer (TEB) (Qiagen Ltd., West Sussex, UK) + 50 pi of DNA, the tubes were then
vortexed placed on the platform shaker for one night. The amount of adsorbed DNA
on the microparticles was calculated by measuring the difference between the
amount of DNA added to the microparticles solution and the measured non adsorbed
DNA remaining. After adsorption, the microparticle suspension was centrifuged for
10 min at 15,000 rpm and the supernatant was checked for the non bound DNA
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concentration using the ultra sensitive fluorescent nucleic acid stain PicoGreen ds
DNA quantitation assay (Molecular Probes, Leiden, Netherlands). The level of
fluorescence at 520 nm was determined using a Victor II, 1420 multilabel counter
fluorospectrophotomer (Wallac Oy, Turku, Finland) and the amount of DNA
determined against DNA standards. As a confirmation for the above experiment the
centrifugation residue containing the microparticles was

dissolved in 1 ml of

chloroform and 500 pi of TE buffer pH 8.0 (Qiagen Ltd., West Sussex, UK) added to
the chloroform, inverted, and left on a rolling platform for 1 h. The sample was then
centrifuged at 3000 rpm for 20 min and the aqueous layer removed. This procedure
was repeated four times. The collected pooled aqueous layers were put in openstoppered vials and left for 1 h at 37 °C to allow chloroform removal by evaporation.
The amount of DNA was detected as above.
5.2.6 Determination of DNA binding to spray dried PLGA/PEI microparticles
using agarose gel electrophoresis
A 0.5 g of agarose (Bio-rad, Heartfordshire, UK) was weighed into a 125 ml glass
beaker, 50 ml of Tris-acetic acid buffer (TAE) was added and the mixture was
heated until it became clear The solution was allowed to cool until it was hand hot
and 5 pi of a lOmg/ml ethidium bromide solution was added. Ethidium bromide
intercalates between the stacked base pairs in the DNA, which allows it to be
detected under ultraviolet light. The gel solution was then poured into the gel
running rig, the comb was placed at the end furthest away from the positive electrode
and the gel was allowed to set. The rig was filled with the agarose solution (just
enough to cover the gel) and the comb was then carefully removed to reveal the
wells into which the samples were loaded. DNA was adsorbed to the spray dried
microparticles as stated before. 10 pi of each sample was added to 10 pi of loading
buffer and the entire sample was loaded onto the gel. The gel was set at 60V and run
at constant voltage for 60 minutes.
The DNA bands were visualised by placing the gel onto a UV transilluminator which
emits electromagnetic radiation at a wavelength of 330 nm, the excitation
157

Chapter fiv e - The use o f spray drying fo r the preparation o f cationic
PLGA microparticles aiming fo r pulmonary DNA delivery

wavelength of ethidium bromide (Etbr). The light emitted by the fluorescing DNAEtBr complexes was captured with a UVP camera.
5.2.7 Determination of DNA in vitro release from spray dried PLGA/PEI
microparticles

DNA was adsorbed on a known amount (5mg) of the spray dried formulations
(PLGA, PLGA/PEI 0.5%, PLGA/PEI 0.75%, PLGA/PEI 1%) as mentioned before.
Samples were centrifuged at 15,000 rpm for 10 mins. The pellets were resuspended
in 0.5 ml PBS (0.01 M, pH 7.4) and left at 37 °C in a shaking incubator.
Quadruplicate samples for each batch were placed in a thermostatic bath at 37 °C. At
scheduled time intervals samples were centrifuged at 15,000 rpm for 10 mins and the
release medium was withdrawn and replaced with the same volume of fresh medium.
Equal volumes of a 20 mg/ml poly-DL-aspartic acid (PAA) solution was added to
separate aliquots of the complexes and incubated at 4 oC overnight. The amount of
DNA in each sample was determined using the picogreen assay.
5.2.8 Determination of the in vitro transfection efficiency of PLGA/PEIDNA complexes
The effect of PEI concentrations within PLGA/PEI-DNA complexes on the
transfection levels of A-549 (Human lung carcinoma epithelial cells) and PC-3
(Human melanoma cancer cells) were studied. The procedure is explained in detail
in section 2.7.
5.2.9 Determination of the in vitro cytotoxicity of PLGA/PEI-DNA complexes
using the MTT assay
The toxicity of the PLG A/PEI-DN A complexes was studied using a colorimetric
MTT assay. The procedure is explained in details in section 2.8. All experiments
were carried out in triplicate. The 100% cell viability was the absorbance read for the
cells that received no treatment and the samples were expressed as a percentage of
this.
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5.2.10 Determination of the aerosols volume median diameter and span

The Malvern 2600c Particle sizer, comprising the measurement unit and computer
has an inherent capability to measure liquid sprays passing through the laser beam
without the need for sample presentation accessories. 5mg of microparticles from
each formulation were suspended in 3ml distilled water and was placed in the
nebuliser reservoir. The system was nebulised to sputtering time. The volume
median diameter (VMD) and size distribution (span) of the aerosols produced by the
nebuliser was measured using laser diffraction (Malvern 2600c, particle and droplet
analyzer, Malvern Instruments, UK). The 63 mm lens was used and the nebuliser
clamped such that the tip of its mouthpiece was 2.5 cm from the laser beam, 1.5 cm
from the lens and at a height which allowed the aerosol to traverse the laser beam. A
vacuum was used to draw the aerosol through the laser beam. Measurements were
taken every 2 mins from the start of nébulisation to sputtering time and the lens was
covered with card in between readings to minimize deposition of aerosol on the lens.
The VMD (i.e. the particle size above and below which 50 percent of the aerosol
particles are detected) and size distribution (span) were recorded with nébulisation
time. The span was calculated by the instrument software.

5.2.11 In vitro deposition assessment of PLGA/PEI-DNA microparticles
In vitro determination of the fine particle fraction (FPF) of the spray dried
microparticles was examined by the twin stage impinger (TSI) using either the air jet
nebuliser (Pari LC Plus air-jet nebuliser connected to a Pari Master compressor. Pari
GmbH, Germany) or a dry powder inhaler (Rotahaler®, Glaxo). 5mg from each batch
of the spray dried microparticles were suspended in 3ml distilled water and was
placed in the nebuliser reservoir. The system was nebulised to sputtering time almost
10 mins. In case of the dry powder inhaler (Rotahaler®) the powder was filled
manually in hard gelatine capsule. Capsules were then loaded in the dry powder
inhaler. The inhaler was connected to the twin stage glass impinger (TSI) using a
specially designed air tight ring. The TSI used in this study was obtained from
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Copley Instruments Ltd, Nottingham, U.K. When operated at 601/min, stage 2 of the
device is claimed to collect fine particles with aerodynamic diameters < 6.4 jum
while larger material remains in stag 1 (Hallworth and Westmorland, 1987). In many
publications (Phillips et al., 1990, Hickey, 1992), drug penetrating stage 2 of the TSI
is considered to be potentially “respirable”, although it is also defined as ‘fine
particle fraction’ or ‘fine particle dose’ in the same way (Inhalanda, 1993). The
volume of capturing solvent (water) in the upper (stage 1) and lower (stage 2) were 7
ml and 30 ml, respectively, the inhaler body, capsule shells, mouthpiece, stage 1, and
stage 2 were washed carefully. The washes from each stage were centrifuged at 2000
rpm for 3 mins and the pellets dissolved in 1 ml of chloroform and 500 pi of TE
buffer pH 8.0 (Qiagen Ltd., West Sussex, UK) added to the chloroform, inverted,
and left on a rolling platform for 1 h. The sample was then centrifuged at 3000 rpm
for 20 min and the aqueous layer removed. This procedure was repeated four times.
The collected pooled aqueous layers were put in open-stoppered vials and left for 1 h
at 37 °C to allow chloroform removal by evaporation. The amount of DNA was
detected as above.
5.3 Results and discussion
5.3.1 Effect of drying temperatures and air flow on the spray drying of
PLGA/PEI formulations
The influence of FBI concentrations and spraying parameters on the characteristics
of PLGA spray dried microparticles were examined and recorded in table 5.2. The
mean particle size range was 2.1 ± 0.9 pm and 9.2 ± 0.9 pm. There was a trend
towards a reduced microparticle size range with increasing the spray drying air flow
and drying temperatures. This may be attributed to the fact that by increasing the
spray drying air flow level which is the quantity of compressed air, the feed was
sufficiently atomised and at the same time this was accompanied with increasing the
inlet temperature leading to more solvent evaporation at a given time. On the other
hand among these batches where the air flow was 7 0 0 1/min and the inlet temperature
was 120°C there was a tendency of increasing the microparticles sizes with growing
concentrations of PEI. This has been clearly observed for powders constituted of
160

Chapter fiv e - The use o f spray drying fo r the preparation o f cationic
PLGA microparticles aiming fo r pulmonary DNA delivery

0.50% m/m PEI corresponding to the lowest FBI concentration showing
microparticles of 2.1pm, and 1.0% m/m corresponding to the highest PEI
concentration showing microparticles of 3.0 pm in size. The explanation for this can
be based on the fact that during the spray drying process if the feed rate is constant
any increase in the concentration of the spraying solution means an increase in the
solids contained in the liquid which is sprayed in a specific time, leading to the
formation of a dried droplet/microparticle (Chidavaenzi et a l, 1997). The tapped
density values of the spray dried formulations ranged from 0.193 to 0.362 glcvci for
the PEI containing formulations which correlates with the size range results of 2.13.0 pm and 0.736 g/cm^for the 0 % PEI formulation. The yield of recovered powders
varied, with some formulations performing well in the spray-dryer and generating
yields of almost 86% with the l%m/m PEI containing formulations, whilst other
formulations generated much lower yields (27%). The powder yield increased with
higher process temperatures, indicating improved droplet drying and reduced droplet
adherence on the drying chamber walls.
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Tapped density
g/cm^

Inlet
temp.°C

Outlet
temp.°C

% Yield

60

80

40 ± 2

28 ±1.5

9.2 ±0.9

1.321 ±0.02

200

60

80

42 ± 1

37 ±1.9

8.9 ± 1.0

0.969 ± 0.23

5

200

60

80

45 ± 1

36 ±2.1

7.8 ± 1.2

0.983 ± 0.32

1.00

5

200

60

80

45 ± 2

41 ±2.4

7.7 ±0.8

0.976 ± 0.28

0.0

5

400

60

100

49 ±1

27 ± 1.8

7.4 ± 0.6

0.943 ± 0.36

0.50

5

400

60

100

53 ± 2

39 ± 1.9

6.3 ± 0.9

0.814 ±0.07

0.75

5

400

60

100

55 ± 1

42 ± 2.5

7.2 ± 1.0

0.864 ± 0.08

1.00

5

400

60

100

54 ± 2

47 ± 1.3

5.9 ± 0.7

0.712 ±0.10

0.0

5

700

60

120

58 ± 2

38 ± 1.3

5.3 ±1.0

0.736 ±0.17

0.50

5

700

60

120

59 ± 1

68 ± 1.6

2.1 ±0.9

0.193 ±0.01

0.75

5

700

60

120

57 ± 2

73 ± 1.2

2.7 ± 0.8

0.251 ±0.03

1.00

5

700

60

120

59 ± 1

86 ± 1.8

3.0 ± 1.2

0.362 ± 0.02

Pump rate
ml-min*

Drying
airflow
1/min

0.0

5

200

0.50

5

0.75

polyethyleneimine
concentration
%m/m

Aspirator

VMD(do.5,
pm±S.D)

Table 5.2: The Effect of changing drying temperatures and air flow levels on the spray drying yield, particle size and tapped
density of PLGA/PEI formulations. The data were expressed as mean values (n = 3 ± s.d).
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5.3.2 Effect of different PEI concentrations on the morphology and surface
properties of spray dried PLGA/PEI microparticles
Scanning electron microscopy indicated that the morphology of the microparticles
was affected by the presence of PEI. Spray dried particles without PEI had irregular
lumpy structures, which may be related to incomplete drying (Figure 5.2). This also
explains the marked increase in the mean particle diameter observed during the
sizing experiments. On the other hand particles containing different concentrations
of PEI showed a porous surface and a more distinctive spherical shape. More
uniformly

dispersed

microparticles

were

observed

with

increasing

PEI

concentrations. During spray drying the morphology of the particles is determined by
the formation of droplets during the atomization stage and by the rate of evaporation
of the aqueous and organic solvents from the droplet (Masters, 2001). The organic
phase within the emulsion fed into the nozzle will evaporate at a quicker rate. This
will result in the formation of hard shell reducing the rate of movement of water
from the internal structure of the droplet, increasing the risk of microparticle
disruption. The addition of PEI might intercalate between PLGA molecules,
improving the rate of movement of water from the internal droplet structure. This
ease of water loss may result in a more uniform drying to form microparticles with
improved morphology. Shakweh et al. (2005) have shown that the inclusion of PEI
with PLGA resulted in the formation of smooth regular porous microspheres. Upon
magnification there was an extent of porosity within the spray dried PLGA/PEI
microparticles. This porosity may be due to the transport of water present in the
inner aqueous phase to the external phase in order to compensate the higher osmotic
pressure induced by the presence of the highly ionized PEI (De Rosa et at., 2002).
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Figure 5.2: Scanning electron microscopy showing the effect of PEI addition on the
morphology of spray dried PLGA microparticles a) no PEI b) 0.50 %m/m PEI c)
0.75 %m/m PEI d) 1.0 % m/m PEI e) magnified PLGA/PEI showing a porous
surface and a more distinctive spherical shape.
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5.3.3 Effect of different PEI concentrations on the surface charge of spray dried
PLGA/PEI microparticles

The surface charges of the spray dried PLGA microparticles were determined by
measurement of the zeta potentials. To investigate the effect on the microparticles
surface charge, they were prepared with increasing concentrations of PEI and the
results are shown in figure 5.3. The figure for zeta potentials versus concentrations
of PEI displays a linear trend. There was a steady increase in the zeta potential of the
microparticles with increasing PEI, where the plateau changed at 0.50% PEI m/m
with no more sharp increase in the positive charge. This might reflect a saturation of
the surface of the microparticles with PEI molecules. Since the zeta potential is a
property of the surface of the particles and PLGA posses a negative surface charge
due to the presence of its carboxylic groups, so the positive surface charge of the
particles is a result of the orientation of PEI on the surface. The positive zeta
potential of PLGA-PEI particles can be a result of electrostatic interactions, between
the positively charged PEI and negatively charged carboxylic groups present at the
surface of PLGA particles. This indicates that only a fraction of amino-groups are
able to neutralize the negative charges of carboxylic groups of PLGA, and thus the
free amino-groups present in PEI are responsible for positive zeta potential. The
positive surface charge of the particles is a result of the orientation of PEI on the
surface, since PLGA particles have a negative surface charge. This PEI orientation
may be a result of the spray drying process. It has been shown that during spray
drying of an emulsion, the internal aqueous phase (PEI) can form channels towards
the external droplet shell (De Rosa et al., 2002).

The positively charged particle

surface is desirable, as this increases the association of the particles with cell
surfaces facilitating adherence to negatively charged cellular membranes, inducing
and increasing intracellular uptake (Godbey et al., 1999).
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Figure 5.3: Effect of adding PEI on the zeta potential of PLGA microparticles
prepared using modified double emulsion spray drying method. The data were
expressed as mean values (n = 3 ± s.d).

5.3.4 Effect of PEI concentrations in PLGA spray dried microparticles on DNA
adsorption efficiency
The effect o f PEI on the DNA adsorption efficiency is shown in figure 5.4. The
inclusion of PEI in the microparticles formulations generally increased the
adsorption efficiency from 20 to more than 90%. Formulations with no PEI showed
very low adsorption, whereas at 1.0 % m/m PEI there was a 5 fold increase. These
results correlate with the zeta potential studies. This increase in loading may be due
to the cationic nature o f PEI increasing the charge o f the particles, so mediating
effective complexation of DNA molecules possibly due to the higher positive charge
density. These adsorption patterns also followed the same trend observed with the
morphological studies. Since increasing PEI concentrations within formulations
resulted in the formation of more regular, spherical microparticles. This may have
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increased the distribution of +ve charge over the microparticles surface, thus
encouraging more DNA adsorption.

tt) 80

Concentration of PEI (%m/m)

Figure 5.4: DNA adsorption efficiency of PLGA/PEI microparticles prepared with
different PEI concentrations using modified double emulsion spray drying method.
The data were expressed as mean values (n = 3 ± s.d).

5.3.5 Effect of adding PEI on DNA binding efficiency to PLGA microparticles
prepared using modified double emulsion spray drying method
The effect of PEI on the PLGA-DNA interaction was investigated using agarose gel
electrophoresis, represented figure 5.5. The interactions between the spray dried
microparticles and plasmid DNA result in the neutralization of negative charge of
DNA, which subsequently retards its mobility under the influence of electric field.
As shown in figure 43 the movement of the DNA in the gel was retarded with all PEI
containing formulations suggesting neutralization of the DNA charge. These results
correlate with the zeta potential and the adsorption efficiency studies. This also
confirms that the plasmid is tightly bound to PLGA/PEI microparticles and the
formation of PLGA/PEI-DNA complex. The plasmid was shown not be tightly
bound to the formulation where no PEI was present, as can be seen by the DNA
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movement through the gel under the influence of the electric current. This is due to
the fact that PLGA exhibits a negative surface charge which in turn aids in the
décomplexation of the DNA from the microparticle.

Nicked ----Supercoiled

Figure 5.5: Agarose gel electrophoesis showing the effect of PEI concentrations on
DNA binding efficiency to PLGA microparticles prepared using modified double
em ulsion spray drying method. Lane 1: free plasmid DNA control, lanes 2-5 are
DNA samples adsorbed to PLGA/PEI formulations with PEI at concentrations of:
0% m/m (lane 2); 0.50%m/m (lane 3); 0.75% m /m (lane 4); 1.0%m/m (lane 5).

5.3.6 Influence of PEI on the release of DNA from PLGA microparticles
prepared using modified double emulsion spray drying method
The effect of PEI on the profile of DNA release is shown in figure 5.6. There was a
fast DNA release from microparticles with no PEI, and all the DNA was released by
10 hours. Addition of PEI suppressed the release with 52, 38, 29% release for 0.50,
0.75 and 1.0% PEI concentrations respectively. By 40 hours of the study almost all
DNA adsorbed to PEI formulations was released.

These results show a marked

suppression of the DNA release from the PEI containing formulations if compared to
the no PEI formulation. This may be attributed to the association between the PEI
and the DNA, mediated by their opposite charges. The degradation of PLGA is
usually slow (18-45 days) according to the manufacturing company, and in this
present release profile the time taken for almost complete DNA release was about 40
hours (Figure 42). These generally different release timing with these PLGA/PEI
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formulations may be accounted for by the microparticles porosity observed by SEM
and/or the PLGA matrix. Upon exposure to the release medium water is taken up by
the PLGA microparticles. The hydrophilicity of the polymer will determine the
uptake speed of water during the course of release. With the uptake of water, the
particles will swell due to water diffusion through the pores. This sort of mechanism
is faster in a porous structure than in an intact polymer barrier (Schwendeman et al.,
1996). The other proposed mechanism for faster release time with these formulations
may be because of the hydrophilisation of the matrix exerted by the presence of PEI,
which leads to a more rapid entry of water into the polymeric matrix. This
hydrophilisation effect of PEI on the polymeric matrix of microparticles was also
observed and postulated to account for a faster DNA release by others (De Rosa et
al., 2003). Mu et al. (2005) concluded that the combination of additives into the
formulation could alter the hydrophilicity of the PLGA matrix which in turn
influences the in vitro release kinetics.
The other observation noticed during the course of the study was the dispersive
stability of all the PEI containing formulations in the aqueous media. The
microparticles suspension without PEI indicated aggregate formation within a few
hours, while the turbidity of microparticles with PEI was almost constant through out
the whole study. This may be because of the imine portion of the PEI on the
microparticles surface effectively preventing their aggregation. This hydrophilic
moiety on microparticle surfaces has been observed to prevent particle aggregation
due to the so-called “exclusion effect”. These results are in accordance with the
assumptions made by Kim et al. (2005), that their PLGA/PEI formulations were
stable upon storage in an aqueous medium and did not show any aggregation as
compared to the formulations without PEI because of the imine portion of the PEI.
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Figure 5.6; DNA release profiles from PLGA /PEI microparticles in PBS prepared
using modified double emulsion spray drying method. The amount of DNA released
into PBS at 37 °C over time was determined using a picogreen DNA assay. The data
were expressed as mean values (n = 4 ± s.d).

5.3.7 Influence of PEI concentrations on the in vitro transfection efficiency of
PLGA/PEI-DNA complexes

The relative ability of different PLGA formulations to transfect human lung
epithelial cells was examined. For each formulation the transfection experiment was
performed in triplicate wells and it was repeated at least three times. The results are
presented in figure 5.7. The transfection levels of the microparticles formulated
using 1.0% m/m PEI was high if compared to the control. In general all formulations
containing PEI showed a higher transfection levels than the formulation without PEI.
The DNA contained with only PLGA had visually the least level of transfection
ability. However, Panyam and Labhasetwar, (2003) have reported the ability of
PLGA microparticles to rupture endosomal compartments by a reverse charge effect.
Transfection levels generally increased with the concentration of PEI in the
microparticle formulation. M unier et al. (2005) concluded that there was an increase
in the transfection efficiency with PLA particles containing PEI as compared with
PLA-chitosan particles. In most of the published studies with regard to the ability of
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PEI in transfecting ceils, PEI possesses superiority over other cationic polymers.
This may be due to its high buffering capacity in the endosomal compartment, which
leads to positively charged ions being trapped by the amines in PEI, enhances
osmolarity and subsequent endosomal rupture and escape into the cytoplasm
(Kôping-Hôggârd et a i, 2001). This phenomenon is also known as “proton sponge
effect”. Boussif et al. (1995) have documented PEI-mediated transfection in 25
different cell types, including 18 human cell lines as well as pig and rat primary
cells. Gene delivery experiments have been performed in vivo using newborn and
adult mice as well as on Sprague-Dawley rats, reporting no morbidity in the mice
used over their 3 month experiment course. The results of the present study using
25kDa PEI also correlate with the claims made by Goula et al. (1998) that PEI with a
reported molecular weight of 25kDa yielded higher transfection efficiency than PEIs
of higher reported molecular weights. This study shows that DNA adsorbed to
PLGA microparticles formulated with PEI by the double emulsion spray drying
method is biologically active with efficient transfecting abilities.
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Figure 5.7; Comparison of transfection efficiency o f various PLGA /PEI
formulations prepared using modified double emulsion spray drying method, a)
superfect b) PLGA/PEI 0% c) PLGA/PEI 0.50% m/m d) PLGA/PEI 0.75%m/m e)
PLGA/PEI 1.0%m/m f) naked DNA. Transfection efficiency was measured by
luciferase assay and results were expressed in terms of relative light units/mg total
cellular protein. The data were expressed as mean values (n = 3 ± s.d).

5.3.8 Influence of PEI concentrations within PLGA microparticles on in vitro
cell viability
The aim of this study was to give an overview on whether these transfecting
formulations can have a cytotoxic effect on the cells or not. The toxicity of
PLGA/PEI-DNA complexes versus PEI free formulations was exam ined using an
MTT assay with human lung epithelial cells (A549). The results are summarized in
figure 5.8. Formulations with higher PEI concentrations had the least cell viability.
Microparticles formulated with 0.50% and 1.0% PEI showed 80 and 70% cell
viability respectively. On the other hand cell viability with naked DNA and
microparticles with only PLGA had about 94 and 96% viability. This suggests that
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cell toxicity was independent on the PLGA and DNA ratio, but was markedly
affected by the PEI ratio. Also since an equal amount of DNA was added to all
formulations, the difference in cell viability reflected the amount of PLGA and PEI
delivered. It was previously reported that PLGA particles did not significantly affect
the viability of macrophages even when loaded with a large number of microspheres
and subsequent microsphere decay where acidic degradation products are formed
(Walter et al., 1999). The induction of cationic polymers mediated membrane
toxicity has often been demonstrated to occur due to electrostatic interactions with
the negatively charged glycocalyx of the cellular surface (Fischer et at., 2004).
However, despite the high ^-potential of the PEI formulations no membrane toxicity
was observed in other studies (Oster et ah, 2005).
In non viral gene delivery, most protocols generally prefer cationic complexes with
an excess charge (Godbey et al, 1999). This can be achieved by either using excess
and/or highly branched moieties. Godbey et a l (1999) reported that there are at least
two types of cytotoxicity associated with PEI-mediated cell transfection. Immediate
toxicity associated with free PEI that binds on the outer surface of the plasma
membrane and precipitates in huge clusters adhering to the cell surface destabilizing
the plasma membrane and thereby inducing the immediate toxicity (Fischer et a l,
1999). However, PEI-DNA complexes showed minimal morphological effects on
cells and the immediate toxicity was low (Godbey et al, 1999). The other form is the
delayed toxicity of PEI/DNA complexes. This is related to the release of DNA from
PEI, as when PEI separates from DNA, free PEI is restored interacting with cellular
components and inhibits normal cellular process.
Another hypothesis regarding the cytotoxicity of PEI is thought to be a result of
different molecular weights and branching (Bieber et a l, 2002). This can be
explained on the basis that the higher the molecular weight and degree of branching
of PEI the higher the interaction of cationic molecules with plasma membranes
forming multiple attachments to cell surfaces (Petersen et a l, 2002). However, Oster
et a l (2005), showed negligible toxicity with PEI 25 kDa. When considering most
studies pointing out membrane disruption by PEI, it is not unreasonable to be
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concerned about the possibility that PEI/DNA complexes might possess membrane
toxicity to transfected cells. However, each o f these studies has a counterargument to
this concern.

PLGA

DNA

PLGA/PEI 0.50%

PLGA/PEI 0.75%

PLGA/PEI 1.0%

Figure 5.8: Comparison of the cytotoxic effect of various PLGA /PEI formulations
prepared using modified double emulsion spray drying method. The human lung
epithelial cell (A 549) viability was measured using the MTT assay. The data were
expressed as mean values (n = 3 ± s.d).

5.3.9 Influence o f PEI concentrations on the PLGA/PEI-DNA microparticles
nebulised aerosols volume median diam eter and span
The aim of this experiment was to study the performance of the different spray dried
PLGA/PEI formulations complexed with DNA using the widely used PARI LC
PLUS® nebuliser. The results of this study showed that VMD and span generated
from all the spray dried PLGA/PEI formulations exhibited a narrow size range
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(Figure 5.9) and distribution (Figure 5.10). In contrast, formulations with 0% PEI
showed a wider range. The Laser diffraction results showed that median size of
droplets generated from the PARI nebuliser was reasonably consistent during
nébulisation for all formulations. Size distribution (Span) of the aerosol droplets was
also consistent at all time intervals investigated. However, the lowest consistency
was observed for the formulation containing 0% PEI indicating the presence of DNA
aggregates. At midway nébulisation (e.g. 4 and 6mins), there was a significant
difference p<0.05 in size (VMD) o f aerosol droplets between 0.5%m/m PEI
formulation and the 0% PEI formulation. There was a similar trend in size
distribution (Span).

The 0% PEI formulation showed an irregular pattern with a

significant difference distribution p<0.05 from all PEI formulations.
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Figure 5.9: Comparison of the size o f aerosol droplets generated from PLGA /PEI
formulations prepared using modified double emulsion spray drying method. The
data were expressed as mean values (n = 3 ± s.d).

175

Chapter five- The use o f spray drying fo r the preparation o f cationic
PLGA microparticles aiming fo r pulmonary DNA delivery

This Study has shown that the PLGA/PEI-DNA complexes can be nebulised with a
respirable volume median diameter and size distribution. This might also be
attributed to the hydrophilic nature that PEI exerts on the PLGA microparticles
matrix reducing the aggregation during nébulisation (Dailey et ciL, 2002). This
hydrophilic nature also correlates with the assumption made with the in vitro release
studies in section 5.3.6. The droplet size produced by a nebuliser is critical in
determining the in vivo efficacy of a nebulised formulation (O ’Callaghan and Barry,
1997).
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Eigure 5.10: Comparison of the size distribution of aerosol droplets generated from
PLGA /PEI formulations prepared using modified double emulsion spray drying
method. The data were expressed as mean values (n = 3 ± s.d).
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5.3.10 Influence of PEI concentrations on the PLGA/PEI-DNA microparticles in
vitro deposition

The aim of this study was to access the in vitro deposition of the different PLGA/PEI
microparticles complexed with DNA formulations from an air jet nebuliser (PARI
LC plus) and a dry powder inhaler DPI (Rotahaler) using the twin stage impinger.
All the formulations tested in powder form using the DPI showed a significant
p<0.05 lower stage II deposition than those using the nebuliser at the same air flow
(601/m). The fine particle fraction (EPF) defined as the particles generated with a
suitable size (< 5 pm) that can achieve an adequate deposition deep into the lung
(Heinmann et a l, 2001) varied between the two devices. As it is shown in figure
5.11 the fine particle fraction after nébulisation, which roughly corresponds to DNA
deposition at stage II is higher for the PLGA/PEI 1.0% than for the PLGA/PEI
0.50% formulation, which is even higher than for the PLGA/PEI 0.75% formulation.
In contrast, formulation with no PEI showed a very low stage II DNA deposition
(8.34%) if compared to 79.23% for 1.0% PEI formulation. This may be attributed to
the loss of molecular DNA integrity that occurs during jet nébulisation. The jet
nebuliser usually functions by flowing pressurized gas at high velocity through a
nozzle creating a region of lower pressure within the nebuliser than that in the
reservoir. This pressure difference drives the aqueous solution containing the
formulation from the reservoir towards the nozzle forming primary large droplets
once in contact with the driving air. This is followed by the formation of secondary
smaller droplets through impact with the baffle (Finlay, 2001). The high shear forces
generated during the formation of these secondary droplets may be the reason for the
loss of DNA (Rudolph et al., 2002). However, this low stage II deposition observed
was markedly raised by the inclusion of PEI within the formulation (Figure 5.11).
This may be because of the strong complex formation between PLGA/PEI
microparticles and DNA, which was shown in the agarose gel experiment. Another
explanation is increase in particle rigidity exerted by the PLGA/PEI microparticles,
enabling DNA protection from the destructive baffle action. Birchall et al. (2000),
concluded that the complexation of DNA with PEI protected the loss of DNA
integrity during jet nébulisation. The use of DNA complexed with cationic polymers
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among which PEI was included showed stability stable during nebulization, and
showed efficient transfecting capabilities (Dailey et al., 2004; Lentz et al., 2005).
However, during the course of this present experiment the average amount of DNA
recovered for all formulations from all compartments was 92.32%. This gives an
indication that there was about 8% DNA loss during nébulisation.
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Figure 5.11; Influence of PEI concentrations on the PLGA /PEI-DNA complexes in
vitro deposition using Pari LC Plus air jet nebuliser. The data were expressed as
mean values (n = 3 ± s.d).

The deposition pattern using the rotahaler for all formulations showed a significant
p<0.05 low stage II deposition if compared to the jet nebuliser (Figure 5.12). There
was a trend o f PEI formulations to show high inhaler and stage I deposition, with an
average deposition of 85%. This big change in performance for the PEI formulations
with different inhalers may be related to the preparation method. There was a major
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difficulty of converting the microparticles to a dried form after being complexed
with DNA. The exact complete adsorption steps o f the PLGA/PEI microparticles to
DNA are explained in section 5.2.6. After adsorption the microparticles were
collected by centrifugation and dried, but even after drying they showed a degree of
aggregation to each other. In contrast to this, all PEI formulations were fully
dispersed in the nebuliser reservoir.
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Q 0%
■ 0.50%
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Figure 5.12: Influence of PEI concentrations on the PLGA /PEI-DNA complexes in
vitro deposition using dry powder inhaler (Rotahaler). The data were expressed as
mean values (n = 3 ± s.d).
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5.4 Conclusion
The results of this chapter have demonstrated that:
-

The preparation of microparticles using the PLGA/PEI mixtures by the
modified double emulsion spray drying method resulted in the production of
microparticles with low density, particle size below 5 microns and hence
could be suitable for pulmonary delivery.

The addition of PEI to the PLGA improved the morphology of the produced
microparticles which showed spherical porous structures. It also increased
the yield reaching 80%.

DNA was efficiently adsorbed to PLGA/PEI microparticles. The inclusion of
PEI had an impact on the DNA adsorption efficiency since the microparticles
showed higher adsorption efficiency with increasing PEI concentrations.

PEI containing formulations showed retardation in the agarose gel
electrophoresis

-

The in vitro release of DNA from PEI containing formulations showed a
sustained release. DNA was released over a period of 40 hours from
formulations containing PEI compared to 8 hours with formulations with no
PEL

The biological activity of all PLGA/PEI-DNA formulations was observed
through transfecting human lung epithelial cells. This transfection ability was
accompanied with minimal cytotoxicity. There were cell viabilities of 80 and
70% with formulations composed of 0.50%m/m and 1.0%m/m PEI
respectively.

The Laser diffraction results showed a narrow size range for PEI containing
formulations. The significant difference in patterns was spotted between the
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0% PEI formulation and the 0.50, 1% PEI formulations. All PEI formulations
showed a significant size distribution difference in patterns from the 0% PEI
formulation at 4 and 8mins nébulisation. These results demonstrate the
stabilising effect of PEI on the dispersion and nebulising efficiency.

The in vitro deposition for PLGA/PEI-DNA formulations was tested using an
air jet nebuliser and the rotahaler. The results suggest that the stage II
deposition was more efficient with nébulisation than with the rotahaler.

We can thus conclude that the inclusion of PEI with PLGA allows the preparation of
cationic spray dried PLGA microparticles that display enhanced transfecting
abilities, aerosolisation properties, and would be predicted to exhibit high deposition
in the lower regions of the respiratory tract, thereby facilitating pulmonary gene
delivery.
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6.0 In vivo evaluation of microparticle DNA vaccine formulations using a
Hepatitis B plasmid

6.1 Introduction
The disease hepatitis B first recorded as an epidemic disease was in 1883 with 191
cases of jaundice after inoculation with smallpox vaccine that contained human
lymph (Krugman and Stevens, 1994). Infection with hepatitis B virus causes acute as
well as chronic necro-inflammatory liver disease and many eventually develop into
serious complications such as liver cirrhosis or hepatocellular carcinoma. It is often
referred to as silent killer with about with about 300 million chronic carriers
worldwide and these carriers represent a permanent source of infection. Hepatitis B
virus is a form of viral hepatitis that is also known as serum hepatitis, due to its
ability to be spread through body fluids and blood. It is a more severe liver disease
than hepatitis A, and asymptomatic infections occur frequently. Chronic hepatitis B
infection may take one of two forms: chronic persistent hepatitis, a condition
characterized by persistence of the virus but in which liver damage is minimal; and
chronic active hepatitis, in which there is aggressive destruction of liver tissue and
rapid progression to cirrhosis or liver failure. This virus is mainly transmitted
through blood and body fluids such as semen, vaginal secretions or from a pregnant
mother to her baby.
The hepatitis B (HBV) virus is a 42 nm enveloped virus (Figure 6.1) that belongs to
the Hepadanvirus class. HBV is composed of an outer protein shell and an inner
protein core. The outer shell contains the hepatitis B surface antigen (HBsAg). The
inner core contains HBV core antigen (HBcAg) and hepatitis B e-antigen (HBeAg).
The core also surrounds the viral DNA and an enzyme DNA polymerase. When
HBV enters the human body it is mainly directed towards the liver cells. It attaches
itself to the liver cells membrane allowing the virus core to enter the cell releasing its
DNA and DNA polymerase into the liver cell nucleus. DNA polymerase causes the
liver cell to make copies of hepatitis B DNA where it is released into the blood
stream so as to infect other liver cells.
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Figure 6.1: Schematic diagram of the hepatitis B virus showing the outer shell and
the inner core (adapted from Whalen and Davis, 1995).

6.1.1 Hepatitis B vaccine
The discovery of an antigen in the serum of infected patients with hepatitis B in 1968
led to the development of sensitive and specific markers of hepatitis B (Prince,
1968). It was then demonstrated that the detection of antibodies against the virus in
recipients of the heat inactivated preparation indicated that the non-infectious
HBsAg particle was the immunising antigen needed for vaccine production. The
HBsAg in HBVs is referred to as recombinant because it is genetically engineered.
The gene encoding the DNA for HBsAg is introduced into common baker's yeast

{Sciccharomyces Cerevisiae). The yeast is grown in vats in which large amounts of
HBsAg are produced. The yeast cells are broken, and the HBsAg is isolated and
purified. The recombinant cells synthesise a linear HBV-encoded polypeptide which
adopts a globular form structurally and immunologically identical to the plasma
derived protein, except for the absence of glycosylation, which in this instance does
not compromise the efficacy of the vaccine (Dertzbaugh, 1998). The recombinant
vaccine is adsorbed into aluminium hydroxide (Mehta, 2000).
Although the recombinant vaccine develops mainly humoral immune response to
HBV, it leads to a protection against infection (Gutierro et ciL, 2002). However,
cellular immune response has been shown to be one of the most important factors
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contributing to virus elimination from infected hepatocytes and may protect the
mucosal surfaces from the virus entry (Gutierro et a l, 2002). The present available
vaccine does not generate antibodies to the mucosal surfaces, which when
immunised will provide first line immunological defence through induction of
secretory IgA (sIgA) that prevents the attachment of bacteria and viruses to the
mucosa preventing any possible damage to host (Spiers et a l, 2000). Another
proposed approach is a DNA-based vaccine which involves the transfer of a gene, by
direct or indirect means, such that the protein subsequently produced acts as an
antigen and induces a humoral and/or cellular-mediated immunological response.
Hepatitis B DNA vaccines are composed of bacterial plasmids (Figure 6.2).
Expression plasmids normally contain the antigen expression unit composed of
promoter/enhancer sequences, followed by antigen-encoding and polyadenylation
sequences and the production unit composed of bacterial sequences necessary for
plasmid amplification and selection (Schirmbeck, 2001). Bacterial plasmids
construction with vaccine inserts is accomplished using recombinant DNA
technology. The vaccine plasmid is then transformed into bacteria, where bacterial
growth produces multiple plasmid copies. The plasmid DNA is then purified from
the bacteria and this purifies DNA acts as the vaccine (Powell, 1996). It was
demonstrated that after direct injection of naked plasmid DNA the host cells take up
the foreign DNA, expressing the viral gene and producing the corresponding viral
protein inside the cell. This form of antigen presentation and processing induced
both cellular and humoral immune responses (Encke et a l,

1999). The

administration of microparticulated plasmid DNA has been investigated by Alpar et
al. (1997), who first observed that OVA plasmid DNA absorbed onto the surface of
cationic microparticles resulted in the high serum anti-OVA IgG after nasal
administration. Several other groups used intramuscular injection of the
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Figure 6.2: Plasmid map of HBsAg expressing plasmid derived from pRc/CMV
(Aldevron, USA)

HBsAg-expression plasmids to model human response, and they concluded that
injection of plasmid DNA that express HBV envelope proteins and HBsAg stimulate
fast, strong and long lasting humoral and cellular immune responses (Thermet et a i,
2003). However, many studies have shown that DNA vaccines have low vaccine
efficacy if delivered alone and that the use o f an effective DNA delivery system can
enhance cellular uptake of DNA vaccines and/or facilitate intracellular targeting of
DNA to the cytoplasm and nucleus (Wang et a i, 2003). In this study the immune
response of mice to hepatitis B DNA adsorbed to PLGA/PEI microparticles was
investigated.
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6.2 Materials and methods

6.2.1 Preparation of PLGA/PEI-Hepatitis B DNA formulations
Microparticles were prepared using a modified double emulsion spray drying
method. The primary emulsion was prepared using an aqueous solution (2ml)
containing different concentrations

(0.0%,

0.50%, 0.75%,

1.0% m/m)

of

polyethyleneimine (PEI) (Mw 25K, Sigma, UK) solved in 2ml of different
concentrations. This solution was emulsified with the organic phase comprising
200mg of the polymer PLGA 75:25 Mw 12IK (Alkermes controlled therapeutic
systems, USA) in 4ml of the solvent dichloromethane (DCM, Sigma, UK). The
aqueous solution (2ml) was drop wise added to the organic phase (4ml) under stirred
conditions for 2 minutes at 20,000 rpm using a Silverson homogenizer (Silverson
machines, Chesham, Bucks, UK) keeping the temperature of the solvents always
around 5°C with an ice bath. The resulting emulsion was immediately drop wise
added to a 100ml aqueous solution of polyvinyl alcohol (PVA) (Mm 13-23K, 87-89%
hydrolysed, Aldrich, UK) with further homogenization for 8 minutes. The resulting
double emulsion was fed immediately into the 0.5 mm feeder nozzle of the Biichi®
191 mini spray drier. The spray drying parameters are shown in table 6.1. A 50 pg
Hep B DNA (Aldevron LLC, USA) was adsorbed on a known amount (5mg) of the
spray dried formulations (PLGA, PLGA/PEI 0.50%, PLGA/PEI 0.75%, PLGA/PEI
1.0%) where each formulation was then vortexed and placed on the platform shaker
for one night.

Inlet
temperature

Outlet
temperature

Flow control

Feed rate

Aspirator
level

120±3 °C

59 ± 3 °C

7001/min

5.0 ml/min

60%

Table 6.1: Spray drying parameters of PLGA/PEI microparticles prepared using
modified double emulsion spray drying method.
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6.2.2 Determination of the microparticles surface charge before and after
adsorption
The microparticles formulations zeta potential was determined by the conversion of
the electrophoretic mobility of the particles to a zeta potential. This was done using
the Malvern Zetamaster (Malvern instruments Ltd, UK). 5mg of each sample was
dispersed in distilled water. Samples were diluted to obtain a sample of appropriate
concentration for the measurement of the electrophoretic mobility. The average zeta
potential was recorded over five readings for each sample.
6.2.3 Determination of Hep B DNA adsorption efficiency to microparticles using
the Pico green ultra sensitive fluorescent nucleic acid stain
The amount of adsorbed DNA on the microparticles was calculated by measuring the
difference between the amount of DNA added to the microparticles solution and the
measured non adsorbed DNA remaining. After adsorption, the microparticle
suspension was centrifuged for 10 min at 15,000 rpm and the supernatant was
checked for the non bound DNA concentration using the ultra sensitive fluorescent
nucleic acid stain PicoGreen® ds DNA quantitation assay (Molecular Probes, Leiden,
Netherlands). The level of fluorescence at 520 nm was determined using a Victor II,
1420 multilabel counter fluorospectrophotomer (Wallac Oy, Turku, Finland) and the
amount of DNA determined against DNA standards. As a confirmation for the above
experiment the centrifugation residue containing the microparticles was dissolved in
1 ml of chloroform and 500 pi of TE buffer pH 8.0 (Qiagen Ltd., West Sussex, UK)
added to the chloroform, inverted, and left on a rolling platform for 1 h. The sample
was then centrifuged at 3000 rpm for 20 min and the aqueous layer removed. This
procedure was repeated four times. The collected pooled aqueous layers were put in
open-stoppered vials and left for 1 h at 37°C to allow chloroform removal by
evaporation. The amount of DNA was detected as above.
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6.2.4 Determination of DNA binding to spray dried PLGA/PEI microparticles
using agarose gel electrophoresis
A 0.5g of agarose (Bio-rad, Heartfordshire, UK) was weighed into a 125mL glass
beaker, 50ml of Tris-acetic acid buffer (TAB) was added and the mixture was heated
until it became clear The solution was allowed to cool until it was hand hot and 5pi
of a lOmg/ml ethidium bromide solution was added. Ethidium bromide intercalates
between the stacked base pairs in the DNA, which allows it to be detected under
ultraviolet light. The gel solution was then poured into the gel running rig, the comb
was placed at the end furthest away from the positive electrode and the gel was
allowed to set. The rig was filled with the agarose solution (just enough to cover the
gel) and the comb was then carefully removed revealing the wells into which the
samples were loaded. DNA was adsorbed to the spray dried microparticles as stated
before. 10 pi of each sample was added to lOul of loading buffer and the entire
sample was loaded onto the gel. The gel was set at 60V and run at constant voltage
for 60 minutes. The DNA bands were visualised by placing the gel onto a UV
transilluminator which emits electromagnetic radiation at a wavelength of 330nm,
the excitation wavelength of ethidium bromide (Etbr). The light emitted by the
fluorescing DNA-EtBr complexes was captured with a UVP camera.
6.2.5 Experimental animals used in the study
All animals used were 4 to 6 weeks old Balb/c female mice. All handling procedures
were performed strictly as dictated by the animals (Scientific procedures) Act 1986.
Five groups of mice were used, each group has 3 mice.
6.2.6 Endotracheal administration of Hep B DNA formulations
The method used was an improved non invasive method for endotracheal
administration in mice. Aerosolisation was performed using a MicroSprayer'^^
aerosoliser (lA-lC; Penn-Century, Philadelphia, PA, USA) suitable for mice,
attached to a high-pressure syringe (FMJ-250; Penn-Century) (Figure 6.3). This
microsprayer delivers a plume of liquid aerosol directly into the lungs. The device
consists of a thin, flexible, stainless steel tube measuring only .64 millimetres in
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diameter (23-gauge) attached to a light, hand-operated, high-pressure syringe.
Aerosol is generated by a unique, patented atomizer at the very tip of the tube. The
tip is thin enough to be inserted deep into the trachea The close proximity of the
sprayer tip to critical pulmonary target sites produces a much deeper and more
uniform distribution than is possible with instillation of a liquid bolus or drip. The tip
length was specially made for use with ice. A special support for the mouse was
custom made allowing adjustment at different angles. The support was equipped
with a nylon wire, which was used to suspend the mice by their upper teeth and
adjustable barriers to avoid lateral movement of the mouse during endotracheal
application. Mice were anaesthetized by an intraperitoneal injection of 0.5ml/kg
body weight Hypnorm. Mice were suspended at a 45°C angle by the upper teeth. A
flexible fibre optic light source arm was adjusted to provide optimal illumination of
the trachea. The mouse tongue was pulled out and moved to the left using a blunt
forceps. A spatula was used to hold the tongue at its position outside the mouth. The
Microsprayer^^ tip was entubated aiming towards the trachea. Once the tip is in the
trachea, the formulation was sprayed and the tip was withdrawn. Then the mouse
was taken for awaking procedure. Animals were dosed once, blood was obtained by
a lOOpl tail vein bleed per mouse, on days 7, 21 and 42.
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Figure 6.3: MicroSprayer™ by (Penn-Century, Inc, USA). The device consists of a
thin, tlexible, stainless steel tube measuring 0.64 millimetres in diameter attached to
a light, hand-operated, high-pressure syringe. Aerosol is generated by a unique,
patented atomizer at the very tip o f the tube can be inserted deep into the trachea.
The M i c r o S p r a y e i ' T t ^ is completely hydraulic, and manually operated. It requires no
heat, ultrasound, electricity, compressed air, chemical propellant or other energy
source.

6.2.7 Quantitative assay for im m unoglobulin titres in mice blood sera using
enzyme linked im m unosorbent assay

The wells of a 96-well microtitre plate were coated with 60 pi of a 3 pg/mL solution
of the Hep B antigen (Aldevron LLC, USA). The plates were incubated at 4°C for 12
-8 hours. The wells were washed once with PBST, and blocked with lOOpl of a 4%
m/v BSA solution, to prevent any non-specific binding to the walls of the well. After
Ihour incubation at 37°C, the wells were washed three times with PBST, and 50pl of
serially diluted blood sera added sequentially to the coated wells. The plate was
incubated a 37°C for one hour, washed three times with PBST, and 50pl of
antidiotypic antibodies to the antigen added to each of the wells. After further one
hour incubation at 37°C the wells were washed three times with PBST and 50pl of
ABTS substrate in citrate buffer was added to each well. The absorbance of the
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solution in each of the wells was determined photometrically at 405nm with a
microplate reader (Dynax technologies, UK).
6.3 Results and discussion
6.3.1 Influence of adsorption on the surface charge of PLGA/PEI microparticles
^-potential measurements were performed to evaluate the capability of Hep B DNA
adsorption via opposite charge interactions on the microparticles surfaces. This
experiment demonstrated that there was a change in the microparticles charge after
adsorption (Table 6.2). Formulations composed of PEI exhibited a decrease in their
positive charge. This can be due to the adsorption of the negatively charge DNA to
the positively charge microparticles. The ^-potentials of PLGA particles prepared
with no PEI were negative, irrespective of the DNA added.

Formulation

^-potential before (mv)

^-potential after (mv)

PLGA/PEI 0 %

-3.5 ±0.48

-4.8 ±0.35

PLGA/PEI 0.50 %

+ 36.51 ±2.3

+ 25.33 ±1.54

PLGA/PEI 0.75 %

+ 39.29 ± 1.43

+ 27.42 ± 2.26

PLGA/PEI 1.0 %

+ 42.34 ± 2.5

+ 29.38 ± 1.67

Table 6.2: The effect on the surface charge of PLGA/PEI microparticles before and
after adsorption, of Hep B DNA
6.3.2 Effect of PEI concentrations in PLGA spray dried microparticles on HepB
DNA adsorption efficiency
The effect of PEI on Hep B DNA adsorption efficiency is shown in figure 6.4. The
inclusion of PEI within the microparticles formulations generally increased the Hep
B DNA adsorption efficiency. Formulations with no PEI showed very low
adsorption of about 18% if compared to the 93% loading presented by the 1.0% m/m
PEI formulation. These results correlate with the zeta potential experiment and the
former results expressed in section 5.3.4. This increase in adsorption may be
attributed to the higher positive charge exerted by the presence of PEI. This higher
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charge in turn mediates an effective complexation between the microparticles and
Hep B DNA. These results are in accordance with the conclusion made by (Oster et

al., 2005) that PLGA microparticles formulated with PEI efficiently adsorbed DNA
and protected DNA from enzymatic degradation. The same observations were
mentioned by (Kasturi et a!., 2005) through creating a covalent conjugation between
PLGA and PEI that allowed an efficient surface loading of nucleic acids and
introduced

intrinsic

buffering

properties

to

PLGA

particles

and

enhanced

transfection.

0 .5 0

0 .75

Concentration of PEI (%m/m)

Eigure 6.4: Hepatitis B DNA adsorption efficiency of PLGA/PEI microparticles
prepared with different PEI concentrations using modified double emulsion spray
drying method. The data were expressed as mean values (n = 3 ± s.d).

6.3.3 Effect of adding PEI on Hep B DNA binding efficiency to PLGA
microparticles
The effect of the positive charge exerted by the addition of PEI within PLGA
microparticles on the binding stability with Hep B DNA was investigated using
agarose gel electrophoresis (Figure 6.5). The electrostatic interactions between the
spray dried microparticles and Hep B DNA result in the neutralization of negative
charge of DNA, which subsequently retards its mobility under the influence of
electric field. The plasmid was shown not be tightly bound to the formulation with

0% PEI owing to its movement through the gel under the influence of the electric
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current. This is due to the fact that PLGA and DNA acquire negative surface charge
which in turn aids in their repulsion. On the other hand there was a retardation of the
Hep B DNA movement with the PEI containing formulations. This is in accordance
with the zeta potential measurements with respect to these formulations positive
charge.

Nicked DNASupercoiled -

Figure 6.5: Agarose gel electrophoresis showing the effect of PEI concentrations on
hepatitis B DNA binding efficiency to PLGA microparticles prepared using modified
double emulsion spray drying method. Lane 1: free hep B DNA control, lanes 2-5 are
hep B DNA samples adsorbed to PLGA/PEI formulations with PEI at
concentrations of: 1.0%m/m (lane 2); 0.75%m/m (lane 3); 0.50% m/m (lane 4);
0% m/m (lane 5).

6.3.4 Immune response to Hepatitis B DNA adsorbed to PLGA/PEI
microparticles
Figure 6.6 shows the serum anti-HBsAg IgG in mice serum after immunisation
through endotracheal intubation with the formulated Hep B DNA. As seen all groups
that showed a response showed only base line levels of serum specific IgG response
to the hepatitis B DNA. Mean specific serum IgG antibody levels in response to
endotracheal administration of the plasmid DNA adsorbed to the PEI containing
formulations showed higher response than the naked DNA and the 0% PEI
formulation. There was no significant difference p>0.05 in the IgG levels between
the PEI formulations. However, there was a significant IgG levels difference p<0.05
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between the PEI formulations and the naked DNA. The 0% PEI formulation gave a
slightly higher response than the naked DNA
The hepatitis B DNA was formulated with PLGA/PEI microparticles to evaluate the
effect of microparticle-DNA association on the immune response, and to compare
that with the response to naked DNA and DNA co-administered with microparticles
with no PEL Surprisingly the responses were not as expected since the same
formulations gave high in vitro transfection results. However, in some published
trials, results regarding immune responses varied between in vitro and in vivo PEIDNA administration. In vivo immunization of mice was performed using plasmids
encoding immunodominant antigens of Listeria monocytogenes adsorbed onto PEI
microparticles showed a satisfactory protection level compared to the PEI free
formulations (Oester et al., 2005). Intramuscularly administered DNA bound to
microparticle surfaces by electrostatic interaction has been shown to elicit superior
humoral and cellular immune responses in mice (Singh et at., 2000). Garzon et al.
(2005) analysed the ability of PEI-DNA complex expressing an HIV-glycoprotein to
induce systemic humoral responses. The administration of the PEI-DNA complex
resulted in three times rapid elevation of humoral response than naked DNA. They
concluded that a single administration of PEI-DNA complexes elicited strong
immune responses, that it is an effective vaccination approach to generate protection
against systemic and mucosal viral infections.
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Figure 6.6: Serum anti-HBsAg IgG titres in mice immunised with hepatitis B
plasmid adsorbed to PLGA microparticles containing b) no PEI (DNA + PLGA), c)
0.50%m/m (DNA + PLGA/PEI 0.50%), d) 0.75%nVm (DNA + PLGA/PEI 0.75%),
e) 1.0%m/m (PLGA/PEI 1.0%). The mice were also administered unformulated
plasmid DNA a) naked DNA as a comparison. The blood sera of each group of 3
mice were pooled after single adminstration.

The main goals of DNA delivery systems through the pulmonary route are to achieve
long-term expression of the antigen encoded in the DNA vaccine, protect DNA from
enzymatic degradation and enhance the immune response. Smith et al. (2003)
compared between the intranasal route representing the upper respiratory tract
immunization and the lower respiratory tract immunisation (intratracheal) using
inactivated influenza virus and a prototype split-subunit vaccine. The results showed
that intratracheal immunisation was more effective in inducing local and systemic
immune responses. Another comparison between intratracheal, intranasal and
intramuscular delivery o f microencapsulated mixed Yersinia pestis subunit vaccines
showed that intratracheal immunisation resulted in higher immune responses in the
respiratory tract, dominated by local IgG to both antigens (Eyles et a!., 1998). In a
study determining the immunisation efficacy of plasmids encoding HBsAg vaccines
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after delivery to the lung as compared to injection. The pulmonary route produced
stronger or equivalent humoral and cellular responses systemically and locally in the
lung as compared to injection (Lombry et a l, 2004). Another attempt was made to
evaluate the inhalation of DNA vaccine (M. tuberculosis), and was shown to increase
immunity as measured by antibodies and cytokine production (Bivas-Benita et a l,
2004).
This approach of microparticles containing non viral cationic polymer (PEI) able of
complexing plasmid DNA encoding viruses will enable the vaccination of
immunocompromised individuals since there is no threat of virulence as encountered
by live attenuated vaccines (McCluskie et at., 1999). However the use of this
approach should be further investigated of whether it holds an advantage in
comparison to the common vaccination procedure by intramuscular injection, since it
was suggested that the immune response is highly dependent on the encoded antigen
and the formulation (Lombry et a l, 2004; Bivas-Benita et a l, 2004).
6.4 Conclusion
In this chapter the potential of cationic microparticles prepared by a modified double
emulsion spray drying method using a blend of PEI within a PLGA polymer matrix
to adsorb and deliver hepatitis B DNA was investigated. The results of the work
have demonstrated that although PEI 25K, the polymer used in this experiment, is
one of the most powerful non viral transfection agents used in vitro and in vivo
(Boussif et a l, 1995), the immune responses were not as high as expected. This can
be explained on the basis that experimental application of aerosols to mice lungs is
made difficult due to the small size of the animal and the endotracheal intubation
might not be correctly reflecting the natural inhalation mechanism.
The immune response to these PLGA/PEI-DNA formulations requires further
characterisation. In addition, these formulations need further investigation with
respect to booster doses and optimisation of the delivery technique.
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In this thesis, we have established a novel approach using a modified double
emulsion

spray

drying

method

for

the

preparation

of biodegradable

microparticles intended for pulmonary delivery. The produced microparticles
were studied via morphology, particle size, loading efficiency, in vitro deposition
pattern and in vitro release. It was found that the inclusion of excipients and
spray drying parameters influenced the formed microparticles physicochemical
properties. The optimisation of the spray drying parameters have been tried and
the effects of the various parameters studied. The air flow rate, pump rate, inlet
and outlet temperatures were of outmost importance in determining microparticle
morphology and yield.

The work in chapter three involved the preparation of ovalbumin biodegradable
microparticles using various excipients in either phases. The studied excipients
were PVA, PVP, lactose, tween 20 and vitamin ETPGS. The results have shown
that, the optimum microparticles characteristics were observed with the external
phase containing 0.50%m/v lactose: the microparticles were uniform spherical
with (1.9pmj mean size diameter, 86% yield and almost 89% ovalbumin loading
efficiency. There was a higher ovalbumin loading efficiency and a lower burst
release with lactose containing formulation if compared to other excipients used
in the experiment. The achievement in this chapter was the successful
preparation of microparticles suitable for the pulmonary administration and
involving only safe excipients. This formula was then taken for subsequent
works and was further investigated in order to optimise the concentration of
lactose.

In chapter four, the development of formulations intended for insulin pulmonary
delivery using biodegradable polymers such as PLGA was investigated. The
concentration of lactose in the external phase was varied between 0% to
0.75%m/v. The presence of lactose within the microparticles matrix produced
regular, uniform spherical particles with sizes between 2.0 and 3.8pm with all
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lactose formulations if compared to the 0% external phase lactose formulation
showing a mean diameter of 8 pm. The results showed that the inclusion of
0.50%m/v in the external phase effectively increased the encapsulation efficiency
during spray drying of insulin within PLGA. The in vitro release study for insulin
loaded PLGA microparticles confirmed the effect of lactose on insulin release.
This was observed by the different release profiles with different lactose
concentrations, showing a complete continuous release at approximately 50
hours. Formulations containing lactose showed a narrow size range and size
distribution during nébulisation when tested using the PARI LC nebuliser and the
laser diffraction technique. There was a significant deference p<0.05 between the
0% lactose formulation and the 0.50% lactose formulation at 8 mins. This was
accompanied by a lower consistency in the nébulisation pattern for the
formulation containing 0% lactose. The same nébulisation pattern was observed
with span. There was a significant difference p<0.05 in size distribution (Span)
between the 0.50% lactose formulation and the 0% lactose formulation,
indicating that the presence of lactose was desirable to keep the variation in size
and span minimal during nébulisation. The in vitro deposition was greatly
dependent on formulation and less dependent on the inhalation device employed.
There was no significant difference p>0.05 with respect to stage II deposition
from both devices (PARI nebuliser and the rotahaler). However, there was a
higher stage II deposition with the rotahaler than the nebuliser. We can therefore
conclude that the best concentration of lactose was the 0.50%m/v. Controlling
the release of the pulmonary administered insulin is a desirable target. The
introduction of such formula into the market would be an advantage since the
only insulin preparation for pulmonary delivery approved by the FDA is rapidacting. Therefore, in future works we will focus on the feasibility of the
industrial scale-up of such formula. Thermal studies involving DSC will be
taken; long term stability studies will be performed as well as in vivo studies.

Pulmonary DNA vaccination and gene delivery are gaining much attention due
to the variety of lung diseases that can be addressed by this approach. However,
gene delivery in humans requires carriers that will transfer DNA into the nuclei
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of target cells. These carriers must be efficient in transfection, safe for human
use, protect the DNA from degradation before arriving at the target cell. In this
part of the thesis cationic PLGA microparticles were prepared by a modified
double emulsion spray drying method, using polyethyleneimine (PEI). So far to
our knowledge this method presents a novel approach for the formulation of
PLGA / PEI microparticles using spray drying. The results showed that the
presence of PEI clearly affected the microparticles size, morphology, yield and
surface charge. Formulations containing PEI presented a respirable size range
microparticles < 5pm with spherical, porous microparticles and a max yield of
80% with the highest PEI concentration. There was a steady increase in the zeta
potential of the microparticles with increasing PEI concentrations, which is
desirable, as this increases the association of the particles with cell surfaces
facilitating adherence to negatively charged cellular membranes, inducing and
increasing intracellular uptake. The inclusion of PEI in microparticles
formulations generally increased DNA adsorption efficiency from 20 to more
than 90%. This may be due to the cationic nature of PEI mediating effective
complexation of DNA molecules possibly through increasing positive charge
density. These zeta potential results were confirmed using agarose gel
electrophoresis. The retardation of the DNA movement through the gel increased
with increasing PEI concentrations.
There was a marked control over DNA release profile from the PEI containing
formulations (40 hours), if compared to 8 hours with formulations with no PEI.
The biological activity of all PEG A/PEI-DNA formulations was observed
through transfecting the human lung epithelial cells in vitro. In general, all
formulations containing PEI showed a higher transfection levels than the
formulation without PEI. This may be due to the presence of PEI, since the
DNA is directly attached to the PEI on the particles surface and the PEI is more
exposed to interaction with the endo-lysosomal membrane than the PLGA, we
assume that the endo-lysosmal escape is governed by intrinsic characteristics of
PEI. PEI high transfection potential is due to its intrinsic endosomolytic activity
caused by high buffer capacity leading to osmotic swelling and subsequent
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endosomal rupture followed by the escape of PEI/DNA complexes into the
cytosol. The effect of these transfection formulations on cell viability was
preformed to assess the extent of toxicity. Formulations with higher PEI
concentrations had the least cell viability however, there was no significant
difference p>0.05 in cell recovery between formulations containing the highest
PEI concentration (1%) and PEI free formulation respectively. All formulations
showed narrow size range and size distribution during nébulisation, which
correlated with the in vitro deposition capabilities. The in vitro deposition for
PLGA/PEI-DNA formulations was tested using both an air jet nebuliser and
rotahaler. The results showed promising stage II deposition with the air jet
nebuliser, and a low rotahaler deposition. The results presented here for these
formulations represent a safe, versatile and novel promising DNA carrier for
pulmonary delivery.
The same formulations comprising different PEI concentrations were prepared to
adsorb and deliver hepatitis B DNA in vivo using mice. The method used to
deliver these formulations to the mouse lung was the intratracheal intubation.
The results were not satisfactory and the immune responses were not as high as
expected. This may be due to the difficulty associated with this new intratracheal
technique or to the need of more booster doses.
From the results obtained in this thesis, it is clear that the addition of formulation
excipients and spray drying parameters affect the physicochemical characteristics
of the formed microparticles. Further studies are needed to explore the detailed
microparticles morphology using atomic force microscopy, and to use labelled
protein for determination of the actual protein content in the formulation and
visualise its fate in pulmonary tissue using confocal laser scanning microscopy.
Further studies are needed to analyse the stability of insulin after spray drying
and during release in vitro and in vivo. Further evaluation of microparticles flow
properties and in vitro deposition capabilities using the cascade impactor will
give further information about the formulations behaviour.
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The immune response to the PLGA/PEI-DNA formulations requires further
characterisation with respect to different PEI molecular weights, cell mediated
immunity. The mechanism by which the microparticles cause an immune
response needs further clarification. Also these formulations need further
investigation with respect to booster doses and optimisation of the delivery
technique. The work presented in this part of the thesis offers a foundation for
further development of DNA vaccine formulations.
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Appendix 1: Determination of the tap density

In order to calculate the tapped density of the spray dried microparticles, the tap
density, in which the powder sample was slowly poured into a standard funnel with an
opening of 5 mm in diameter, through which the powder flowed and filled a
cylindrical container of height 50 mm and diameter 30 mm. The tapped density was
measured using a volume of a known weight (0.5g) of powder. After observing the
initial volume of microparticles, manual vertical tapping was continued on a hard
surface at a rate of 30 taps per min until there was no change in the height observed.
The tap density was determined using the following equation:
Tapped density = mass of microparticles / volume of microparticles after tapping.
Summarised below is an example of the calculations done to calculate the tap density

Expermintal

Sample 1

Sample 2

Sample 3

3.9

3.7

0.9

0.128

0.135

0.555

4.1

3.5

1.1

0.121

0.142

0.442

3.8

3.6

1.6

0.131

0.138

0.331

Average pt

0.127

0.137

0.441

s.d

0.005

0.004

0.12

measurments
Vt

n=l

Pt (g/cm^)
Vt

n=2

Pt

(g/cm^ )

Vt
Pt

n=3
(g/cm^ )

Vt (volume after tapping), pt (tap density). The results are expressed as mean of three
determinations ± standard deviation (s.d).
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Appendix 2: BCA Assay procedure

In order to perform a BCA assay reagent B must be added to reagent A, in a ratio of
1:50. The following table shows the composition of Reagent A, although it is supplied
ready for use.

Reagent A

Bicinchoninic acid (Na salt)
Na2 C 0 3 .H2 0
Disodium tartrate
NaOH (pellets)
NaHCOs

l.OOg
2.00g
0.16g
0.40g
0.95g

Reagent B

CUSO4 .5 H2O

4.00g in 100ml d.d H 2 O

A 5 mg microparticles sample was digested in IM NaOH at 37°C to dissolve the
polymer. The solution was then pH adjusted to 7 using HCl. A series of calibrated
protein standards were prepared in the same medium as the samples for each assay
run. The next step was to make up the BCA working reagent by adding reagent B to
reagent A at a ratio of 1:50. Finally, 25^1 of sample and standard were added to a 96well flat bottomed microtest plate in triplicate. To this, 200 til of the working reagent
was added, and the plate was incubated at 60 °C for 30 minutes.
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Summarised below an example of a calibration values obtained.

OVA
mg/ml

1

Mean

Cor.mean

SD

2

3

0 .1 0 8

0 .1 0 9

0 .1 0 2

0 .1 0 6 3 3 3

0

0 .0 0 3 7 8 6

0.0078125

0 .1 3

0 .1 3 2

0 .1 2 6

0 .1 2 9 3 3 3

0 .0 2 3 0 0 3

0 .0 0 3 0 5 5

0.015625

0 .1 3 9

0.141

0 .1 3 8

0 .1 3 9 3 3 3

0 .0 3 3 0 0 3

0 .0 0 1 5 2 8

0.03125

0 .1 6

0 .1 5 5

0 .1 5 5

0 .1 5 6 6 6 7

0 .0 5 0 3 3 7

0 .0 0 2 8 8 7

0.0625

0 .2 1 6

0 .2 0 3

0 .1 9 5

0 .2 0 4 6 6 7

0 .0 9 8 3 3 7

0 .0 1 0 5 9 9

0.125

0.301

0 .2 8 7

0 .2 7 8

0 .2 8 8 6 6 7

0 .1 8 2 3 3 7

0 .0 1 1 5 9

0 .4 5 4

0 .3 4 7 6 7

0 .0 2 2 1 1 3

0 .7 5 8

0 .6 5 1 6 7

0 .0 2 6 0 5 8

0

0.25

0 .4 7 9

0 .4 4 6

0 .4 3 7

0.5

0 .7 8 8

0 .7 4 5

0.741

Standard curve erf*O V A
y = 1.2937X + 0.0128

i r = o.(

0.1

0.2

0.3

0.4

0.5

0.6

OVA concentration, (n r^ m l)

Determination of ovalbumin concentration at each time point
From calibration graph Y = MX + C
Concentration of ovalbumin encapsulated was determined from the calibration graph
by substitution of mean absorbance values into the above equation as follows:
Concentration (mg/ml) = (mean absorbance - C) / M
Theoretical ovalbumin loading was calculated as follows:
(weight of ovalbumin / weight of PLGA) X 100
Actual ovalbumin loading was calculated as follows:
(ovalbumin concentration (mg/ml) / weight of microparticles employed) X 100
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The loading efficiency was calculated as follows:
(Actual loading / theoretical loading) X 100

241

Appendix 3: Determination of insulin loading using high performance liquid
chromatography

The science of chromatography was first documented by the Russian botanist M. S.
Tswett in 1872 as a technique for the separation of coloured plant pigments. By the
1930s, there was an interest in the separation and purification of natural products,
which redirected the attention for the use of chromatography. Following this
rediscovery, the uses of chromatography started to expand leading to different
modifications and variants regarding the technique. Chromatography was given a
generalised definition by the committee of the International Union of Pure and
Applied Chemistry as a method used primarily for the separation of the components
of a sample distributed between two phases one of which is stationary while the other
moves. The stationary phase may be a solid, liquid supported on a solid or gel. The
stationary phase may be packed in a column, spread as a layer or distributed as a film.
Modern HPLC has many applications

including separation, identification,

purification, and quantification of various compounds. Identification of compounds
by HPLC is a crucial part of any HPLC assay. The first step is the selection of the
appropriate detector which is set to optimal detection settings. The following step is
the development of a separation assay with such parameters that a clean peak of the
known sample is observed from the chromatograph. This identifying peak should
have a reasonable retention time and should be well separated from extraneous peaks
at the detection levels at which the assay will be performed. Different parameters such
as the type of column, the mobile phase and the flow rate can be changed to alter the
retention time of a compound.
Insulin content within the microspheres was measured using high performance liquid
chromatography (HPLC). Briefly, 5mg of microparticles were then dispersed in
dichloromethane. 0. IN HCl solution was added to extract insulin and the two phases
were vortex-mixed. The dispersion was allowed to settle at room temperature for 10
min before the dichloromethane phase was separated from the mixture by
centrifugation at 2000 rpm for 3 min. The upper aqueous phase containing insulin was
analyzed by HPLC. A Zorbax Eclipse XDB-C8 (150 x 4.6mm) column was set up in
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the HPLC instrument (HP 1050 with a UV detector. Applied Biosystems 759A Abs,
USA) and samples were analysed at 214nm. The flow rate was Iml/min at 30 degrees
Celsius, and injection time was 20 pi. The mobile phase was a mixture of 30%
acetonitrile and 70% buffer (buffer comprised of 50mM N a2S 04, pH adjusted using
TFA). Insulin loading is expressed as insulin actual loading percentage.

Summarised below an example of the original insulin chromatographs
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