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ABSTRACT

This thesis covers an area of the pharmaceutical industry that has received extensive
interest in recent years, pulmonary drug delivery using biodegradable microspheres as
carriers of peptides and proteins.
The most common method of pulmonary administration is via a pressurised metered
dose inhaler (pMDI). There has been extensive interest in the pulmonary delivery of
peptides and proteins, especially with the use of relatively large porous microspheres.
This work investigates the feasibility of delivering large (« 25 |^m) porous poly (lactideco-glycolide) (PLGA) microspheres containing a model protein via pMDI.
Microspheres were prepared using a double emulsion solvent evaporation technique
manipulating the primary emulsion phase characteristics to produce microspheres of
varying morphology, size, encapsulation efficiency and release characteristics. Porous
microspheres were then prepared as pMDI suspension based systems containing
‘alternative’ stabilising agents in 1,1,1,2 tetrafluoroethane (HFA 134a) and
1,1,1,2,3,3,3-heptafluoropropane (HFA 227). The use of ethanol was also investigated
to prepare stable pMDI suspensions. The physical stability of the suspension was
assessed by visual and optical suspension characterisation. Aerosolisation
characteristics were investigated using aerosol particle sizing dose delivery through the
valve and shot weight.
The results show physical suspension stability was not achieved when preparing pMDIs
in HFA 134a due to rapid sedimentation. When employing HFA 227 an optimum
concentration of stabilising agent was required to achieve physical suspension stability;
formulations that exhibited good physical stability also showed optimum aerosolisation
characteristics. An optimum concentration of ethanol was also required to achieve both
physical suspension stability and optimum aerosolisation characteristics. In conclusion,
manipulation of the double emulsion method for the preparation of microspheres
produces microspheres of varying morphology, size, encapsulation efficiency and
release characteristics. In addition, porous PLGA microspheres (% 25 pm) show
potential as antigen carrier and also to target lower regions of the lungs when prepared
as pMDI suspension formulations.
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1.0

GENERAL INTRODUCTION

1.1

PEPTIDE AND PROTEIN DRUG DELIVERY

The rapid expansion of the biotechnology industry over the past twenty years has
resulted in the cloning, purification and large- scale production of many recombinant
proteins and peptides, (Niven, 1995). However, formulation of peptides and proteins is
limited due to their lack of activity orally, the favoured route of administration of most
patients (Heller, 1993). This lack of activity may be attributed to many factors
particularly degradation by proteolytic enzymes in the gastro-intestinal tract. Therefore,
delivery of peptides and proteins are traditionally via injection-based systems. In
addition to their apparent lack of activity when delivered via the gastro-intestinal tract,
peptides and proteins have short half-lives in the circulatory system. Repeated injections
are required in order to maintain suitable therapeutic levels. The delivery of proteins and
peptides is also limited as they struggle to cross biological barriers due to their low
partition coefficient and poor diffusibility resulting in unfavourable solubility uptake by
lipid membranes. Other chemical properties of peptide and protein molecules such as
molecular weight and surface charge also determine the absorption rate. It has proven
difficult to achieve sufficient gastro-intestinal absorption of large molecules with a
molecular weight of > 600 (Sanjar and Matthews, 2001). The above factors in addition
to lack of patient compliance have resulted in the investigation of alternative routes of
administration in order to meet the full potential of the biotechnology industry. One
such route that has received a significant attention in recent years is the respiratory
route. Potential advantages of respiratory administration of peptidergic drugs include a
greater extent of adsorption due to a large absorptive surface area of approximately 140
and high volume of blood flowing through the lungs due to the pulmonary artery
and vein. Further potential advantages include the lack of some forms of
peptidase/protease activity relative to the gastrointestinal tract and lack of first-pass
hepatic metabolism of absorbed compounds (Wall, 1995). To date there is only one
approved bio therapeutic agent for delivery via the lungs (recombinant DNase),
(Pulmozyme™, Roche) for the treatment of cystic fibrosis but several peptides and
proteins are currently under investigation for the treatment of both systemically and
locally acting drugs.
21

One successful method for the delivery of peptides is by encapsulating in a
biodegradable

polymer

matrix

thus

enabling

safe

and

controlled parenteral

administration. Several products are currently available including Zoladex®, and
Leuprolide®, which are composed of poly (D,L-lactide-co-glycolide) (PLGA) carriers
for luteinizing hormone releasing hormone (LHRH). More recently, recombinant
hormone growth hormone (rhOH) prepared in PLGA microspheres, (Nutropin Depot™)
as a depot injection has been approved by the United States Food and Drug
Administration (Cleland, et al, 2001).

The potential of administering such agents nasally and via the lungs have been
investigated following the success of parenteral microparticulate delivery of peptides
and proteins. In particular, the use of porous polymeric microparticles has been shown
to be suited to deep lung delivery with several patents published by Edwards, et al,
2001 and Edwards, et al, 2000. Extensive work has been performed on the viability of
the lungs for delivery of peptides and proteins systemically and shows that
macromolecules of significant molecular weight can successfully penetrate the
pulmonary barrier (Niven, 1995). But in order for respiratory delivery to succeed, a
greater understanding of the permeability of the lungs to macromolecules, and the
production of a suitable delivery device capable of maintaining doses is required.

22

1.2

STRUCTURE AND PHYSIOLOGY OF THE LUNGS

1.2.1

Structure of the Lungs

The lungs are a unique organ system. Their structure allows air to come into close
contact with blood. The arrangement of the lungs provides optimal conditions for gas
exchange and efficient resistance to the movement of air and blood.

The airways are typically referred to as the pulmonary tree due to the series of dividing
passage ways commencing with the trachea and terminating with the alveolar sac
(Figure 1.0).

B ronchioles

A lveolar
secs

Figure 1.0:

Model of the airway according to Weibel, 1963. The z
value refers to the generation number of the respective
airway

The trachea is approximately 12 cm in length and 1.8 cm in diameter, (z = 0). It divides
in two forming bronchi leading to the individual lung lobes that are shorter in length,
(4.5 cm) and smaller in diameter, (1.22 cm). The bronchi represent the first generation
of the respiratory tree, z = 1 as the trachea divides in two. Once inside the lobes, further
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divisions continue with a reduction in both diameter and length to form bronchioles.
Bronchioles are referred to as bronchioles, terminal bronchioles and respiratory
bronchioles. Bronchioles represent generation stage z = 4, with a diameter of 0.45 cm
and length, 1.3 cm. Terminal bronchioles represent generations z = 5-16, with a
reduction in diameter and length with increasing generation number. Respiratory
bronchioles represent generations z = 17-19, at this stage the diameter and length of the
airways has reduced to 0.05 and 0.1 cm respectively. The divisions further continue
until they terminate at the alveolar sac, z = 23. As the trachea divides, each subsequent
pair of branches has a smaller diameter than the previous. In addition to a reduction in
diameter, the surface area increases with each generation. The alveoli are the principal
site for gas exchange. The increased surface area permits extensive and efficient gas
exchange between alveolar space and the blood in the capillaries, hence drug
absorption.
The first 17 generations, z =0-16 (trachea-terminal bronchiole) exhibit a small change in
cross-sectional area thus allowing rapid bulk flow of inspired air. However, in the
following 7 generations (terminal bronchiole-alveolar sac) the surface area increases
considerably significantly reducing the velocity of air-flow. This allows diffusion
determine the movement of gases in the alveolar regions as the rate of diffusion of
oxygen molecules exceeds the air flow velocity and is the method of gaseous exchange
in the lungs.
Airways fall into three categories; conducting, transitional and respiratory (Figure 1.0).

1.2.1.1

Conducting Zone (Trachea - Terminal Bronchioles)

The airways are rigid due to the cartilage present in the walls. No gas exchange occurs
in this section. Drug absorption is low due to the high rate of air-flow. Particles greater
than 20pm fail to reach the respiratory bronchioles as they impinge on the walls of the
conducting zone tissue. The conducting zone is illustrated on Figure 1.0 by generations,
z = 0-16.
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1.2.1.2

Transitional Zone

The respiratory bronchioles consist of a few alveoli lined with alveolar capillary tissue,
which has limited gas exchange capabilities. Little drug absorption occurs in this region,
but the extent of drug absorption primarily depends on the intrinsic properties of the
drug. This is represented by z = 17-19, Figure 1.0.

1.2.1.3

Respiratory Zone

Gaseous exchange occurs across a single cell layer in the alveolar sac due to the rate of
diffusion of oxygen molecules compared to air-flow rate at this site. It is in this region
that drug absorption occurs and is the prime target site for drugs intended for delivery to
the lungs for adsorption. The respiratory zone is described on Figure 1.0 by generations
20 - 22 .

It is generally accepted that in order to reach the respiratory zone particles must be in
the size range 1-5 pm. This value does not consider the aerodynamic diameter of the
particle and so may be varied for the particles that have an aerodynamic diameter less
than the particle size. Particles below 1 pm in diameter deposit principally by Brownian
motion. The tidal nature of respiration mitigates against significant drug deposition by
Brownian motion and very small particles are exhaled before collision with the
endothelium (McDonald and Martin, 2000).

There is a highly specialised mechanism for the removal of foreign particulate matter
from inspired air. In addition to the complex structure of the lungs providing a highly
efficient site for gaseous exchange to occur. This mechanism is known as mucociliary
clearance. This mechanism is provided by the airway epithelium, namely two
components mucus and cilia. This clearance mechanism works in combination with the
mucociliary clearance mechanism of the nose.
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1.2.2

Clearance Mechanisms

Peptides and proteins m ust pass ciliated epithelial cells o f the upper airw ays and
traverse into the endothelium o f the alveoli to reach system ic circulation. The
epithelium is effectively a barrier lim iting access o f inhaled substances to the internal
environm ent o f the body. It consists o f a continuous sheet o f cells lining the lum enal
surface o f the airways. It separates the internal environm ent o f the body from the
external environm ent and is therefore exposed to A L L inhaled substances present in the
atm osphere (substances such as gases, dust particulates and pollen), H ickey and
T hom pson, 1992.
It com prises o f a variety o f cells, w hich have different functions w ithin the airw ays and
so their distribution is varied.

The lum enal surfaces o f the upper airw ays (trachea- term inal bronchus) are exposed to
the external environm ent and com prises o f thick colum nar cells lined w ith ciliated cells.
M ucus is secreted by goblet cells and m ucus glands and covers the lum enal surface in
order to protect the epithelium from dehydration, to saturate air due to the w ater present
in the m ucus and also protect the airw ays. Figure 1.1 (Thom pson, 1992).

m ucus
blanket

#

Figure 1.1:

colum nar
epithelial
cells

Schematic diagram of the lumenal surface of the upper
airways, taken from Patton, 1992
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The m ovem ent o f epithelial cilia propels the blanket o f m ucus tow ards the upper
airw ays and pharynx w here the m ucus m ay be sw allow ed or rem oved from the body.
The rate o f m ucus m ovem ent varies according to airw ay region; it is alw ays slow er in
regions o f sm aller diam eter than airw ays possessing a larger diam eter. Particles
deposited w ithin larger airw ays will usually be cleared w ithin 24-48 hours (K im and
Folinsbee, 1997).

In contrast the alveoli consist o f four com ponents. (1) A surfactant layer w ith an
average

thickness

of

4

nm ,

com posing

chiefly

of

phophatidylcholines

and

phosphatidylglycerols. (2) Type 1 and Type 2 cells that contain proteolytic enzym es.
The aforem entioned cells form the epithelium along w ith alveolar m acrophages. (3)
B asem ent m em branes o f epithelial and endothelial cells, separated by the interstitium .
(4) Endothelium (Patton, 1996).

lu m e n

»

surfactant

macrophage

epithelium

interstitium

endothelium

blood

Figure 1.2:

Diagram of an alveolus adapted from Thompson, 1992

U nlike the ciliated lined m ucus secreting upper airw ays, the lum en consists o f a thin
surfactant based layer in the alveolar layer w ith a pH o f 6.9. In addition to a
phospholipid based surfactant type 1 and type 2 cells are also present. Type 1 cells
provide the surface for gas exchange and account for 97 % o f the surface area. Type 2
cells are responsible for the production and secretion o f surfactant (N iven, 1995). Type
1 and 2 cells contain proteolytic enzym es that m ay degrade proteins and peptides.
E xam ples o f the enzym es present include endoproteases and exopeptidases (A djei,
1997). H ow ever, the enzym atic activity o f the respiratory system is less than that o f the
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gastro-intestinal tract (GIT). Also present in the lumen of the alveoli are macrophages
(Figure 1.2). Insoluble particles deposited in the alveoli are phagocytosed by alveolar
macrophages and subsequently transported to ciliated bronchial airways or into alveolar
interstitial space. Some free particles can be endocytosed by epithelial cells and
translocated into the interstitium (Kim and Folinsbee, 1997). This mechanism is thought
to arise following the formation of Type 1 vesicles that release the particles into the
interstitium (Patton, 1992). The rate of phagocytosis is dependent on the size, number
and chemical composition of the particles. The optimal particle size for phagocytosis is
thought to be 2-3 pm. Above 2-3 pm, phagocytosis occurs to a lesser extent with
particles larger than 10 pm considered too large for macrophage uptake (Anderson and
Shive, 1997). After phagocytosis, macrophages may be transported to the ciliated
airways and removed from the lungs via the mucociliary clearance mechanism. In
contrast very small particles (< 0.1 pm) will not be recognised by macrophages.
Particles that are soluble in the lumenal surface may avoid macrophage uptake but must
pass through the epithelial surfactant layer to enter the epithelial layer. Although the
nature of macrophages acts as a constraint for lung delivery, scientists have found
tremendous opportunity in delivering drugs to macrophages exploiting their biological
function for the treatment of lung tumors (Ahsan, et al, 2002) and for the treatment of
tuberculosis (T.B), (Sharma, et al, 2001).

1.2.3

Drugs in the Airways

The specialised lung system will view an aerosolised inhaled drug particle as a foreign
body. The high efficiency of the mucociliary clearance and alveolar clearance may pose
a problem for the delivery of peptides and proteins to the lungs. The initial site of
deposition of particles within the lung is hence an important factor in determining the
length of time it remains in the lung. Also important is the solubility of the drug or
particle. Clearance of particles is depended on the solubility in water and other body
fluids, molecular size and chemical and also enzymatic reactivity. In the upper airways
particles tend to be removed by mucociliary clearance. A particle size of 2-5 pm is
required to avoid this mechanism to reach the alveoli. Once in the alveolar region
particles must pass through the lumenal surface and surfactant layer and into and out of
the epithelium. The epithelial layer forms a tight junction barrier that limits the transport
of most drugs (Yang, et al, 2000). Once in the epithelium the particles must travel
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through the interstitium space and into the endothelium. The total thickness of the
aforementioned layers is 0.1 pm. In order to reach systemic circulation particles must
pass into the endothelial regions.

At all layers the alveoli represent a major barrier to the transport of particles and
macromolecules. The absorption of drugs in the epithelium is determined by molecular
size and hydrophilicity and lipophilicity of the drug. Insoluble or slowly water soluble
drugs cannot penetrate through the epithelium and are taken up by macrophages (Kim
and Folinsbee, 1997). In contrast, lipophilic drugs of low molecular weight cross cell
membranes rapidly and, thereby, traverse the alveolar epithelial cells, the interstitium,
and the endothelium to reach the blood stream. Hydrophilic drugs are less easily
absorbed and so their passage relies on the transport through intracellular pores in both
the epithelium and endothelium. Epithelial layer pores are 0.6-1.5 nm in diameter and in
the case of endothelial cells and 2-13 nm in diameter, (Thompson, 1992). The small
pores correspond to the thin slits that exist between the cells, the tight junctions or to
transcellular pathways. The large pores also occur at junctions to the cells and/or they
may represent vesicular transport (Patton, 1996). Vesicular transport is also referred to
as transcytosis, which describes the process by which engulfed material or bound
material is transported from one side of the cell to another. These are the processes by
which soluble macromolecules can be absorbed from the lung into the body. As a result
the molecular weight of hydrophilic drugs may play an important role in the ability to
reach the systemic circulation.

Proteins and peptides cannot maintain sufficiently high therapeutic levels to allow oral
delivery due to the metabolising enzymes present. It is hoped, due to their ability to
permeate the epithelium via mechanisms highlighted and wide acceptance of respiratory
drug delivery, by optimisation of the site of deposition and retention time within the
airways that respiratory drug delivery can be a viable alternative to the parenteral route
of administration. This has been achieved for various peptides and proteins of various
molecular weights for both local and systemic effects. Extensive research has been
performed on the use of respiratory delivery of insulin and in one study published by
Ben-Jebria, et al., 2000 the bioavailability of insulin was shown to be 87.5 % relative to
subcutaneous injection for porous particles. In an earlier review by Edwards, et al,
1998 they have shown that both the insulin and glucose concentration is maintained for
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pulmonary delivery compared to sub-cutaneous injection. Comparable bioavailibilites
of insulin have also been achieved following the delivery of a powdered insulin aerosol
suspended in a pressurised metered dose inhaler (Yoshida, et al, 1979). King and
Johnson, 1985 suggest insulin is delivered to the blood via transcytosis. Other studies
have included the investigation of growth hormones, and calcitonin (Patton, 2000). In
the case of Leuprolide acetate a potent luteinizing hormone releasing hormone (LHRH)
agonist, bioavailibilites of 34 to 47% have been reported by Adjei and Garren, 1990,
compared to less then 2% following nasal or transdermal delivery compared to
intravenous control. In the case of oral delivery absorption was found to be 0.05%,
Okada, et al, 1982. Adjei and Garren, 1990 prepared LHRH suspension and solution
based pMDIs, employing a propellant mix composed of trichlorofluoromethane (CFG
11) and dichlorodifluoromethane (CFG 12). There was no attempt to employ carrier
particles such as a microspheres in this study.

1.2.4

Safety of Pulmonary Drug Delivery

Locally acting drugs have been delivered extensively to the lungs with very few side
effects observed (Wall, 1995). However, there is a general concern regarding the safety
of peptides and proteins via the lungs particularly with respect to producing an immune
reaction or adverse reaction. Limited studies have been completed on the safety of
peptides and proteins. However, the delivery of human growth hormone (hGH) via the
lungs has been investigated. The delivery of hGH (MW 22,000) has shown no airway or
alveolar inflammation in rats (Patton, 1992). Similar results have also been shown for
DNase.

Toxicological studies have been completed on microspheres, via injection based
methods and have been shown be safe, to the extent of obtaining license approval.
Anderson and Shive, 1997 suggest that any inflammation interactions resulting from
microsphere delivery are tissue, organ and species dependent. As a result toxicological
studies must be completed for the delivery of microspheres via the lungs.
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1.3

DRUG DEPOSITION IN THE LUNGS BY AEROSOLS

The dynamic behaviour of aerosol particles is governed by the interactions of particles
in surrounding air molecules.
There are five basic physical mechanisms that cause the deposition of aerosols
identified as: Inertial impaction, sedimentation, diffusion, interception and electrostatic
precipitation, Gonda, 1992. Interception shall not be considered as it applies to nonspherical entities. There is very little evidence to suggest that electrostatic precipitation
can significantly increase the deposition of aerosols in the respiratory tract and so will
not be considered further.

1.3.1

Inertial Impaction

Inertia will tend to carry particles to the inside wall of the branches rather than
following the gas streamlines as the particle is unable to change direction. Clearly the
greater the particle mobility, mass and initial velocity the longer the particle will persist
in flying in the original direction, thus increasing the chances of hitting an obstacle
placed in front of it (Gonda, 1992). In order for a particle to pass through the airways
and reach the respiratory zone particles must have an aerodynamic diameter > 3 |im <
15 |xm to prevent sticking to the walls of the upper airways (Gonda, 1988). Inertial
impaction is reduced as the airways branch due the reduction in velocity such that it has
little effect on the deposition of particles in the lower airways.

1.3.2

Sedimentation

Sedimentation is regarded as the effect of gravity on the particle. The more dense the
particle the more likely it is to sediment out, in accordance with Stokes’ law. Equation
1. 0 .

Sedimentation occurs in the lower airways where the air velocity is low. As a result
particles less than 3 |im in size that avoid inertial impaction are deposited by
sedimentation. The effect of gravity on particles less than 0.5 |im is so small that
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particles would fail to deposit in the airways by sedimentation. The size range of
particles that are influenced by sedimentation can be regarded as < 3 jim > 0.5 pm.

U = 2gr^(di-d2)

9t|

Where:
U = creaming or settling rate (cm/sec)

T|= viscosity of the continuous phase

g = acceleration due to gravity (g/cm^)
r = radius of dispersed particle (cm)

(poise at °C)
d] = density of drug particle (g/cm^)

d]= density of propellant system (g/cm^)

Equation 1.0: Stokes’ law Effect of particle size on sedimentation of particles

1.3.3

Diffusion

When particles become sufficiently small i.e. < 0.5 pm, deposition by diffusion is
significant (Equation 1.1). In contrast to impaction and sedimentation, diffusion
deposition increases with a decrease in particle size, and is independent of density. This
effect is exhibited for particles smaller than 0.5 pm.

D = kT
pd

Where:
D = diffusion coefficient

d = effective diameter

K = Boltzmann constant

p = particle size?

T = temperature (K)

Equation 1.1: Effect of particle size on diffusion of particles

Relatively, such small particles undergo impaction and sedimentation to a much lesser
extent due to their small inertias and diameters.
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1.4

INHALATION DELIVERY SYSTEM CRITERIA

When considering respiratory drug delivery the following criteria should be taken into
account (Dalby, et al, 1996):

1. Must generate an aerosol with most of the drug carrying particles less than
10|im. Ideally 1-5pm.
2. Must have reproducible drug dosing.
3. Must protect the chemical and physical stability of the drug.
4. Must be relatively portable and inconspicuous during use.
5. Must be readily used by a patient with minimal training.

1.5

TYPES OF PULMONARY DELIVERY SYSTEMS

Respiratory drug delivery systems were originally developed exclusively for locally
acting drugs such as bronchodilators for the treatment of asthma. However, following
the interest in systemic drug delivery the existing systems have been utilised. Three
types of delivery system have been developed for the treatment of respiratory illness.

1.5.1

Nebulisers

Nebulisers are typically employed when the effective dose of active exceeds 200 pg and
are predominantly employed for use with hospitalised patients, particularly those with
co-ordination or dexterity difficulties.
Solutions or suspensions of drug are nebulised by the use of ultra-sonics or air-jet and
administered by a mouthpiece or mask (Smith and Bernstein, 1996).

1.5.2

Dry Powder Inhalers

Dry powder inhalers (DPIs) were developed as an alternative to pressurised metered
dose inhalers, to overcome the co-ordination problems associated with the use of
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metered dose inhalers (Ganderton, 1997). DPIs are small portable devices, which do not
require spacers, (Smith and Bernstein, 1996). DPIs dispense a powder into a stream of
inspired air. Due to the cohesive and resultant poor flow properties of micronised drugs
carrier particles are added to make the drug more free flowing, (Karhu, et al, 2000). As
the material passes through the device, a proportion of the drug de-aggregates to
produce respirable particles. The de-aggregation of DPIs is controlled by patient
inspiration, and therefore is the main advantage of DPIs. DPIs are difficult to formulate
due to the control of flow properties and deaggregation of powders once emitted from
the DPI. Formulation of DPIs is further complicated due to the charge that the plastic
componentry possesses.

1.5.3

Pressurised Metered Dose Inhalers

Pressurised metered dose inhalers (pMDIs) were developed in the late 1950s and have
been subject to very few formulation changes in the last 20 years with respect to their
development and formulation (Smith, 1995). In most countries they are the most
common inhalation therapy in the treatment of asthma and it is hoped that they can be a
viable alternative to the delivery of peptides and proteins (Huchon, 1997).

They can be defined as:

‘Compact pressurised dispensers which deliver discrete doses of aerosolised drug
by inhalation to the lungs. The drug is dispensed as a suspension or solution via a
metered valve in a known volume of liquid. There is a flash evaporation of
propellant liquid to produce a finely dispersed aerosol’ (Hallworth, 1994).

They possess all the advantages for respiratory drug delivery previously described.
They are cost effective and contained in a compact tamper-proof, light protective
container. Disadvantages of pMDIs arise from the use of a propellant, which generates a
high-velocity cloud over a short period of time. Two consequences of this are high
deposition of the drug on the back of the throat and difficulties of synchronizing the
generation of the dose with inspiration (Ganderton, 1999). In addition, the ‘cold-freon
effect’ may be experienced by the patient aborting their inhalation due to the cold
propellant reaching to the back of the throat. Disadvantages of pMDIs from a patient’s
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point of view are mainly due to difficulties in coordination with respect to actuation and
inhalation that can lead to inaccurate dosing.
A pMDI consists of four components: drug formulation, actuator, metering valve and
vial.

1.6

COMPONENTS OF A pMDI

Figure 1.3 shows the components of a metered dose inhaler.

V ial

-Head Space
-Drug Suspension

a

■Actuator
M etering V alve
N ozzle

Figure 1.3:

1.6.1

A sectional view of a pressurised metered dose inhaler
showing the key components adapted from Clark, 1996

The Vial

The physical and chemical properties of aluminium make it suitable for use as a pMDI
container. Physical properties include its strength, lightness, its ability to withstand
pressure and is resistant to breakage. In addition, it is inert and protects the drug
suspension from light. Aluminium is chosen rather than glass due to the risk of breakage
of a glass bottle. Other disadvantages of glass containers are the weight and the risk of
photochemical degradation unless the glass has a suitable coating (Hallworth, 1994).
Disadvantages of aluminium include the sticking of drug on the container wall. This
may be overcome by coating the can with epoxy resin (Purewal, 1998). In addition the
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volume of the drug remaining in the can is unknown thus the patient may not know
when the pMDI has run out.

1.6.2

The Actuator

The actuator is the small plastic component into which an aerosol unit is inserted, and
has a small orifice (nozzle) through which the aerosol, containing the drug is discharged
into the patient’s mouth. The actuator is designed for a specific metering valve,
container and formulation and is subject to change if any of the above factors are
altered. The orifice size of both the actuator and valve dictate the volume and rate of
emission of the aerosol. Actuator orifice sizes are around 0.2 mm-1mm.

1.6.3

The Metering Valve

The metering valve controls the discharge of the drug formulation to ensure accurate
and reproducible drug delivery and it seals the pack against propellant vapour leakage.
So it is the most critical aspect of pMDI packaging. It is designed for inverted use and
does not contain a dip tube. The valve is sealed with an ‘O’ ring or gasket against the
vial by crimping. The seal is typically made of Nitrile or Neoprene rubber. It is through
this piece of componentry that moisture can gain entry. This may affect suspension
stability and lead to a phenomenon known as Ostwald ripening (Chapter 1.8.1).
Metering valves are available in a variety of metering volumes from 25 \l\ to 100 jil to
enable various dose regimes to be delivered. Metering valves are capable of delivering
accurate and reproducible doses ranging from 50 jig to 5 mg (Hallworth, 1987).

1.6.4

The Formulation

The container contains the active, propellant and in most cases a surfactant. The active
and any other excipients are dispersed or dissolved within the propellant, which forms
the bulk of the suspension or solution. Suspensions and solutions each have their
respective stability issues.

36

1.7

METERED DOSE INHALER SUSPENSIONS

Previously the majority of locally acting drugs for use in pMDIs were formulated as
suspensions as previously employed propellants were non-polar and in most cases poor
solvents. In addition due to the high concentrations of co-solvents required preparing
solutions a coarse spray resulted. Consequently most drugs were insoluble in them and
so they were formulated as suspensions. Following the advent of the Montreal Protocol
(1987), the change in propellant led to the reprisal of solution based pMDIs. A solution
based pMDI has been developed for beclomethasone dipropionate again using ethanol
as a co-solvent (Qvar™ 3M pharmaceuticals). However, the production of a solution
based formulations was not achieved by the drug formulation alone. A redesigned
metering valve with unique seals made of elastomers and a smaller valve size and exit
spray orifice diameter was also required (Ross and Gabrio, 1999). Although there has
been success in the formulation of new solution based pMDIs many drugs are still
formulated as suspensions. Examples of drugs that are insoluble in HFA propellants
include salmeterol xinafoate and fluticasone propionate (in combination), which are
subject to reformulation as suspensions (Michael, et al, 2001). Salbutamol sulphate has
also been reformulated as a suspension based pMDI. An example of this is Airomir™,
3M pharmaceuticals employing ethanol as a co-solvent and oleic acid to successfully
suspend salbutamol in tetrafluropropane (HFA) propellant.

The general lack of solubility of compounds in propellants has enabled pMDIs to be
considered for the delivery of polymeric microspheres for the controlled delivery of
both locally and systemically acting drugs (Gupta, et al, 1990).

The ideal properties of a pMDI suspension can be regarded as follows:

1. Composed of small uniformly sized particles that do not settle rapidly.
2. Particles that do settle on storage should be easy to redisperse completely and
uniformly on shaking.
3. The dose uniformity of active should be maintained.
4. The suspension should display an agreeable taste and odour as it is given via the
mouth.
5. It should enable relatively large doses of drug to be delivered.
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The aim of formulating an ideal pMDI suspension is not feasible:
‘To eliminate sedimentation of dispersed solid particles’ (Nash, 1988).

The practical aim can be regarded as:
‘To produce a suspension which remains homogeneous for at least the period of
time required to deliver the dose’.

In order to produce a stable suspension there are four areas that should be considered:

1.7.1

Flocculation

Flocculation of particles arises as a result of the particles remaining a small distance
apart from each other. Loose sediments are formed which are easy to redisperse on
shaking due to the fast sedimentation/creaming rate. This approach is termed ‘controlled
flocculation’ and is not ordinarily a problem in the formulation of pMDI suspensions
because the gentle shaking redisperses the particles to give a homogeneous suspension
(Gupta and Adjei, 1997). However, if flocculation is advanced in less than 10 seconds
poor dose-to-dose reproducibility can result (Purewal, 1998) causing the patient to
receive inaccurate doses of drug, in particular a reduction in the fine particle dose. This
can be particularly detrimental in the delivery of potent drugs as low doses of drug are
required. Flocculation is caused by weak forces of attraction between particles in
suspension. These allow ready dispersion once the suspension has been left to stand and
the particles have creamed or sedimented. They also prevent particles from irreversibly
sticking together to form agglomerates.

1.7.2

Creaming/ Sedimentation

Two distinct layers are formed, a translucent supernatant and a powdered drug layer.
The powder layer is densely packed due to the slow sedimentation/creaming rate.
Sedimentation of suspensions exists when the powder layer is at the bottom of the can.
In contrast the powdered layer is at the top when a creamed suspension has formed. The
location of the powder layer is determined by the density of the drug compared to that
of the propellant. A sedimented layer will arise from a drug density greater than that of
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the propellant with the reverse true for a creamed layer. If the layer is difficult to
redisperse on shaking this may lead to dosage problems if the pMDI is not adequately
shaken. In the case of creaming low doses of drug may be delivered initially with the
dose increasing as the propellant volume is reduced such that high doses of drug are
delivered towards the end of the can.

1.7.3

Cake Formation

Cake formation or drug deposition is more prevalent in creaming suspensions and
occurs when suspended powder deposits on the inner wall of the container, particularly
in the headspace. Caking does not result in a reduction in the measured size of the
particles, but does reduce the quantity of dmg delivered per metered dose due to the
reduction in concentration of the active in the liquefied propellant (Purewal, 1998).

1.8

pMDI SUSPENSION FORMULATION

Suspension stability is essential for successful pMDI formulation and so the excipients
shall be discussed below.

1.8.1

THE ACTIVE INGREDIENT

The active ingredient for use in a pMDI should be delivered in a known size range to
target the airways to elicit a response. For most pMDIs suspensions, the desired particle
size should be 1-5 |im, with about 90% of the particles less than 5 |im and none greater
than 10 pm (Hickey and Evans, 1996). The solubility of the drug in the propellant is
also important. As drugs typically employed in pMDIs are partially soluble in liquefied
propellant, they tend to exhibit particle growth on storage. This phenomenon is more
commonly known as Ostwald ripening, (Purewal, 1998). Ostwald ripening describes the
growth of larger particles when smaller particles dissolve and precipitate onto larger
particles, resulting in a general increase in particle size. This phenomenon arises due to
the higher solubility of small particles compared to larger particles as a result of
curvature of the interface between the suspending medium and the particles. Ostwald
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ripening is influenced by water in the formulation, therefore, control and minimisation
of water level in suspension based pMDI formulations is essential (Williams and Hu,
2000). Alternatives to avoid Ostwald ripening include changing the physical form of the
drug itself, minimising amorphous content and selecting the most stable polymorph, and
modifying the drug substance surface characteristics to retard the rates at which
dissolution and precipitation can occur, (Vervaet and Bryon, 1999). This may adversely
affect the bioavailability of the drug and should be considered on storage of the product.

1.8.2

THE PROPELLANT

The propellant provides the dispersion medium for the system. Currently, propellants
chosen for use in pMDIs have been CFG 11,12 and 114, in varying combinations
depending on the formulation. By employing varying combinations they provide all the
necessary liquid characteristics (vapour pressure, density and dipole moment) to ensure
that consistent and accurate drug delivery is obtained. However, all formulations
containing CFCs are subject to reformulation due the advent of the Montreal Protocol
(1987). Although the protocol deemed medical aerosols as essential use, the United
Kingdom was committed to phasing out the use of CFCs by 1999 (Malone, 1996).
Certainly for all ‘new’ products an alternative to CFCs must be employed.

Two suitable propellants have been identified which meet the criteria described; 1,1,1,2tetrafluoroethane (HFA-134a) and 1,1,1,2,3,3,3-heptafluoropropane (HFA-227), and
after strict safety testing the HFA propellants were cleared suitable for use in medicinal
products in 1994 and 1995 respectively (Alexander, 1995). Their structure is shown in
Figure 1.4.
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Tetrafluoroethane
HFA 134a

Heptafluoropropane
HFA 227
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Figure 1.4:

Structures of HFA 134a and HFA 227

The aforementioned propellants do not have any detrimental effect on the ozone layer.
Although they do have some global warming potential, this is considerably lower than
the global warming potential of CFCs (Smith, 1995).

The Physicochemical Properties of Propellants Influencing Suspension Stability

Ideally the physicochemical properties of the replacement propellants should be very
similar to those of CFCs, as Table 1.0 clearly describes.

Propellant
CFG 11
GFG 12
GFG 114
HFA 134a
HFA 227
Ethanol

Table 1.0:

Vapour Pressure
(psig at 20®G)
-1.8
67.6
11.9
81
43
-

Density (g/ml) at
20 ®G
1.49
1.33
1.47
1.21
1.41
0.791

Dielectric
Gonstant (liquid)
2.3
2.13
2.26
9.51
4.07
24.3

Physicochemical properties of CFG and HFA propellants taken from
Lalor and Hickey, 1997 and Kontny, 1991

An aerosol propellant is responsible for providing the pressure within the container to
expel the suspension. It is vital that the internal pressure within the container is kept
constant to ensure an equilibrium exists between the liquefied propellant and its vapour.
The equilibrium vapour pressure in the headspace is responsible for providing the
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driving force for ejecting the desired quantity of liquefied propellant containing active
out. On exposure to the atmosphere, the liquefied propellant undergoes flash
evaporation to leave particles of the active substance. The release of an aliquot of active
disturbs the equilibrium between the vaporised and liquefied propellant, and so a
fraction of the liquid propellant vaporises immediately to restore the vapour pressure in
the headspace to equilibrium. As it is restored quickly the physical nature of the spray
remains unchanged (Clark, 1996 and Hallworth, 1997).

The key physico-chemical properties of the propellant that need to be considered when
formulating a pMDI are the density and vapour pressure.

1.8.2.1

Vapour Pressure

The role of the propellant has been previously illustrated. It determines the size and exit
velocity of the emitted spray droplets. Exit velocity can be regarded as the speed at
which the droplets leave the actuator prior to impingement in the respiratory tree. The
propellant vapour pressure provides the driving force to expel the product from the can
via the metering chamber and the propellant accounts for most of the sprayed
formulation. In addition, it also controls the rate at which propellant evaporation occurs
due to the difference in vapour pressure between the propellant and the atmosphere. A
high vapour pressure will provide a high driving force to expel the particles. Therefore
the droplets will travel at high velocity. A fast evaporation rate is required to ensure that
the droplet size is reduced to a suitable particle size, to be delivered to the appropriate
region of the respiratory tree, this is dependent on volatility of the excipients.

The exit velocity also determines where the drug is delivered in the respiratory tree. If
the propellant possesses a high vapour pressure, hence fast exit velocity the drug is
likely to be deposited to the back of the throat. The particle velocity must be slow
enough to avoid being deposited in the back of the throat but fast enough to ensure it
travels to the respiratory zone. For example if one considers HFA 134a (Figure 1.4). It
has the advantage of a high vapour pressure, resulting in enhanced lung penetration due
to the production of smaller inhaled particles as a result of smaller and faster
evaporating droplets. Additionally, the vapour pressure also affects the valve leakage
rate and valve function, which are detrimental to the functioning of the device. A
42

balance must be achieved in order to have a suitable exit velocity such that decreased
oropharyngeal deposition is achieved with high delivery of drug to the targeted regions
of the lungs (Kontny, et al, 1991).

1.8.2.2

Density

The propellant dictates the density of the formulation since the other excipients are
present in low concentrations. The density of the propellant in relation to the drug
affects the creaming and settling velocity of particles in suspension formulations. It can
be expressed as Stokes equation (Equation 1.0).

If the density of the drug and propellant are equal at the same temperature, then the
creaming velocity is 0 (Johnson, 1996). Creaming can be minimised by manipulation of
the propellant density using a co-solvent such as ethanol, or by employing a propellant
with a density similar to that of the drug. This will enable reproducible dosing to be
achieved. The suspension will remain homogeneous for a suitable period after shaking
prior to actuation. Large density differences lead to erratic doses due to the nonhomogeneous distribution of active within the canister. The inclusion of ethanol into
propellant based systems will however result in a reduction in the vapour pressure. The
reduction in vapour pressure is due to ethanol being a less volatile solvent. The
reduction in vapour pressure increases with increasing ethanol concentration (Williams
and Liu, 1998 *).

1.8.3

THE SURFACTANT

To date there are three surfactants currently licensed for pMDI suspension formulations,
oleic acid, sorbitan trioleate (Span 85) and soya derived lecithin (McDonald and Martin,
2000). Surfactants within pMDI formulations have two uses:
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1.8.3.1

Dispersing Agent

In order for a pMDI to operate correctly it is important that the drug is suspended
uniformly in the propellant. In a state that is easily dispersed by the sheer forces
generated as the propellant vaporises. To achieve such a suspension it may be necessary
to incorporate a propellant-soluble surfactant in the mixture or the particles will form
tightly bound aggregates due to attractive Van der Waals forces between them (Malik,
et al, 1999). The surfactants such as oleic acid and Span 85 exhibited solubility in
CFCs due to the low HLB values. The HLB value of Span 85 is 1.8 and a HLB value of
4.3 is exhibited for oleic acid. Due to the low HLB values the aforementioned
surfactants and were therefore able to stabilize the drug particles to form relatively
stable suspensions (Brindley, 1999). Concentrations between 0.01-0.1%m/m are
sufficient to produce a homogeneous dispersion following shaking (Dalby, et al, 1996)
or 1/10*^ the concentration of drug (Bryon and Blondino, 1996^). The concentration of
surfactant required for stabilisation of suspensions is dependent on the nature of the
solid substrate (Bower, et al, 1996 "^). However, due to the solvent properties of HPAs
existing surfactants are no longer soluble and so alternative surfactants have been
sought. US patents (Byron and Blondino, 1996 ^

®) describe surfactants including

polyoxyethylene sorbitan monolaurate (Tween 20), and polyethylene glycol as suitable
alternatives. Oligo-lactic acids (OLAs) have also been employed for the preparation of
pMDIs (Duan, et al, 1998).

1.8.3.2

Valve Lubricant

Surfactants may also be included to lubricate the metering valve mechanism at
concentrations as high as 2%m/m (Dalby, et al, 1996). Valve lubrication is necessary as
pMDls are typically multidose units and are expected to deliver between 80 and 400
doses throughout its shelf life, for a maximum period of three years.

The choice of surfactant for pMDl suspension formulation ultimately affects the size of
the droplet produced. Surfactants that are either immiscible with propellant or non
volatile could decrease the vapour pressure of the propellant. This lowers the energy
‘drying’ the droplets, as vapour pressure is the driving force. This results in a coarse
aerosol being formed, therefore decreasing the extent of lower airway deposition as the
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particles are larger and so can not reach the lower regions of the respiratory tree (Adjei,
et. a/., 1996). Surfactants increase the diameter of the drug particles by adsorbing on the
surface creating a molecular film to prevent aggregation (Johnson, 1996). The coating
action of the surfactants may also reduce the evaporation rate of the propellant from the
droplet resulting in larger particles depositing in the upper regions of the respiratory
tree.

As surfactants are non-volatile, they will appear in the generated aerosol together with
the active particles. The taste of the pMDI is affected by the choice of surfactant. The
majority of surfactants currently employed in pMDIs are subject to formulation changes
due to incompatibilities with HFA propellants.

1.8.4

THE COSOLVENT

Ethanol is typically employed in the production of pMDIs to assist with the
solubilisation of the drug in solutions and surfactants for suspension based formulations.
However, ethanol will reduce the both the density and the vapour pressure of the
propellant. This reduction in the vapour pressure may result in an increase in the particle
size of the emitted droplets. The reduction in density due to the inclusion of ethanol
may enable the formulation of pMDI suspensions to be prepared by matching the
propellant density with the drug density thereby reducing the need for further
formulation additives.
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1.9

SUSPENSION FORMULATION CONSIDERATIONS

Important factors when formulating a pMDI suspension system include:

1. Moisture content of ingredients.
Generally water has an adverse effect on suspension stability, by increasing inter
particle attraction leading to an increase in size, thus reducing bioavailability.
Moisture is also thought to alter the surface charge of particles in propellant.
2. Particle size of the solid therapeutic agent.
Initial particle size determines the particle size delivered to the lung.
3. Solubility of the active ingredients.
Ideally excipients that exhibit minimal solubility should be included due to
Ostwald ripening.
4. Density of propellant and active.
5. Use of surfactant or dispersing agent.
Use of an agent which is soluble and ideally has approval for use in respiratory
drug delivery.

1.10

PHYSICAL FACTORS GOVERNING pMDI DRUG DELIVERY

Once the drug has been emitted from the pMDI, the passage of the drug to its
therapeutic site of action is governed by two main factors: physical and
pharmacokinetic.

Physical factors determine the deposition of drug from the mouth onto the airway lumen
and the most important consideration when formulating a pMDI suspension is particle
size and shape. The size of particles or droplets produced by a pMDI make a major
contribution to its therapeutic effectiveness and significantly affects the targeting of the
drug.

As previously stated the deposition of active in the lung is governed primarily by
impaction and sedimentation. The independent variable relating these factors is known
as the aerodynamic diameter.
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This can be defined as; ‘ Diameter of a unit density sphere which behaves in air in the
same way as the particle or droplet in question’ (Gonda, 1988). Primarily the
aerodynamic diameter is simply related to the actual diameter of the sphere D, and its
density, d:

Dae = D V ( d / do)
Where do = unit density

Equation 1.2: The Relationship Between Aerodynamic Diameter of Particle and
its Density
Impaction of particles with the same aerodynamic diameters will depend on the flow
rate. Porous particles may have a smaller aerodynamic diameter compared to their
physical size. This can be attributed to the reduction in density due to the pores present.
Larger porous particles, ~ 20 |im may be delivered to lower regions of the lungs as their
aerodynamic diameter is in the region of 3 jim

Deposition

Drug deposition by sedimentation in the lungs increases with an increase in particle
size, density and velocity. There are limitations to the respirable fraction that can be
achieved. Table 1.1.

Aerosol Particle Diameter (|im)
> 10
>5
<3
<0.5
Table 1.1:

Deposition Site
Orophyranx
Central airways
Peripheral airways
Exhaled

The relationship between particle size and site of deposition in the
airways

The final droplet size is dependent on the geometric size of bulk drug particles.
However, the aerodynamic size cannot be smaller than that of the starting material.
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A uniform respirable fraction may permit administration of active to the central
peripheral airways, which is ideal for both systemic and locally acting compounds.
Generally aerosols tend to be polydisperse and therefore distribute throughout the
airways as the previous figure describes. It is worthwhile noting that generally 10% of
an administered aerosol dose will attain the airways, the remainder depositing in the
mouth, pharynx or swallowed.

Breathing Pattern

The breathing pattern of the individual will also affect the deposition pattern of the
active in the lungs, specifically the rate of breathing and breathing depth. A rapid
shallow inspiration promotes central deposition and in contrast slow, deep inspiration
promotes peripheral airway deposition (Altiere and Thompson, 1996). The rate of
ventilation and tidal volume (volume of air inspired per breath) determines the
residence time of active in the lungs. Holding breath promotes deposition through
sedimentation and diffusion due to gravity.

Pharmacokinetic have previously been addressed. Section 1.2.

Due to the importance of particle size it is considered that microspheres are suitable for
the delivery of peptides and proteins to the lungs via pMDI. As the manipulation of
microsphere size is achievable to create the desired size range for delivery to the lungs
(Williams, et. al., 1998). In addition, porous microspheres can be produced which offer
a further advantage, as due to their size they may escape macrophage clearance
(Edwards, et. a l, 1998).
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1.11

MICROSPHERES

The advent of the biotechnology industry has enabled the large-scale production of
recombinant proteins for commercial use. However, a drug delivery system is required
to improve the convenience of administration and possibly the efficacy and safety of a
protein drug (Cleland, 1998). One such method is the encapsulation of drugs in a
polymer matrix that has controlled release properties. Vaccines are an example of
biologically active agents that are advantageously administered by controlled release
technology. To achieve an optimal immune response, most vaccines require a primary
immunisation, followed by two or three boosters. By incorporating the vaccine in
biodegradable polymer microspheres the degradation can be controlled thereby
providing booster immunisation (Couvreur and Puisieux, 1993). As a result the number
of doses required for the patient are reduced. Localised delivery for some cancer
therapies and vaccines at high doses to the target site would increase the efficiency of
the drug and potentially reduce its toxicity (Cleland, 1997). In particular, targeting may
be achieved by formulating microspheres, which contain targeting moieties to target
antigen preselected ligands. This would have tremendous potential for cells of the
immune system (Sokoll, et. a l, 2001).

Microspheres are defined as:
‘Solid, approximately spherical particles ranging in size from 1-1000pm%
(Burgess and Hickey, 1994).

Microspheres can further divided into two categories; (1) homogeneous or monolithic
microspheres in which drug is dissolved throughout the polymer matrix, and (2)
reservoir microspheres in which the drug is surrounded by polymer (Couvreur and
Puisieux, 1993) and (Okada; Toguchi, 1995). Typically microspheres are matrix-based
systems, although not all of the drug is encapsulated, as some is surface bound. The
type of system; whether matrix or reservoir based determines the type and rate of
release, in addition to encapsulation of drug within the microsphere.

Microspheres may also be classified as: (1) porous or (2) non-porous in accordance with
their morphology.
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1.11.1

Porous Microspheres

Porous microspheres show clearly visible pores on the surface, which, continue
throughout the structure of the microsphere. The production of porous microspheres
enables the surface area of the microsphere to be increased compared to that of a nonporous microsphere, with the same diameter. Porous microspheres are also useful for
the delivery of high molecular weight substances, which cannot diffuse out of a nonporous matrix. Also, to deliver substances which have a high affinity for polymer and
are not released unless the matrix is eroding (Li, et. al., 1995).

Porosity may be achieved by manipulation of various formulation parameters such as
the concentration of polymer and the solvent removal method. Also the method of
microsphere preparation influences the porosity of microspheres. The rate of polymer
solidification is thought to directly influence the formation of porous microspheres, as
does the rate of water uptake into the polymer phase. Polymer solidification rate is
influenced by the polymer phase of the microsphere preparation. A concentrated or
viscous polymer phase will arise following the inclusion of a high quantity of polymer,
or alternatively a low solvent volume. The rate of polymer solidification is governed by
the rate at which the solvent evaporates. As the polymer solidifies the migration of
water from the bulk (continuous) aqueous phase is prevented. Therefore, a fast polymer
solidification rate will result in the reduction in the time available for water to enter the
microsphere hence influencing the porosity of the resultant microspheres. The more
water entrapped in the microsphere the more porous the microsphere will be. Li, et. a l,
1995 suggests water uptake from the bulk continuous phase accelerates the formation of
pores within microspheres; however, rapid solidification hinders the uniform formation
of pores. This can be attributed to the hardening of the outer shell of the microsphere,
reducing the diffusion of the bulk aqueous phase into the non-solvent phase of the
microsphere. In this study a double emulsion technique was employed to prepare the
microspheres, dispersing the model protein, salmon calcitonin (sCT) in methanol. The
ratio of disperse phase (oil) to continuous aqueous phase was found to influence the rate
of solvent removal. When employing low ratios of disperse phase and continuous phase,
the viscosity of the phases resulted in an increased polymer solidification rate.
Therefore, a reduction in porosity will be exhibited. This reduction in porosity is
supported by the findings of Crotts and Park 1995 when preparing PLGA microspheres
by a W/O/W emulsion technique. The effect of solvent volume was investigated
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employing an oil phase comprising of 0.5 g PLGA in either 4 or 8 ml of methlyene
chloride. The bulk aqueous phase was maintained at 300 ml throughout the study. A
honeycombed shell structure was exhibited with a smooth non-porous surface and
hollow/multicored core when employing 4 ml methylene chloride. In contrast when
employing a fixed internal aqueous phase volume of 0.5 ml, a smooth non-porous
surface structure was exhibited, with a non-porous shell structure when employing a
methylene chloride volume of 8 ml. The core structure of the microsphere remained
hollow. Crotts and Park, 1985 also investigated the effect of internal aqueous phase
volume, for a fixed methylene chloride volume (8ml), polymer weight (0.5 g) and bulk
aqueous phase (300 ml). Increased porosity following an increase in the internal
aqueous phase volume was exhibited on the surface and shell structure of the
microspheres. The internal aqueous phase volumes investigated were 0, 0.5 and 2.5 ml
respectively. The surface porosity of microsphere is due to the presence of internal
aqueous phase droplets at the polymer surface as the polymer hardens. The porosity of
the internal core results due to the aggregation and coalescence of internal aqueous
phase droplets as the polymer hardens from the outside in.
The detrimental effect of rapid polymer solidification was shown by Li et al, 1995. At
high polymer concentrations porosity was reduced. Ehtezazi and Washington, 2000 also
reported with an increase in polymer concentration there is a reduction in mean pore
size and porosity. Ehtezazi and Washington prepared microspheres by a W/O/W solvent
evaporation technique, employing an internal aqueous phase comprising of 2 %m/v
BSA and FITC-dextran.

Other formulation parameters include the nature of the peptide to be encapsulated.
Work completed by Jeyanthi, et al, 1997 and Jeyanthi, et a/., 1996 have shown
increased pore formation following the inclusion of a model protein sCT. Methanol was
employed in the studies to facilitate the removal of solvent by a solvent extraction
method. It is thought the effect is due to the solubility of sCT in methanol retarding the
partitioning of methanol into the continuous aqueous phase.

The inclusion of excipients such as buffers or salts in the internal aqueous phase also
influences the porosity of microspheres. Herrmann and Bodmeier, 1995 ^ found when
employing calcium chloride in the internal aqueous phase porosity was exhibited. The
addition of buffer salts to the internal aqueous phase caused an osmotic pressure
difference between the internal and external aqueous phases. This change in osmotic
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pressure promoted the influx of water from the external aqueous phase, hence
increasing the likelihood of water entering the microsphere and therefore the production
of porous microspheres. Manipulation of pH will also result in the production of porous
microspheres, although this effect is dependent on the drug employed. Herrmann and
Bodmeier, 1995

found a reduction in the pH resulted in the production of porous

microspheres. In this instance the pH was 2.2 and the drug employed was somatostatin.
In contrast, Bodmeier and McGinity, 1987 produced porous microspheres when
employing a pH of 12, when employing quinidine.

Extensive work has been completed by Jeyanthi, et al, 1996 on the effect of the solvent
removal technique on the production of porous microspheres has shown the solvent
removal technique employed influences the porosity of microspheres. In this study
temperature was employed to facilitate the removal of the solvent. The temperature of
the continuous phase containing 0.4 %m/v sodium oleate was increased to 40 °C using
different gradients; (1) An initial ramp of 27 °C followed by a gradual increase to 37 °C
and finally to 40 °C, (2) A step-wise increase in temperature from 15 to 25 to 40 °C after
a lag-phase of 60 minutes at 25 °C. The results show the differing microsphere
morphology dependent on the temperature gradient applied. This effect was attributed to
the rate of drop of solvent levels in the W/OAV emulsion. Microspheres were prepared
with a hollow core, the size of which was dependent on the temperature gradient
employed. The results suggest a rapid temperature gradient produces a small core with a
thick porous wall. Jeyanthi et al., 1996 also employed a continuous phase dilution
technique to prepare microspheres. When this method was adopted microspheres were
produced that were honeycomb in structure. The production of a honeycomb structure
can be attributed to the extended time the microspheres remained in a wet state due to
the rate of solvent removal.
DeLuca, et al, 1989 describes the active agent confined to the walls and channels of the
pores compared to a more random distribution within the more poorly defined
interstices of the polymer when freeze drying or dilution-precipitation extraction is
employed alone or in combination.

There are some general conclusions that can be drawn to optimise the preparation of
porous microspheres. The rate of polymer solidification should be slow enough that the
surface does not solidify rapidly, thus preventing the migration of water from the
external aqueous phase. However, it should not be too slow to prevent the encapsulation
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of water droplets on the surface of the microsphere as the polymer solidifies. This may
be achieved by manipulation of the polymer phase concentration, either by weight of
polymer employed or solvent volume to produce a solvent phase of suitable viscosity.
The stability of the primary emulsion also affects the porosity of the microspheres due
to the presence of internal aqueous phase droplets on the surface of the microsphere as
the polymer solidifies. By manipulation of the internal aqueous phase characteristics
such as volume, pH or the inclusion of buffer salts porosity may be achieved. Also the
mechanism for solvent removal will influence the degree of polymer precipitation. This
can be manipulated by employing temperature to increase the rate of polymer
solidification or by the use of additional solvents to extract the solvent more rapidly.

1.11.2

Drug Encapsulation Theory

In order to achieve high encapsulation efficiencies, stability of the primary emulsion
using a water-in-oil-in-water (W/OAV) solvent evaporation technique is a prerequisite
when preparing microspheres. Peptides and proteins exhibit aqueous solubility due to
their hydrophilic nature. Their encapsulation is likely to be low unless protein diffusion
into the aqueous medium is minimised (Viswanathan, et al, 1999). As a result
successful encapsulation in the primary emulsion is necessary to prevent partitioning
from the hydrophobic polymer oil phase, into the hydrophilic aqueous external phase.
By incorporating surfactants in the aqueous phase, primary emulsion stability is
achieved but is dependent on the type and concentration employed and the viscosity of
both the internal aqueous and polymer phases. These factors determine the location and
loading efficiency of protein in the microspheres (Figure 1.5).

PVA film

DCM D roplet
Internal Aqueous Phase, with
protein

External A queous
P hase

Figure 1.5:

Diagram of typical W/O/W emulsion taken from
Florence and Whitehiil, 1982
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Extensive research has been performed on methods of achieving high encapsulation
efficiencies for a variety of peptides and proteins, with some conflicting results. It is
generally accepted that the method of preparation influences the encapsulation. For
example Guo, 1994 concluded, a higher encapsulation efficiency (BE) for water-soluble
drugs (proteins) was achieved following the preparation of microspheres by the W/OAV
method compared to the single oil-in-water (0/W ) emulsion method. Further work has
been performed on the mixing method employed and shows that higher EE is achieved
when prepared by sonnication in contrast to high-pressure homogenisation (Soriano et
al, 1995). With respect to the internal aqueous phase composition high EE can be
achieved by the inclusion of high concentrations of surfactant, (Yang, et al, 2001; De
Rosa, et al, 2000). Yang, et. a l, 2001 showed this effect when employing polyvinyl
alcohol (PVA) up to a concentration of 0.1 %g/l. De Rosa, et. a l, 2000, also showed
this effect when employing polysorbate 20 and polysorbate 80 at a concentration of 3
%m/v. Small internal aqueous phase volumes also resulted in the production of
microspheres with high EE (Uchida, et al, 1996). The addition of additives such as
gelatin (Ogawa, et al, 1988) have also been proved to increase EE but, the inclusion
results in an increase in particle size and so may be detrimental for delivery if size is a
key issue.

1.11.3

Drug Release From Microspheres

Microspheres can be considered as a matrix based system, defined as:
‘Drug dispersed throughout the microsphere’.

Release is dependent on two factors; diffusion of the drug through the polymer matrix
and polymer degradation.

There are three stages of release from biodegradable microspheres (Figure 1.6). The
first stage is the initial burst effect. This can be attributed to poorly encapsulated drug
and drug that is surface bound (O’Hagan, el a l, 1994). This effect can be minimised by
the optimisation of the formulation such that high EE is achieved. In the case of porous
microspheres there is a large surface area available for the initial burst effect and so the
initial release may be rapid as shown by Mandai, et. a l, 2001.
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Typical release profile of PLGA microspheres

The next stage is the release through the porous network due to polymer hydration and
diffusion through the polymer matrix. Yang, et al, 2001 have reported that diffusion
through interconnecting pores and channels is the predominant mechanism for PLGA
microspheres containing BSA and is supported by Mandai, et ai, 2001. The final stage
of release is bulk polymer degradation as the polymer erodes to present the drug to the
aqueous environment. The latter stage will be influenced by the physical properties of
the polymer, as it is no longer diffusion controlled, properties such as polymer
molecular weight, crystallinity and hydrophobicity. Polymers degrade by hydrolysis and
hence creating an acidic environment to further promote hydrolysis. Extensive studies
have been performed on the release kinetics and factors affecting them. Ravivarapu, et
al., 2000 have shown that lower weight PLGA degrades more readily than a higher
weight polymer to produce a more rapid release profile. In combination, polymers of
any molecular weight can be used to produce the desired release profile. Gabor, et. al,
1999 have studied the effect of pH has on the release profile. Following the preparation
of microspheres in an acidic environment the initial release rate was faster than when
preparing microspheres with at pH 7.0. In addition the release profile was altered,
showing linear release when employing acidic conditions. Crotts and Park, 1998 have
shown that complete release from PLGA microspheres is rarely shown. This effect can
often be attributed to protein stability problems such as aggregation and non-specific
protein adsorption. Microspheres were prepared by a W/O/W double emulsion solvent
evaporation technique.
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1.12

EXCIPIENTS TYPICALLY EMPLOYED IN MICROSPHERE
FORMULATION

In order to achieve the aforementioned system microspheres are composed of the
following excipients:

1.12.1

POLYMER

The polymer function is to encapsulate the active or adsorb the active to the surface.
The ideal properties of polymers for use in microspheres are shown below:

1.12.1.1

Selection Criteria of Polymers (Anderson and Shive, 1997)

1. Polymer must be suitable for protein entrapment, typically biodegradable
polymers.
2. It must not alter the pharmacological action of the drug.
3. It should not interact with the protein in an irreversibly or uncontrolled way such
as denaturing the protein.
4. The polymer and degradation products should not cause any side effects locally
or systemic toxicity.
5. The polymer should be produced in a manner that ensures consistency of
properties. These properties should be both quantifiable and reproducible.

There are two types of polymer typically employed: (1) natural polymers and (2)
synthetic polymers. Natural polymers include collagen, chitosan and alginates. Natural
polymers are produced from animal and plant sources; as a result their composition may
vary. Several natural polymers have been used for the production of microspheres
(Lorenzo-Lamosa et. al, 1998 and Cleland, 1998), although research employing the
above polymers has been limited as a consequence of potential variations in
composition.

Synthetic polymers typically aliphatic polyesters such as poly (D,L-lactide-coglycolide) (PLGA) and poly-lactic acid (FLA) have been used extensively for the
preparation of microspheres (Coombes, et al, 1996; Garcia, et al, 1999; Conway and
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Alpar, 1996; Spiers, et al, 2000). The bulk of research has been performed on the above
polymers since, as they are synthetic, reproducibility can be ensured. Polymers such as
FLA/PGA have Food and Drug Administration (FDA) approval for human use, since
they have been used extensively in the past 2 decades for resorbable sutures and
implants.

1.12.1.2

Aliphatic Polyesters

Synthetic aliphatic polyesters such as polylactic acid (PLA) and polyglycolic acid
(PGA) (Figure 1.7) have the following advantages (Cleland, 1997):

1. They degrade by hydrolysis to metabolic by-products: glycolic acid, lactic acid
and carbon dioxide.
2. The release of proteins and peptides is mostly dependent on the biodégradation
of the polymer due to the low diffusivity.
3. The preparation of microspheres is compatible for numerous peptides, proteins
and other drugs.

In addition they can be combined in order to produce copolymers, poly (lactide-coglycolide), (PLGA).
Lactic Acid

Glycolic Acid

O,

V-OH
H OH

H OH

Lactide / glycolide copolymer

O,

oX h

V -o
-------

0 ^ 0 CO

Figure 1.7:

Chemical structure of PLGA
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PLA is optically active, having a chiral centre. Polymers of both D and L stereoisomers
are available, in addition to a racemic poly (D,L-Lactide). They are soluble in most
solvents hence their applicability for use in microspheres. PGA is not easily solubilised.
It is exclusively soluble in hexafluoroisopropanol, and so its use in the production of
microspheres has been limited (Brophy, et al, 1994). However, PLA-PGA copolymers
(PLGA) have been used extensively in the preparation of microspheres as the ratio of
PLA and PGA can be varied. This enables the degradation profile as well as a number
of other parameters relevant to be tailored for a specific delivery system.

The polymer provides the matrix for drug release as the polymer degrades. There are
several physical factors that are important when choosing a suitable polymer,
particularly with respect to release (Anderson and Shive, 1997), (Table 1.2):

•

Water permeability and solubility [hydrophilicity /hydrophobicity]

•

Chemical composition

•

Morphology [crystalline or amphorous]

•

Glass transition temperature

•

Molecular weight and molecular weight distribution

Polymer

Molecular
Mass

Biodegradability
Time in Months

Crystalinity

Hydrophobicity /
Hydrophilicity

Type of
Release

More
Hydrophobic
than PLGA
Hydrophobic

Over 6
Months

XVi

PLLA

100 K

18-24

Moderately
Crystalline

PLADL

2K

12

PLGA
50:50

40-70 K

2

Less
Crystalline
than PLLA
Amorphorous

PLGA
85:15

50-75 K

5

Amorphorous

Table 1.2:

Less Than 6
Months

Hydrophilic

30 Day
Release

Less
Hydrophilic
than PLGA
50:50

90 Day
Release

Physical polymer properties currently employed in the manufacture
of microspheres. PLGA polymers are preceded with a ratio, this is
the ratio of lactide: glycolide present in the copolymer. Table
adapted from Lewis, 1997, and www.alkermes.com
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1.12.1.3

Degradation of PLA and PLGA

It is well documented that biodégradation of polymers occurs by bulk erosion and
hydrolysis (Lewis, 1997).

PLA or PLGA
Cleaved by
Hydrolysis

lactic acid & glycolic acid

1

Elimination via Krebs
Cycle

CO2 (in urine) and H 2 O

Figure 1.8:

Flow diagram detailing the degradation process of
polyesters

Degradation is favourable in amorphous regions of polymers and so degradation times
will be faster for polymers that are amorphous compared to those that are crystalline
(Figure 1.8). Also the molecular weight will influence the rate of polymer degradation.
Typically low molecular weight polymers will degrade more rapidly than high
molecular weight polymers. Generally the more amorphous a polymer is the more
permeable to water it is. As a result hydrolysis will initially occur in the amorphous
regions and later in the crystalline regions, which are more resistant to hydrolysis. As
Table 1.2 shows PLGA polymers have shorter biodégradation times than PLAs and can
be attributed to the lack of crystallinity of PLGA polymers. The glass transition
temperatures of PLAs are typically high. The glass transition temperature dictates the
rate of degradation. PLA (DL) with a molecular weight of 100 K has a glass transition
temperature of 50-55 °C. Following the inclusion of glycolic acid to produce PLGA
there is a corresponding reduction in glass transition temperature. The ratio of lactide to
glycolide dictates the glass transition temperature, with a high lactide ratio exhibiting a
higher glass transition temperature. PLGA with a ratio of 75:25 has a glass transition
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temperature of 48-53 °C. In contrast PLGA 50:50 has a glass transition temperature of
43-48 °C.
Degradation of polymer is due to water ingression. As water ingresses the thermal
character of the polymer changes with the plasticizing action of water and the matrix
softens. Once the effective glass transition temperature of the matrix decreases below
ambient, water uptake is further increased and the crystalline regions degrade. From the
glass transition temperatures the higher the temperature the longer it will take to soften
the matrix. In addition PLA is more crystalline than PLGA, hence the degradation time
is longer than that of PLGA.

1.12.2

SOLVENT

In order to prepare microspheres the chosen polymer must be initially dissolved in a
water immiscible solvent. The choice of solvent influences microsphere formation, as
the rate of solvent evaporation determines the rate of polymer precipitation. A solvent
that evaporates quickly will prevent the partitioning of drug into the aqueous phase and
the bulk external aqueous phase into the microsphere. Solvents with high water
solubility are believed to cause rapid precipitation of the polymer, thus creating a barrier
to drug diffusing out of the microsphere. In contrast a slow rate of precipitation results
in enhanced partitioning of drug into the aqueous phase.

Examples of solvents used in microsphere preparation include dichloromethane,
(DCM), chloroform and acetone. Table 1.3 describes the key physicochemical
properties of solvents commonly employed in the manufacture of microspheres
compared to acetone, a typical solvent. The aqueous solubilities have been highlighted
to show clearly the difference in solvents used. Acetone has been employed in
microsphere formulation studies due to the concerns of toxicity with DCM, but
Bodmeier and McGinity, 1988 failed to successfully produce microspheres using
acetone. This is thought to be due to rapid solvent exchange.
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Solvent
Property

Dichloromethane

Chloroform

Acetone

Molecular Formula

CH2 CI2

CHCh

C 3 H6 O

Molecular Weight

84.94

119.39

58.08

Boiling Point/ °C

39.90

61.70

56.50

Heat Capacity

100.88

116.90

74.52

AH vap/(kJmor*)

27.98

29.37

29.08

Molar volume/cm^

64.11

80.67

73.52

2.500

0.792

miscible

0.880 at 45°C

0.712 at 41°C

miscible at 45°C

25°C/(/K'^ moU)

mol'O
Aqueous solubility/
(%m/v) at 25°C
Aqueous solubility/
(%m/v)
Table 1.3:

The physicochemical properties of the most common solvents used to
prepare microspheres (Bain, et al., 1999)

Toxicity is a major concern in the delivery of drugs to the respiratory tract. The only
solvent previously employed in pMDI formulations has been ethanol. Although the
solvent is employed to incorporate the drug into the polymer and is left to evaporate,
there may be residual solvent remaining in the preparation. Residual limits have been
set for the use of solvents in pharmaceutical products and for chloroform and
dichloromethane. They have been set to 50 parts per million (ppm) for chloroform and
500 ppm for dichloromethane in both the European and United States (US)
Pharmacopoeia (Witschi and Doelker, 1997). Although there are concerns that there
maybe residual solvent present in the formulation, toxicity was not been deemed an
essential factor in the study and as a result has not been considered.
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1.12.3

EM ULSIFIER

The manufacture of microspheres is a direct result of émulsification of two or three
immiscible phases, depending on the preparative technique employed. Typically W /0
or W/OW emulsions are produced. A W /0 emulsion can be defined as: ‘a dispersion of
water or an aqueous solution in a water immiscible liquid’. However, this is
thermodynamically unstable therefore emulsifying agents or stabilising agents are
required.

Typically a surfactant is present in varying concentrations within the aqueous phases of
microsphere formulations. Surfactants are present for the short- term stabilisation of the
suspended droplets, prior to the process of solvent evaporation at which point the
polymer droplets harden to prevent coalescence and aggregation. The choice of
surfactant ultimately affects the stability of the primary emulsion, when formulating
using the double emulsion technique (Chapter 1.13.1.2). This is the key to successful
microsphere formulation. In addition surfactants/stabilisers are also employed in the
external aqueous phase to manipulate formulation parameters such as microsphere size
and EE. Rafati, et al, 1997 have shown following the inclusion of high PVA
concentrations in the external aqueous phase a reduction in particle size was exhibited.
PVA was investigated over a concentration range of 1-10 %m/v and also showed a
corresponding increase in EE and protein loading. The findings of Rafati, et al, 1997
are also supported by Jeffrey, et. a l, 1993 who attributed the reduction in particle size
to the formation of smaller emulsion droplets due to the protection of droplets against
coalescence at high concentrations. When employing high stabiliser concentrations the
rate at which the emulsion stabiliser molecules diffuse to the emulsion droplet/aqueous
phase interface increases, resulting in a greater presence at the surface of the emulsion
droplet. The resultant microspheres will be smaller, as when the solvent evaporates the
droplets harden, hence forming microspheres. At low concentrations the emulsion
droplets are not stable, therefore the microspheres produced are larger in size.

Examples of surfactants/stabilisers commonly employed in the manufacture of
microspheres include polyvinyl alcohol (PVA), sodium oleate, polysorbate 80, and
sodium dodecyl sulphate (SDS), (O’Donnel and McGinity, 1996; Viswanathan, et. a l,
1999 and Rojas, et al, 1998). The type and concentration of surfactant required to
stabilise the internal aqueous phase is specific to each formulation and should be
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considered for each drug and polymer. As should the concentration in the bulk external
phase when producing W/O/W emulsions.

1.13

PREPARATIVE TECHNIQUES OF MICROSPHERES

In order to successfully produce microspheres the organic solvent must diffuse into the
aqueous phase, where it then evaporates at the air/water interface. As solvent
evaporation occurs the microspheres harden to produce free flowing microspheres once
drying is complete.

There are currently three techniques for the preparation of PLGA microspheres, which
are described below.

1.13.1

Solvent Evaporation/Solvent Extraction Technique

Solvent evaporation differs from solvent extraction by the rate at which the solvent is
removed from the system. In the case of solvent evaporation the solvent typically
employed is DCM and an external aqueous phase is employed. The solvent is allowed
to evaporate off at room temperature. In contrast, the solvent extraction technique
removes the solvent following the inclusion of further solvents such as methanol,
ethanol or isopropanol to increase the rate of solvent removal (Spiers, et al, 2000).
Alternatively a combination of DCM with mineral oil may be used as the solvent and
external (aqueous) phase (Arshady, 1991). Solvent extraction removes the solvent at a
faster rate then that of solvent evaporation.

Solvent evaporation and solvent extraction are typically used for the encapsulation
drugs and can be further divided into three techniques:
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1.13.1.1

Oil in W ater Emulsion [OAV] Technique

Polymer is dissolved in a suitable solvent producing the oil phase and the drug is added.
The oil phase and suspended drug are added to a bulk aqueous phase containing a
hydrophilic surfactant and emulsified. Following émulsification the emulsion is agitated
to disperse the solvent into the aqueous phase upon which evaporation commences.
Following agitation and solvent evaporation the preparation is either filtered or
centrifuged to remove the excess aqueous phase and dried, thus producing free flowing
microspheres. When removing the solvent by a solvent extraction method, a further
solvent is added to the system such as methanol or ethanol. The solvent is then removed
by rotary evaporation.

As the drug is added directly to the oil phase poor EE are exhibited by water soluble
drugs and so an alternative method was devised by Ogawa, et al, 1988, based on a
patent by Vranken and Claeys, 1970 to overcome this.

1.13.1.2

Multiple Water in Oil in Water Technique [W/OAV]

The double emulsion technique is the most common method for the preparation of
microspheres encapsulating proteins.

The polymer is initially dissolved in a solvent providing the oil phase. This is emulsified
with an aqueous solution containing the drug with and without the inclusion of
surfactant, thus forming a primary emulsion [W/0]. The primary emulsion is emulsified
further in an excess aqueous phase containing a stabiliser to form a W/O/W emulsion.
The solvent and aqueous phase is removed as before. In the case of solvent extraction
the emulsion is not left to allow the solvent to evaporate. A further solvent is added such
as methanol or isopropanol and the W/O/W is subjected to rotary evaporation to remove
the solvent (Spiers, et al, 2000).

This technique results in the phase separation and precipitation of polymer thus
entrapping the protein. The structure of the W/O/W emulsion when the polymer phase
precipitates from the organic phase dictates the size and morphology of the
microsphere.
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1.13.1.3

W ater in Oil in Oil Technique [W/O/O]

An aqueous solution, containing drug is emulsified an oil phase, such as soybean oil to
form a water-in-oil emulsion. This is then added to the polymer phase containing such
as PLGA in acetonitrile to produce a W/O/O emulsion. The internal aqueous phase
containing the drug is protected from the solvent, and so it is thought to minimise
degradation of the drug by the solvent.

1.13.2

Spray Drying

Spray driers are composed of a hollow cylindrical chamber in which warm dry air
moves in a circular motion. The hot air enters from a tangential inlet, which swirls the
air. The inlet temperature varies in accordance with the method of preparation. For
example, Wang and Wang, 2002, employ an inlet temperature of 55 °C for the
preparation of etanidazole-loaded PLGA microspheres. Le Corre et al, 2002 use a
reduced inlet temperature of 50 °C for the preparation of bupivacaine-loaded PLGA
microspheres. The liquid phases of the microsphere preparation are introduced at the top
of the chamber via a spinning disc atomiser, the speed of which controls the droplet
size. There is a small space at the top of the chamber in which liquid comes around the
rotary shaft, which is adjustable to control the flow rate. Flow rates employed are in the
region of 5-500 ml/min, Straub et al, 1998. Liquid dribbles onto the spinning plate by
centrifugal force and is thrown into the chamber. Droplets will then form naturally
when thrown in the air, as spheres occupy the smallest surface area. The aqueous phase
evaporates from the droplets leaving a dry spherical product.
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1.14

THE USE OF MICROSPHERES FOR RESPIRATORY DRUG
DELIVERY

The desired size range of spherical drug loaded particles may be produced for
respiratory drug delivery via pMDI by manipulation of the formulation. As they are
spherical, good flow properties will be exhibited enabling dose uniformity to be
achieved for each actuation of the inhaler. As the polymer serves to encapsulate the
drug in a matrix based system it may also provide protection of the drug from the
propellant, and in addition produce delayed drug release mainly due to the degradation
time of the polymer. These factors make microspheres potentially suitable for delivery
of proteins and peptides to the lungs for systemic or local effect.

Particularly with respect to respiratory drug delivery via pMDI, the particle density may
be successfully manipulated to produce a particle of density very similar to that of the
propellant thereby, avoiding suspension stabilisation issues. By formulating porous
microspheres the aerodynamic diameter of particles can be manipulated allowing the
delivery of larger particles with a large surface area to the respiratory tract.
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2.0

THE EFFECT OF VARIOUS FORMULATION PARAMETERS
EMPLOYED IN A DOUBLE EMULSION SOLVENT
EVAPORATION TECHNIQUE ON KEY M ICROSPHERES
CHARACTERISTICS: SURFACE M ORPHOLOGY, PARTICLE
SIZE, ENCAPSULATION EFFICIENCY, AND IN-VITRO RELEASE
PROFILES

There is an extensive range of formulation variables that influence the formation of
microspheres. Factors such as excipients included, temperature, pressure and mixing
criteria. The study has been confined to identify key factors, Nihant, et al. 1994
reported important to achieve primary emulsion stability:

1. Concentration of polyvinylalcohol (PVA) in internal aqueous phase
2. Volume of the internal aqueous phase
3. Organic solvent volume
4. Polymer concentration and nominal BSA loading (percentage added)

For all preparations in this study the emulsifier employed was PVA, and the solvent
adopted was DCM.
Each of the aforementioned factors shall be discussed separately in the following
sections:

2.4 Effect of internal aqueous phase surfactant concentration
2.5 Effect of internal aqueous phase volume
2.6 Effect of solvent volume
2.7 Effect of polymer concentration and nominal BSA loading
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2.1

MATERIALS AND METHODS

2.2

MATERIALS EMPLOYED IN

THE PREPARATION OF PLGA

MICROSPHERES

2.2.1

Bovine Serum Albumin (BSA)

BSA is employed as a model protein, primarily due to ease of availability and its
extensive use in the production of microspheres (Viswanathan, 1999; Van et. ai, 1994;
Boury, et. al, 1997 and Bittner, et. al, 1998). BSA is a single stranded water-soluble
protein consisting of approximately 580 amino acids and has a molecular weight of
66,500. It is composed of 17 disulphide bonds and a single free thiol group, so covalent
aggregation is exhibited due to a thiol-disulphide exchange reaction.

BSA has previously been employed as a stabilising agent in preparation of parenteral
formulations and has regulatory approval, (Julian, 2000). BSA is non-toxic and non
irritant and can be useful as a model for the study of polypeptide delivery to the lungs
via pMDIs.

2.2.2

Poly (DL-lactide-co-gylcolide) (PLGA)

Poly(DL-lactide-co-gylcolide) (PLGA) has an advantage over poly(lactic acid) (PLA)
and poly-glycolic acid (PGA) as the molar ratios of copolymer can be manipulated in
addition to molecular weight in order to achieve suitable degradation rates. The
degradation time increases as the ratio of glycolide is reduced thus a 50:50 ratio
copolymer was chosen as it has the shortest biodégradation time of approximately 30
days.

A medium molecular weight polymer was chosen for the preparation of microspheres
due to the shorter degradation half-life exhibited, compared to that of high molecular
weight polymers. It has been shown that a decrease in molecular weight of the polymer
leads to a dramatic increase of both the BSA content and the EE when prepared by a
W/O/W technique, (Boury, el al, 1997). As a result initial studies employing a medium
68

molecular weight appeared appropriate when preparing microsphere by a (W/O/W)
technique. Several theories have been proposed for the increase in EE and protein
loading including; (1) an increase in the solubility of the polymer in the organic phase
may favour the formation of poorly porous matrices under the precipitation conditions
(Wang et. al, 1991). (2) Low molecular weight polymers are more hydrophilic thus the
relative solubility of BSA in PLGA is enhanced, leading to higher protein contents
(Cohen, et. al, 1991). Alternatively an increase in polymer molecular weight may
increase the viscosity of the solvent phase reducing EE, as it may be too viscous to
successfully form microspheres.

PLGA 50:50 with a molecular weight of 45-75K, was used throughout this study
supplied by Sigma-Aldrich chemical Company.

2.2.3

Dichloromethane (DCM)

Various solvents have been considered for the manufacture of microspheres, see section
1.12.1. Extensive work to date has been performed employing dichloromethane (DCM),
(Wang, et. al, 2002; De Rosa, et. al, 2002 and Bittner, et. al, 1998).

The key to successful microsphere formation is the water immiscibility of the organic
solvent, which in turn affects the drug encapsulation. DCM has been the solvent
employed in the formation of microspheres in most instances and it is generally
accepted that it is the solvent of choice. In fact Bain, et. a l, 1999 commented on the use
of DCM producing technologically superior microspheres when prepared by the spray
drying method compared to chloroform, acetone and halothane. The rate of solvent
diffusion in the aqueous phase and hence the rate of polymer precipitation is related to
the water solubility of the organic solvent. Bodmeier and McGinity, 1998 commented
that in addition to DCM having high water immiscibility, it also had the lowest heat of
evaporation. For example:
Dichloromethane has an aqueous solubility of 2.0%m/v compared to that of chloroform,
which exhibits a solubility of 0.8%m/v.
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2.2.4

Polyvinylalchohol (PVA)

Polyvinylalchohol (PVA) is classed as a non-ionic surfactant and has the following
structural formula:

*

H OH

Figure 2.0:

The structure of PVA

It is a water-soluble synthetic polymer available in various molecular weights that
determine its viscosity (Ju, 2000). In addition to the molecular weight the degree of
hydrolysis also affects the physical properties of PVA. The higher the percentage of
acetylated groups the better the emulsifying ability of PVA due to the increased
flexibility of the long polymeric chains at the 0/W . PVA stabilises the emulsion by
adsorbing at the liquid-liquid interface as a film. This film reduces the interfacial
tension between the liquids (Martindale, 1993) and reduces the rate of coalescence by
forming a steric barrier as the hydrophobic regions of PVA migrate to the oil phase
(Lankveld and Lyklema, 1972).

Throughout this study a low molecular weight 13-23,000 PVA 98% hydrolysed is
employed, supplied by Sigma-Aldrich Chemical Company.
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2.3

METHODS

FOR

M ICROSPHERE

PREPARATION

AND

CHARACTERISATION

2.3.1

Method of Microsphere Preparation by a Double Emulsion Solvent
Evaporation Technique

A double emulsion (W/O/W) solvent evaporation technique was employed for the
production of microspheres (Section 1.13.1.2). The same method employed throughout
the study to maintain consistency was as follows:

1. PLGA was dissolved in either 2.0 ml or 5.0 ml of DCM to produce the oil phase
(O).
2. A 75 ml external aqueous phase (W) was prepared employing 1.5%m/v PVA. In
addition the internal aqueous phase (W) was prepared containing the appropriate
concentration of PVA was prepared in a glass sample tube. Both aqueous phases
were stored overnight in the fridge.
3. The appropriate quantity of BSA (6 mg or 15 mg) was added to the internal
aqueous phase to produce the internal aqueous phase (W).
4. All phases were stored on ice for an hour prior to microsphere preparation.
5. The PLGA solution (O) was added to the internal aqueous phase (W) and
homogenised (Silverson, UK) for 4 minutes at high speed (approximately
10,000 RPM), thus producing primary water in oil (W /0) emulsion.
6. The primary (W /0) emulsion was added to the external bulk aqueous phase (W)
drop wise, homogenising (Silverson, UK) at high speed (approximately 10,000
RPM) and mixed for 8 minutes. Thus producing a W/O/W emulsion.
7. The formulations were left under stirrer conditions for the desired period of time
(e.g. 3-12 hours) to allow the DCM to evaporate.
8. The microspheres were washed with double distilled (d.d) water and centrifuged
(Beckman- J20, Beckman-Coulter Instruments Inc., UK) 3 times for 40 minutes
at 12,000 RPM.
9. The microspheres were freeze dried (name, UK) for 48 hours to produce free
flowing microspheres adopting the following protocol. The microspheres were
initially frozen at - 20 °C, following which they were added to the freeze drier
with a shelf temperature of - 15 °C. The shelf temperature was reduced to - 40
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°C for 48 hours, after which the temperature of the shelf was increased to 15 °C
and the microspheres were removed.

The specific microsphere formulation employed in the studies shall be identified when
appropriate.

2.3.2

Analysis of Microsphere Surface Morphology

The surface morphology of microspheres was assessed using scanning electron
microscopy (SEM), Cambridge Instruments Stereoscan 90B.

2.3.3

Bicinchoninic Acid (BCA) Assay for Determination of BSA Content

The BCA assay is a general assay for the detection of protein/polypeptide. By use of
BSA protein standards of known concentrations, the quantity of BSA contained in the
microsphere can be determined (Smith et. al, 1985).

The assay is based on the formation of a complex:

Cu^^ ( in alkali)

protein (peptide bonds^

Cu^^+BCA-------------------- ►

Cu'^

Cu'^BCA complex

The purple coloured complex formed by the chelation of two molecules of BCA with
one cuprous ion (Cu^). The structure of the protein, the number of peptide bonds and the
presence of amino acids (cysteine, cystine, tryptophan and tyrosine) are thought o be
responsible for the colour change (Wiechelman, et. al, 1988). The water soluble
complex formed exhibits a strong absorbance at 562 nm that is linear with increasing
concentrations twww.piercenet.com). (See Appendix 1 for further details).
The BCA assay was also employed to determine the rate of release from the porous
microspheres.

72

2.3.4

Determination of BSA Entrapm ent W ithin PLGA M icrospheres

The efficiency of drug encapsulation can be determined from a known quantity of
microspheres by initially dissolving them in a suitable solvent to dissolve the polymer
and extracting the BSA into a suitable aqueous phase to determine the quantity of
protein in the microsphere. In this instance 5.0 mg of microspheres was accurately
weighed and placed in an eppendorf with 500 pi o f DCM and stored at 37 °C to dissolve
the polymer. Once dissolved, 500 pi of 5 mMol sodium dodecyl sulphate (SDS) in
phosphate buffered saline (PBS) was added to the eppendorf and centrifuged at 15,000
RPM for 15 minutes. The upper aqueous layer was collected and a further 500 pi of
SDS buffer was added. This was repeated twice and the collected solution was assayed
using a BCA assay for the presence of protein using a set of known standards. The
standards were prepared in double distilled water as the quantity o f SDS in the protein
solutions is negligible. This was repeated in triplicate for all samples subject to analysis.
For further details see Appendix 2.

The EE was calculated as:
actual protein loading (%m/m)
X100

EE=
theoretical protein loading (%m/m)
Equation 2.0: Determination of microsphere encapsulation efficiency

2.3.5

Determination of Release Profiles from PLGA Microspheres

Protein release from microspheres was assessed by dispersing a known quantity of
microspheres in a suitable release buffer, 5 mMol SDS in PBS containing 0.01 %m/m
sodium azide as a preservative. Approximately 5 mg of microspheres was placed in a
flat-bottomed glass vial. 1000 pi of release buffer was added and stored at 37 °C under
constant agitation (20 RPM) (Gallenkamp INR 201, flask shaker, Gallenkamp, UK) to
simulate in-vitro release conditions. At the appropriate time point, 100 pi of the sample
was removed and replaced with a further 100 pi of release buffer to maintain the
solution at 1000 pi. This was repeated for all time points (2 hour, 24 hour, 7 day, 14
day, 28 day and 42 day). The samples collected were stored in the freezer (- 20 °C) until
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all time points were sampled. Then the samples were centrifuged for 15 minutes at
15,000 RPM and a BCA assay was performed using known concentration standards. A
cumulative calculation was employed to determine the release profiles of the
microspheres. As with encapsulation efficiency determinations, the standards were
prepared in double distilled water. This was repeated in triplicate for all samples subject
to analysis, see Appendix 3.

2.3.6

Particle Sizing of Microspheres

The Malvern Mastersizer X was set up in accordance with Malvern Equipment Manual.
The equipment is based on the principal of light diffraction of incident light from a laser
source, utilising Franhofer diffraction theory (Staniforth, 1988).

The 100mm receiver lens with an active beam length of 14.3 cm was employed in this
study as it measures particle sizes between 0.5-188 pm. Due to the small volume of
microsphere samples for analysis the 15 ml MS7 magnetically stirred cell was
employed. A background reading was taken using double distilled water prior to
analysis of the microsphere sample, which was dispersed in 0.01 %m/v Tween 20. Prior
to analysis samples were bath sonicated for 5 minutes.

The average volume mean diameter (VMD) is referred to throughout with the standard
deviation (s.d.) of n=3 samples. In order to compare the size distribution of the
microsphere size, the D(O.l) and D(0.9,) are referred to. These values indicate the
particle size at which 10 % and 90 %of the microspheres are below.
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2.4

THE EFFECT OF INTERNAL AQUEOUS PHASE SURFACTANT
CONCENTRATION ON MICROSPHERE FORMATION

PVA is present in the internal aqueous phase to act as a stabiliser prior to polymer
precipitation. At increased PVA concentrations the viscosity of the internal aqueous
phase is increased, and so the production of microspheres is affected. PVA is a
surfactant and therefore may have an optimum concentration at which it affects
microsphere characteristics, above and below the optimum concentration microsphere
formation may be affected. PVA is typically employed as a viscosity enhancing agent or
surfactant, to increase the viscosity or stability of the primary emulsion. Manipulation
of the PVA concentration will influence key microsphere characteristics such as EE,
morphology, particle size and release characteristics.
The influence of PVA concentration in the internal aqueous phase was investigated.
Throughout the discussion any change in PVA will be referred to with respect to the
internal aqueous phase.

2.4.1

MATERIALS AND METHODS

2.4.1.1

Materials

The bulk external phase employed throughout this study was 75 ml of 1.5 %m/v PVA
with a DCM volume of 5.0 ml. The internal aqueous phase comprised of 15 mg BSA
(theoretical loading) in 0.5 ml or 1.5 ml volume. The PVA concentration range adopted
was 0, 2.5 and 5.0 %m/v PVA. In this instance preparations were left overnight in the
bulk external phase for the solvent to evaporate.
In addition a detailed study was performed on two microsphere formulations with
differing theoretical protein loadings and polymer concentrations. A concentration range
of 0 - 10.0 %m/v PVA was employed for a 12.5 %m/v polymer formulation (Table
2.1), and 0 - 7.5 %m/v PVA was adopted for a 5.0 %m/v polymer formulation. Table
2.2. In both cases a low internal aqueous phase volume of 0.5 ml was adopted with a 2.0
ml DCM solvent phase. The DCM was left to evaporate for three hours prior to
centrifugation.
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Following the preparation of the microspheres they were assessed to determine the
morphology, size, EE and release profile. All formulations were prepared in duplicate
adopting the method described in section 2.3.1. All methods adopted for the above
assessment techniques are as described in section 2.3.2 - 2.3.6.

2.4.2

RESULTS

Table 2.0 illustrates the results obtained for formulations prepared employing 5.0 %m/v
PLGA in 5.0 ml of DCM. The internal aqueous phase volume was varied from 0.5 to
1.5 ml and the concentration of PVA incorporated in the internal aqueous phase was
also manipulated.

BSA
(%m/m)

6.0
6.0
6.0
6.0
6.0
6.0

Internal
Aqueous
Phase
(ml)
0.5
0.5
0.5
1.5
1.5
1.5

Table 2.0:

PVA
(%m/v)

0
2.50
5.00
0
2.50
5.00

VMD (pm) (±
s.d.)

6.78 (± 0.18)
9.15 (± 0.15)
18.11 (±1.20)
7.80 (± 0.14)
3.37(± 0.47)
14.32 (± 4.16)

Encapsulatio
n Efficiency
(%) (± s.d.)
2.83 (±1.01)
17.32 (± 2.05)
42.83 (± 0.07)
19.44 (± 0.10)
31.40 (± 0.05)
43.91 (± 0.07)

Actual
Loading
(%m/m) (±
s.d.)
0.423 (± 0.05)
2.593 (± 0.07)
7.123 (± 0.09)
3.083 (± 0.06)
6.587 (± 0.01)
4.785 (± 0.02)

The effect of concentration of PVA in the internal aqueous phase on
non-porous microspheres employing 5.0 %m/v PLGA in 5.0 ml
DCM. Data are mean ± s.d., n = 3

Tables 2.1 and 2.2 illustrate the results of the inclusion of varying concentrations of
PVA in the internal aqueous phase, for formulations employing 2.0 ml DCM. Table 2.1
illustrates the formulation and results when employing 12.5 %m/v PLGA and Table 2.2
when employing 5.0 %m/v PLGA. The internal aqueous phase volume was maintained
at 0.5 ml therefore any change in PVA concentration would influence the viscosity of
the internal aqueous phase. Table 2.1 and 2.2 illustrate the production of porous
microspheres.
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BSA
(%m/m)

6.0
6.0
6.0
6.0
6.0
6.0
6.0

Table 2.1:

Internal
Aqueous
Phase
(ml)
0.5
0.5
0.5
0.5
0.5
0.5
0.5

VMD (pm)
(± s.d.)

0
2.50
2.75
3.00
5.00
7.50
10.0

16.87 (±2.07)
19.76 (±1.74)
23.61 (± 1.43)
17.39 (± 1.09)
24.32(± 3.53)
26.27 (± 2.04)
29.23 (±3.19)

Encapsulation
Efficiency (% )
(± s.d.)
9.86 (± 3.02)
23.75 (± 1.74)
26.11 (± 0.64)
37.52 (± 4.09)
36.80 (± 1.09)
29.41 (± 4.04)
29.43 (± 5.94)

Actual BSA
Loading
(%m/m) (±
s.d.)
0.592 (± 0.10)
1.543 (± 0.08)
1.571 (± 0.09)
2.121 (± 0.18)
2.205 (± 0.08)
1.781 (± 0.19)
1.799 (± 0.20)

Effect of PVA concentration on porous microsphere formulations
employing 0.5 ml internal aqueous phase and 12.5 % m/v PLGA in
2.0 ml DCM. Data are mean ± s.d., n = 3

BSA
(%m/m)

PVA
(%m/v)

6.0
6.0
6.0
6.0
6.0

0
2.25
2.50
5.00
7.50

Table 2.2:

PVA
(%m/v)

VMD (pm)
(±s.d.)

6.78 (± 0.34)
15.21 (±2.86)
22.88 (±1.91)
30.15 (±11.67)
16.35 (± 0.21)

Encapsulation
Efficiency (%)
(± s.d.)
5.56 (± 2.34)
21.94 (±1.03)
24.03 (± 2.08)
30.08 (±1.66)
22.46 (± 7.80)

Actual BSA
loading
(%m/m)
(±s.d.)
0.362 (± 0.02)
3.245 (± 0.01)
4.134 (± 0.02)
4.717 (± 0.02)
3.281 (± 0.08)

Porous

No
Yes
Yes
Yes
Yes

Effect of PVA concentration on porous formulations employing 0.5
ml internal aqueous phase and 5.0 % m/v PLGA in 2.0 ml DCM.
Data are mean ± s.d., n = 3
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2.4.3

DISCUSSION OF RESULTS

2.4.3.1

Effect of Internal Aqueous Phase PVA concentration on Surface
Morphology of Microspheres

Non-porous microspheres were prepared when employing 5.0 %m/v PLGA in 5.0 ml
DCM following overnight solvent evaporation, Table 2.0. Irrespective of internal
aqueous phase volume and PVA concentration, non-porous microspheres were
produced. Figure 2.1.

mm
(a) 0 %m/v PVA in 0.5 ml

(b) 2.5 %m/v PVA in 0.5 ml

(c) 5.0 %m/v PVA in 0.5 ml

(d)0% m /v PVA in 1.5 ml
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(e) 2.5 % m /v PV A in 1.5 m l

Figure 2.1:

(f) 5.0 % m /v PV A in 1.5 ml

Surface morphology of microspheres prepared employing 5.0
%m/v PLGA in 5.0 ml DCM with varying PVA concentration
and volume in the internal aquoeus phase,(Table 2.0). (a-d)
0.5 ml internal aquoues phase; (a) 0 %m/v PVA (b) 2.5 %m/v
PVA, (c) 5.0 %m/v PVA, (d) 0 %m/v PVA, (e-f) 1.5 ml
internal aqueous phase; (e) 2.5 %m/v PVA and (f) 5.0 %m/v
PVA

Microspheres prepared with 0.5 ml internal aqueous phase showed improved
morphology following the inclusion of PVA, Figure 2.1a-c. That is to say the
microspheres appear more spherical in nature following the inclusion of PVA. The
inclusion of PVA resulted in a more uniform morphology with a narrow size
distribution. Without the inclusion of PVA the VMD was determined as 6.78 (± 0.18)
pm. 10 % of the microspheres exhibited a VMD of < 1.67 (± 0.03) pm and 90 % of the
microspheres were < 13.29 (± 0.49) pm. In contrast the size distribution of the
microspheres was reduced following the inclusion of 2.50 %m/v PVA. When
employing 2.50 %m/v PVA, a VMD of 9.15 (± 0.15) pm was obtained. 10 % of the
resultant microspheres were < 2.33 (± 0.00) pm in size and 90 % were < 13.31 (± 0.06)
pm. Following the inclusion of 5.0 %m/v PVA a further increase in microsphere size
and size distribution was exhibited. At an increased internal aqueous phase volume, 1.5
ml, microspheres were produced although the optimum concentration of PVA required
to stabilise microspheres with respect to microsphere morphology was 2.5 %m/v PVA
(Figure 2.le). Microspheres prepared with the inclusion of 2.5 %m/v PVA exhibited a
VMD of 3.37 (± 0.47) pm with a narrow size distribution. 10 % of the microspheres
were < 2.32 (± 0.06) pm in size and 90 % of microspheres were found to be < 3.65 (±
0.05) pm in size. In contrast a VMD of 7.80 (± 0.14) pm was found for the
microspheres without the inclusion of PVA. A wide distribution of microsphere particle
size was shown, 10 % of microspheres were < 1.36 (± 0.10) pm in size, with 90 % of
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microspheres < 16.43 (± 0.06) pm in size. With a further increase in PVA there was an
increase in particle size distribution as previously found. An increase in particle size and
size distribution is supported by the SEM morphology studies exhibited (Figure 2.If).

In contrast, formulations prepared with 12.5 %m/v PLGA in 2.0 ml DCM resulted in the
production of porous microspheres, (Table 2.1). Microspheres were successfully
produced for all formulations. Microspheres were prepared without the inclusion of
PVA, although few porous microspheres were produced with an irregular shape and
minimal porosity following assessment of SEM micrographs (Figure 2.2a). Actual
determination o f microsphere porosity by mercury intrusion porosimetry was not
performed. The inclusion o f PVA resulted in the production of porous microspheres,
with varying degrees of surface porosity although the internal porosity of the
microspheres was not investigated. At 2.5%m/v PVA superior porous microspheres
were produced with a uniform particle and pore size. Figure 2.2b. At increased PVA
concentrations the spherical nature of microspheres was not maintained although
porosity was achieved. At high PVA concentrations, 7.5 %m/v and 10.0 %m/v
microspheres were produced that were both porous and non-porous (Figure 2.2d-e). The
pores were visibly larger and with 10 %m/v PVA porosity was not achieved for all
microspheres.

The reduction in porosity can be attributed to increased PVA concentration in the
internal aqueous phase. PVA is present in formulations to stabilise the inner water
droplets against coalescence. Yang, et, a l, 2001, suggests high concentrations of PVA
will hinder water droplets coalescing with each other to form interconnecting channels.
As a result a reduction in porosity is exhibited. The prevention of droplets coalescing
with each other can be attributed to PVA forming a mechanical barrier around the
droplets (Florence and Whitehill, 1982). At increased PVA concentrations this barrier
will be increased, hence keeping the droplets at a further distance from each other.
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(a) 0 % m /v PV A

(b) 2.5 % m /v PV A

(c) 2.75 % m /v PV A

(d) 3.0 % m /v PV A

(e) 7.5 % m /v PV A

(f) 10.0 % m /v PV A

Figure 2.2:

Surface morphology of microspheres employing 12.5%m/v
PLGA in 2.0 ml DCM
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In addition to PVA forming a barrier around the individual inner aqueous phase
droplets, the inclusion of PVA resulted in an increased viscosity. An increased viscosity
will prevent the internal aqueous phase migrating towards the air/extemal aqueous
phase interface. As a result internal aqueous phase droplets would not be present as the
polymer solidifies, and hence reduces the presence of pores.

Figure 2.3 describes a schematic representation of the production of porous
microspheres.

Solvent evaporation

Solvent evaporation
Air

Air

tttmt
Internal aqueous
phase

Phase
(PLGA
/DCM)

External Aqueous
phase
Oil phase
(PLGA /DCM)

Migration of Internal aqueous
phase droplets towards the
external aqueous phase. PLGA
starts to precipitate as the solvent
evaporates

/
Precipitation of
PLGA with
internal aqueous
,
1 w
phase droplets on
the surface

Figure 2.3:

►
, ,
r
n n Cl
m-\ Oil ^
V _ o /

,
Porous microsphere
\
f
,
hardens trapping internal
aqueous phase droplets on
the surface and throughout
the inner core

Schematic representation of porous microsphere formation

The formation of porous microspheres is governed by loss of solvent by polymer
droplets at the air/extemal aqueous phase interface. Also present with the polymer
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droplets in the internal primary emulsion are aqueous droplets containing BSA. The
inner aqueous phase droplets containing BSA will migrate to the interface due to the
osmotic effect. As the solvent evaporates the polymer precipitates causing the hardening
of the polymer. This hardening results in the formation of microspheres. If polymer
precipitation occurs with inner aqueous phase droplets on the surface porous
microspheres will be produced.
The number of aqueous phase droplets in the solidified polymer phase is also thought to
influence the porosity. A porous shell will result from a heterogeneous composition
(presence of numerous droplets) in the solidification phase, whereas the solidification of
the polymer phase in a homogeneous composition would produce a non-porous layer
(Crotts and Park, 1995). The production of porous microspheres is due to the viscosity
of the polymer phase providing a fast rate of polymer precipitation. This confirms the
findings of Nihant, et. al, 1994 that suggest a fast rate of polymer precipitation
influences porosity of microspheres.

Formulations prepared with a reduced PLGA concentration (5.0 %m/v) in 2.0 ml DCM
generally produced porous microspheres. Figure 2.4. This may be attributed to a further
increase in the rate of polymer precipitation as a reduced solvent volume was employed.
However, without the inclusion of PVA non-porous microspheres were produced
(Figure 2.4a), in contrast to porous microspheres produced with a polymer
concentration of 12.5 %m/v (Figure 2.2a). Without the inclusion of PVA, aqueous
phase droplets coalesce and can partition into the external aqueous phase prior to
polymer solidification resulting microspheres with a smooth surface. The reduction in
polymer viscosity following the inclusion of 5.0 %m/v PLGA will result in a reduction
in the rate of polymer precipitation. As a result the aqueous phase droplets will have an
extended period of time to partition into the bulk external phase prior to polymer
hardening. The resultant microspheres therefore exhibit non-porous microsphere
morphology. This is supported by the low EE, 5.56 % (s.d ± 2.23), Table 2.1. Low EE
was also shown when employing 5.0 ml of DCM, without the inclusion of PVA in the
internal aqueous phase. An EE of 2.83 % (± 1.01) was obtained showing almost all BSA
partitioned into the bulk external phase.
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(a) 0 % m /v PV A

(b)1.5 % m /v PV A

(c) 2.25 %m/v PVA

(d) 2.5 % m /v PV A

(e) 7.5 % m /v PV A

Figure 2.4:

Surface morphology of microspheres prepared with 5.0
%m/v PLGA in 2.0 ml DCM containing various
concentrations of PVA (a) 0 %m/v, (b) 1.5 %m/v, (c) 2.25
%m/v, (d) 2.5 %m/v, (e) 7.5 %m/v PVA
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When employing 5.0 %m/v PLGA in 2.0 ml DCM the inclusion of PVA resulted in the
production of porous microspheres (Figure 2.3). The pore size is visibly larger than
those exhibited by 12.5 %m/v PLGA formulations employing between 1.5 and 7.5
%m/v PVA, (Figure 2.2) with the pores penetrating the entire microsphere, as Figure
2.4b-e illustrates. The microspheres produced are less spherical in nature, although the
particle size is generally larger compared to those employing 12.5 %m/v PLGA, Table
2.1. When employing 2.5 %m/v PVA the VMD was increased from 19.76 (± 1.17) pm
to 22.81 (± 1.91) pm, when reducing the polymer concentration from 12.5 to 5.0 %m/v.
At high concentrations of PVA, 7.5 %m/v porosity was reduced. This correlates with
the earlier findings employing 12.5 %m/v PLGA where reduced porosity was exhibited,
although the size of the pores increased. The larger pore size can be attributed to the
larger droplet size of the primary emulsion. This may suggest reduced primary emulsion
stability leading to the coalescence of droplets, forming larger droplets.

Although increasing the concentration of PVA in the internal aqueous phase resulted in
the production o f porous microspheres, this may be detrimental due to the toxicity effect
of higher amounts of PVA remaining in the microspheres. The quantity of PVA
remaining in the microspheres can be determined by Allémann method (Allémann, et.
al, 1993).

Alternative methods have been reported for the preparation of porous microspheres
including the manipulation of pH, use of sugars and salts, and the use of various
surfactants. Péan, et. al, 1999 have reported no effect on microsphere morphology
following the inclusion of polyethylene glycol

(M r

400) (PEG 400) in the internal

aqueous phase of a W/O/W emulsion. However, they did find increased stability of
nerve growth factor (NGF) following the inclusion of PEG 400. Alternative surfactants
that have shown a change in microsphere morphology include poloxamer 188 and
polysorbate 20 (De Rosa, et. al, 2000). This effect however was concentration
dependant. De Rosa, et. al, 2000 found porous microspheres produced following the
inclusion of poloxamer 188 at 3 %m/v, for insulin loaded PLGA microspheres. They
also found the effect o f polysorbate 20 to be concentration dependant. At 1.5 %m/v
polysorbate 20 porous microspheres were produced. However, as the concentration was
increased to 3 %m/v porosity was no longer exhibited. De Rosa et. al, 2000, attributed
this effect to the migration of primary aqueous phase water droplets towards the
external aqueous phase during émulsification. In contrast Blanco and Alonso, 1998
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reported no changes in microsphere surface morphology following the inclusion of
poloxamer 188 or poloxamer 331 in the internal aqueous phase of BSA loaded PLGA
microspheres. They did however, report changes in the internal structure of
microspheres following the inclusion of poloxamer 188. Small holes and cavities were
exhibited following the inclusion of poloxamer 188. This effect was attributed to the
stability o f the primary emulsion following the inclusion of poloxamer 188. It was
suggested that the inclusion of poloxamer 188 hinders the formation of a stabilising film
between the protein and the polymer that stabilises the primary emulsion, resulting in
the coalescence o f the primary emulsion droplets, therefore porous inner structure. The
lack of surface porosity exhibited may also be due to the solvent employed in the study.
De Rosa et. al, 2000, employed DCM for the production of insulin loaded PLGA
microspheres. In contrast Blanco and Alonso, 1998 employed ethyl acetate. In addition
the inclusion o f BSA in the formation may influence the stability of the primary
emulsion as it acts as an emulsifier (Nihant, et. a l, 1994). Nihant, et. a l, 1994 showed a
more porous microsphere morphology when employing BSA compared to poloxamer
188 in the preparation of PLA microspheres. The effect of surfactant type and
concentration on microsphere morphology is determined by the ability to achieve
primary emulsion stability. Once primary emulsion stability is achieved coalescence of
the inner aqueous phase droplets is reduced therefore reducing the size of the pores
produced. The rate at which the polymer precipitates determines the porosity of the
microspheres, but by achieving a stable emulsion a barrier will be formed by steric
hinderance to protect the migration of aqueous phase droplets to the external aqueous
phase. If this is achieved inner aqueous phase droplets will not be present on the surface
as the polymer hardens, hence the production of porous microspheres will be prevented.
The size o f the pores produced is dictated by the size of the aqueous phase droplets,
which is indicative of the surfactant ability to prevent coalescence. If coalescence is not
prevented the resulted aqueous phase droplets will be larger hence pores will be larger.

In addition alternative methods have been employed to prepare porous microspheres,
such as the inclusion of salts. Pistel and Kissel, 1998 showed the inclusion of sodium
chloride (NaCl) in the internal aqueous phase resulted in the production of porous
microspheres. Increasing the concentration of NaCl resulted in the production of
microspheres with an increasing porous structure and significantly irregular shape. This
is supported by the findings of Herrmann and Bodmeier, 1995

who investigated the

effect of NaCl and calcium chloride (CaCl) on the preparation of somatostatin PLA
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microspheres. The inclusion of salts results in an increase in osmotic pressure difference
between the internal and external aqueous phase (Pistel and Kissel, 1998) and
(Herrmann and Bodmeier, 1995^). The morphology of microspheres depends on the
rate of polymer precipitation and the amount of solvent and water at the time of
precipitation. The addition of salts affected the solvent-water exchange. The osmotic
pressure difference results in the transfer of external aqueous phase droplets into the
internal aqueous phase traversing the organic phase. As the polymer hardens some
water may be trapped, hence porous microspheres are produced (Herrmann and
Bodmeier, 1995

and (O’Donnell and McGinity, 1997). The inclusion of pH buffer

salts is also thought to work by the same mechanism.

Jain, et. al, 2000 have reported the production of porous microspheres following the
inclusion of a hydrophilic excipient. Jain et. al, 2000 showed the production of porous
microspheres following the inclusion of mannitol, when preparing PLGA microspheres
by an 0 / 0 emulsion method.

Herrmann and Bodmeier, 1995 ® showed the type of solvent employed may affect the
porosity of somatostatin microspheres. Ethyl acetate was employed for the preparation
of PLGA and PLA microspheres. Ethyl acetate diffused more rapidly into the external
aqueous phase resulting in rapid polymer precipitation at the droplet surface compared
to DCM. The microspheres were hollow and non-spherical due to the increased rate of
polymer precipitation (Herrmann and Bodmeier, 1995 ®). This effect is due to the
increased water solubility of ethyl acetate compared to DCM.

2.4.3.2

Effect of Internal Aqueous Phase PVA concentration on Particle Size of
Microspheres

An increase in particle size was shown with increasing PVA concentration. Table 2.0-3.
The results below refer to microspheres prepared with 5.0 %m/v PLGA in 5.0 ml DCM
and an internal aqueous volume of 0.5 ml, (Table 2.0). An increase in VMD from 6.78
(± 0.18) pm to 9.15 (± 0.15) pm was shown following the inclusion of 2.5 %m/v PVA.
In addition a reduction in size distribution was exhibited following the inclusion of 2.5
%m/v PVA. 10 % of microspheres exhibited a VMD of < 1.67 (± 0.18) pm and 90 % of
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microspheres exhibited a VMD of < 13.29 (± 0.49) pm without the inclusion of PVA.
However, following the inclusion of 2.5 %m/v PVA, 10 % of microspheres exhibited a
VMD of < 2.33 (± 0.00) and 90 % of microspheres exhibited a VMD of < 13.31 (±
0.06) pm. A further increase in PVA concentration (5.0 %m/v) resulted in a VMD of
18.11 (± 2.00) pm, with a corresponding increase in size distribution. When employing
5.0 %m/v PVA, a VMD of < 1.30 (± 0.07) pm and < 30.23 (± 0.17) pm for 10 % and 90
% o f microspheres. The same effect was also shown for formulations adopting the same
formulation parameters with a 1.5 ml internal aqueous phase. An increase in both VMD
and standard deviation was shown from 3.37 (± 0.47) pm to 14.32 (± 1.16) pm as PVA
concentration was increased from 2.5 to 5.0 %m/v. A reduction size distribution was
also shown following the inclusion of PVA, although this effect appeared to be
concentration dependant. With the inclusion of 2.5 %m/v PVA, 10 % of microspheres
exhibited a VMD of < 2.32 (± 0.06) pm and 90 % of microspheres exhibiting a VMD of
< 3.65 (± 0.05) pm. With the inclusion of 5.0 %m/v PVA, 10 % of microspheres
exhibited a VMD of < 2.79 (± 0.16) pm and 90 % of microspheres exhibited a VMD of
< 28.27 (± 0.04) pm. The increase in particle size and size distribution is supported by
Figure 2. If, which shows the SEMs of micro spheres of various sizes when employing
5.0 %m/v PVA.

An increase in particle size was also shown for porous microspheres with increasing
PVA. Formulations prepared with 12.5 %m/v PLGA, (Table 2.1) showed an increase in
size from 16.87 (± 2.07) pm without PVA to 19.76 (± 1.74) pm following the addition
of 2.5 %m/v PVA. With the inclusion of 5.0 %m/v PVA particle size was further
increased, 24.32 (± 3.53) pm. A reduction in size distribution was shown following the
inclusion of PVA, Table 2.3.

PVA concentration
(%m/v)
0
2.5
5.0
Table 2.3

VMD pm (±s.d)
16.87 (±2.07)
19.76 (±1.74)
24.32(± 3.53)

VMD of ^ 1 0 %
pm (±s.d)
2.80 (± 0.30)
5.25 (± 0.80)
9.57 (± 0.03)

VMD of < 9 0 %
pm (±s.d)
41.40 (± 0.83)
38.80 (± 0.70)
34.57 (± 0.21)

Effect of PVA concentration on porous microsphere size and size
distribution employing 12.5 %m/v PLGA and in 2.0 ml DCM
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Porous microspheres prepared with 5.0 %m/v PLGA in 2.0 ml DCM generally resulted
in the production of microspheres with a smaller particle size at the same PVA
concentration compared to 12.5 %m/v PLGA formulations (Table 2.1 and 3.2). When
employing 2.5 %m/v PVA, a VMD of 22.88 (± 1.91) pm was obtained with 5.0 %m/v
PLGA and 19.76 (± 1.74) pm with 12.5 %m/v PLGA. The same effect was also shown
when employing 5.0 %m/v PVA. A VMD of 30.15 (± 1.67) pm was found for a 12.5
%m/v PLGA versus 24.32 (± 3.53) pm was when employing 5.0 %m/v PLGA.

The increase in particle size is in agreement with Yang, et. al., 2001, who also showed
an increase in particle size with increasing PVA concentration in the internal aqueous
phase using BSA as the model protein. The polymers employed were PLGA (65:35)
and polycaprolactone (PCL), and the primary emulsion was emulsified by probe
sonication. Deng, et. al., 1999 reported no significant increase in particle size when
employing PVA in the internal aqueous phase, although a different protein and polymer
were employed. Jeffery, et. al., 1993 also described no effect of PVA concentration on
particle size although the model protein employed in that instance was ovalbumin. This
suggests that the type of the protein encapsulated within the microsphere may influence
the EE. Highly aqueous soluble proteins will partition into the bulk external aqueous
phase at a faster rate than their less soluble counterparts. As a result a high
concentration of stabilizer may be required, or alternative the use of an O/W /0 method
of preparation.

2.4.3.3

Effect of Internal Aqueous Phase PVA concentration on Encapsulation
Efficiency of Microspheres

EE of microspheres was improved following the inclusion of PVA in the internal
aqueous phase. Formulations prepared with 5.0 %m/v PLGA in 5.0 ml DCM, showed a
marked increase in EE following the inclusion of PVA. With a 0.5 ml internal aqueous
phase without PVA an EE of 2.82 (± 1.01) % was achieved. Thus suggesting the BSA
has partitioned from the internal aqueous phase into the bulk external phase, where it
was not encapsulated during preparation. This is supported by Watts, et. al., 1990,
which suggests the inclusion of an emulsifier in the internal aqueous phase, is for the
short-term stabilisation of polymer droplets. Following the addition of 2.5 %m/v PVA
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to the aforementioned preparation there was a six-fold increase in EE. With a 5.0 %m/v
PVA internal aqueous phase a fifteen-fold increase in EE was exhibited. Low
encapsulation efficiencies were exhibited, 17.32 (± 2.05) % and 42.83 (± 0.07) %
respectively. With an increased internal aqueous phase volume (1.5 ml), increased EE
was exhibited (Table 2.0).
Microspheres prepared with 12.5 %m/v PLGA in 2.0 ml DCM, Table 2.1 also show an
increase in EE with increasing PVA concentration. This is in agreement with Rojas, et.
a l. 1999 who found an increase in EE of P-Lactoglobulin increasing Tween 20. The
concentration range of Tween 20 adopted was between 0 to 26 mg/ml.

The increase in encapsulation may arise from a possible interaction between PVA and
BSA, which can prevent BSA diffusion towards the external water phase, Yang, et. a l,
2001. This action results from the tensioactive properties of BSA, interacting with
PLGA. As a result an interfacial stabilising film is formed at the W /0 interface. This
may contribute to the high encapsulation efficiencies exhibited when employing BSA as
a model protein compared to others. Although the EE of microspheres was improved
with the inclusion of PVA, microsphere morphology was influenced. Following the
inclusion of PVA microspheres appeared more spherical in nature, with a more narrow
size distribution as expected due to the stability of the primary emulsion. When
employing 2.0 ml DCM to produce microspheres the inclusion of PVA resulted in
increased porosity of the microspheres (Figure 2.2 and 2.3). This effect however
appeared to be concentration dependant.

At a reduced PLGA concentration, 5.0 %m/v in 2.0 ml DCM an increased EE was also
exhibited with increasing PVA concentration, (Table 2.2). The inclusion of 2.25 %m/v
PVA resulted in over a four-fold increase in the EE, 5.56 % (± 2.34) without PVA
verses 21.94 % (± 1.03).
However, EE was generally lower for 5.0 %m/v PLGA microspheres than 12.5 %m/v
PLGA preparations, which was expected. This can be attributed to the reduced viscosity
when employing 5.0 %m/v PLGA increasing the rate of solidification of the polymer
matrix resulting in an increased exposure of BSA to external aqueous phase. This is in
agreement with the findings of Van, et. a l, 1994 who found and increase in EE with
increasing polymer concentration. Yan, et. al, 1994 employed PLGA 50:50 for the
preparation of microspheres by the W/O/W emulsion technique. The primary emulsion
was prepared by sonication, and the W/O/W was produced following vortex mixing.
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The concentration range of PLGA investigated was 5 to 35 %m/v. Studies by Herrmann
and Bodmeier, 1995® suggest this effect may dependant on the solvent employed to
prepare the microspheres. Herrmann and Bodmeier, 1995® found an optimum DCM
volume was required to achieve high encapsulation efficiencies of somatostatin loaded
PLGA microspheres. The result suggests this may be dependant on the system
employed.

2.4.3.4

Effect of Internal Aqueous Phase PVA Concentration on in-vitro
Release from Microspheres

Without the inclusion of PVA a high burst effect was exhibited regardless of
microsphere morphology. This was independent of the internal aqueous phase volume
employed.

Non-porous microspheres prepared in accordance with Table 2.0, with 5.0 %m/v PLGA
and an internal aqueous phase volume of 0.5 ml showed a initial (2 hour) release of
59.23 (± 9.21) % at 0 %m/v PVA. At an increased internal aqueous phase volume, 1.5
ml a high burst effect, 50.28 (± 1.57) % was also exhibited. Following the inclusion of
5.0 %m/v PVA the burst effect was reduced to 15.12 (± 4.50) % for an internal aqueous
phase of 0.5 ml and 26.29 (± 2.47) % with an internal aqueous phase volume of 1.5 ml.
Figure 2.5.
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Figure 2.5:

Effect of PVA concentration on the release profile for
formulations prepared with 5.0 %m/v PLGA in 5.0 ml DCM.
(a) 0.5 ml internal aqueous phase, (b) 1.5 ml internal aqueous
phase. Data are mean, ± s.d., n=3
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Figure 2.5 shows a significant increase in the rate of release following initial burst with
the inclusion of 2.5 %m/v PVA, compared to without the inclusion of PVA or 5.0 %m/v
PVA. The increase in release between day 1-7 may be attributed to variations in internal
microsphere morphology compared to the other preparations. The results suggest the
possible presence of porous channels within the internal structure enabling the rapid
release during this 7 day period of BSA from the microspheres. In contrast the slower
release exhibited without the inclusion of PVA and at 5.0 %m/v PVA suggest a nonporous internal core may be present. As a result the release exhibited was slower until
the channels were exposed as the polymer hydrolyses.
Porous microspheres prepared in accordance with Table 2.1 and 3.2 also showed a
reduction in burst effect following the inclusion of PVA. Yang, et. al., 2001 showed a
reduction in burst effect following the inclusion of PVA in PCL microspheres. An
initial burst of 56.9 % was exhibited following the use of 0.025 %m/v compared to 11.1
% following the use of 0.1 %m/v PVA. De Rosa, et. al., 2000 also showed a reduction
in burst effect following the incorporation of various surfactants in the internal aqueous
phase. Surfactants that lead to a reduction in burst effect for insulin loaded PLGA
microspheres were poloxamer 188 and polysorbate 20. For formulations prepared with
12.5 %m/v PLGA, following the inclusion of 3 %m/v PVA, the initial release was
reduced from 63.23 (± 5.20) % to 35.36 (± 0.31) %. The higher the PVA concentration,
the lower initial release was exhibited. Figure 2.6.
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Figure 2.6:

Effect of PVA concentration on release characteristics for
porous microspheres prepared using 12.5 %m/v PLGA (Data
are mean, ± s.d., n=3)
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High initial burst release shown by formulations without the inclusion of PVA can be
attributed to the instability of the primary emulsion, as a stabiliser was not included in
the internal phase. As a result the BSA might have migrated to the air/extemal aqueous
phase interface, hence the bulk of the BSA may be surface bound. This effect however
was not investigated. The inclusion of PVA prevented the migration of the BSA to the
interface hence reducing the burst effect. The stabilising effect of BSA may also
influence the release profile of microspheres. BSA is thought to form a barrier at the
0/W interface thus stabilising the system. However, this may result in the presence of
BSA on the surface of the microspheres, which will be immediately released following
exposure to the release media. However, reduction in the burst effect may also be due to
the reduction in the porosity when employing 10 %m/v PVA. This reduction in porosity
was shown by SEM morphology of microspheres employing 10 %m/v PVA, Figure
2.2f. A reduction in the porosity of the microsphere will result in a reduction in the total
surface area, therefore reduced surface available for diffusion. This is shown by Yang,
et. al., 2001 when preparing porous BSA loaded PLGA microspheres.

Generally a three-stage release profile is exhibited for formulations. Initially a burst
effect is shown, 63.23 (± 5.20) % of BSA was released initially when no PVA was
employed compared to 35.36 (± 0.31) % when 3 %m/v PVA was employed. 5.0 %m/v
PVA lead to a further reduction in burst effect, with 32.68 (± 3.17) % of BSA released
after 2 hours. Following the initial release of BSA probably due to surface bound drug,
diffusion through the fluid filled pores is exhibited as the release media penetrates the
microspheres between day 7 and 14 (Figure 2.6). The final stage of release is a
combination o f bulk degradation of the polymer matrix and the continuation of release
from the aqueous channels as suggested by the literature on degradation times of PLGA.
The rate of polymer degradation is dependant on the polymer molecular weight. The
degradation half-life of PLGA 50:50 is approximately 30 days (www.alkermes.com).
The PLGA employed as a relatively low molecular weight (40-70 kDa) and it is
suggested that release from a PLGA matrix is faster by diffusion than polymer weight
loss. As a result the drug is able to diffuse through the aqueous channels in a polymer
matrix especially during the advanced stage of biodégradation before the polymer
becomes completely soluble (Heya, et. al., 1991).

Porous microspheres produced with 5.0 %m/v PLGA in 2.0 ml DCM (Table 2.2) also
showed a high initial burst, 59.23 % (± 9.20) without the inclusion of PVA, verses
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40.43 % (± 2.05) with 2 %m/v PVA (Figure 2.7). Although the 0 %m/v PVA
preparation was non-porous, the high burst effect that was shown can be attributed to
the degree of surface bound drug that is exposed to the release media. As no PVA was
incorporated in the internal aqueous phase there was nothing except the BSA to prevent
the aqueous droplets from coalescing. The BSA may migrate to the surface of the
microsphere from the primary emulsion, as there was no steric barrier to prevent the
migration, which would be present if PVA was included in the formulation. In addition
an interaction between BSA and PLGA may occur in the presence of BSA at the
microsphere surface, hence increasing the initial burst effect following exposure to the
release media.
The slow release initially when employing PVA may be due to PVA stabilising the
inner aqueous droplets to some extent, which may have hindered droplet coalescence
and delayed the formation of interconnecting channels until a later stage as described by
Crotts and Park, 1995.
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Effect of PVA concentration on release characteristics for
porous microspheres prepared using 5.0 %m/v PLGA (Data
are mean, ± s.d., n=3)

Lower burst effects were shown by non-porous microspheres compared to porous
microspheres (% 10-20 %) and can be attributed to the reduction in surface area
presented to the release media compared to the porous formulations that have porous
channels exposed to the release media, O’Donnell and McGinity, 1998 (Figure 2.5a and
2.7). For example both porous and non-porous microspheres were prepared employing
5.0 %m/v PLGA. The solvent volume manipulated the formulations to produce non95

porous microspheres with 5.0 ml DCM and porous microspheres with a DCM volume
of 2.0 ml. With an internal aqueous phase of 0.5 ml the non-porous microsphere
formulation exhibited a burst effect of 14.28 (± 4.50) % with 2.5 %m/v PVA (Figure
2.5a) verses 40.43 (± 2.00) % for a porous microsphere formulation (Figure 2.7). The
non-porous microsphere formulation exhibited an EE of 17.32 (± 2.05) % and a loading
efficiency of 2.59 (± 0.07) %m/m. In contrast a reduced EE and BSA loading was
exhibited following the formation of porous microspheres. The EE was determined as
24.03 (± 2.05) % with 4.13 (± 0.02) %m/m BSA loading. Porous microspheres
exhibited a larger VMD 22.88 (± 1.91) pm than those of the non-porous microspheres,
9.15 (± 0.15) pm. Large microspheres generally release encapsulated compounds more
slowly than smaller microspheres, providing other properties of the microsphere are the
same; polymer molecular weight, porosity and drug distribution within the microspheres
(Berkland, et. al, 2002). Although the polymer employed throughout was constant the
larger microspheres exhibited porosity, hence the surface area of the porous
microspheres may be larger due to the porous nature. The surface area of the
microspheres was not determined.
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2.4.4

CONCLUSIONS

The influence of PVA concentration in the internal aqueous phase on microsphere
morphology, in-vitro release, EE and size is independent of the polymer phase
concentration and internal aqueous phase volume. The morphology of microspheres did
not influence the trends exhibited following the inclusion of varying concentrations of
PVA in the internal aqueous phase as both porous and non-porous microspheres
exhibited the same trends. The following conclusions can be drawn:
1. Microspheres were successfully formed with and without the inclusion of PVA
in the internal aqueous phase.
2. An increase in EE was exhibited for formulations when PVA was included in
the internal aqueous phase. This effect is concentration dependent. As the
concentration of PVA was increased EE was increased, for example EE were
obtained from 2.83 (± 1.01) to 42.83 (± 0.07) % as PVA concentration was
increased from 0 %m/v to 5.0 %m/v. A corresponding increase in actual loading
was also shown, 0.423 (± 0.05) to 7.123 (± 0.09) %m/m.
3. There is a general increase in particle size as the concentration of PVA in the
internal aqueous phase is increased, for example 6.78 (± 0.18) to 18.11 (± 1.20)
pm as PVA concentration was increased from 0 %m/v to 5.0 %m/v.
4. The inclusion of PVA leads to a reduction in the burst effect compared to
formulations without PVA. Further reductions in burst effect were shown for
formulations as the concentration of PVA was increased for microspheres of
similar morphologies. Non-porous microspheres exhibited a burst effect of 59.23
(± 9.21) without the inclusion of PVA compared to 15.12 (± 4.50) when with 5.0
%m/v PVA. Porous microspheres also exhibited the same effect. For example an
initial burst of 63.23 (± 5.20) % was exhibited without the inclusion of PVA
verses 35.36 (± 0.31) % following the inclusion of 3.0 %m/v PVA.
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2.5

EFFECT OF INTERNAL AQUEOUS PHASE VOLUME ON THE
FORMATION OF MICROSPHERES

2.5.1

INTRODUCTION

In addition to the type of emulsifier included in the internal aqueous phase and the
concentration range adopted, volume also influences the overall characteristics of
microspheres (Cleland, 1998). For example, a low internal aqueous phase volume will
result in a highly concentrated BSA solution, as the ratio of BSA to volume is high.
This may influence the stability of primary emulsion droplet formation due to increased
viscosity.

The effect of the internal aqueous phase volume was investigated using 0.5, 1.5 and 2.0
ml internal aqueous phase volume respectively.

2.5.2

MATERIALS AND METHODS

All materials and methods employed are the same as those described in section 2.3.

In order to investigate the influence of internal aqueous phase volume on microsphere
characteristics microspheres were prepared using a high and low PLGA concentration
and differing BSA loading. Crotts and Park, 1995 suggest that the volume fraction and
stability of the inner aqueous phase would play an important part in generating different
morphologies. The stability of the internal aqueous phase was not directly assessed,
although extensive studies by Nihant, et. al, 1995, 1994 illustrate a method of analysis
for primary emulsion stability. Assessment methods include the macroscopic phase
separation time following demixing of the primary emulsion when prepared in an assay
tube. In addition the interfacial tension of the phases involved in the preparation can be
assessed employing the Wilhelmy plate method.

In this present chapter microspheres were prepared containing 2.0 and 12.5 %m/v
PLGA in duplicate. 2.0 %m/v PLGA microsphere formulations were achieved by the
inclusion of 100 mg PLGA in 5.0 ml of DCM. 12.5 %m/v PLGA microsphere
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preparations were achieved by 250 mg PLGA in 2.0 ml DCM. Both 6 mg and 15 mg of
BSA were employed throughout the investigation. The internal aqueous phase PVA
concentration was maintained at 5.0 %m/v to provide a viscous internal aqueous phase.
The bulk external phase employed throughout the study was 1.5 %m/v PVA, 75 ml.

2.5.3

RESULTS

Microspheres were successfully produced over the internal aqueous phase volumes
studied, 0.5, 1.5, 2.0 ml. Table 2.4 describes the results obtained following the
preparation of microspheres adopting the above formulation parameters, in each case a
duplicate formulations were prepared. The mean VMD, EE and actual loading was
determined for n=3 samples, with s.d. calculated for range of values.

PLGA
(%m/v)

BSA
(%m/m)

2.00
2.00
2.00
2.00
2.00
2.00
12.5
12.5
12.5
12.5
12.5
12.5

6.0
6.0
6.0
15.0
15.0
15.0
2.4
2.4
2.4
6.0
6.0
6.0

Table 2.4:

Internal
Aqueous
Phase
(ml)
0.5
1.5
2.0
0.5
1.5
2.0
0.5
1.5
2.0
0.5
1.5
2.0

VMD (pm)
(±s.d.)

Encapsulation
Efficiency (%)
(±s.d.)

5.39 (±1.00)
10.49 (±2.54)
11.85 (±0.71)
3.07 (±1.96)
4.32 (±1.17)
4.57 (±3.66)
4.06 (±0.60)
7.86 (±1.03)
8.46 (±2.08)
24.35 (±2.15)
29.74 (±7.41)
32.87
(±13.74)

88.17 (±3.87)
10.77 (±1.09)
6.59 (±3.00)
42.83 (±1.76)
31.40 (±1.37)
3.57 (±5.00)
63.46 (±2.07)
48.86 (±1.96)
30.06 (±2.96)
49.42 (±1.80)
47.70 (±0.81)
42.30 (±3.46)

Actual
Loading
(%m/m)
(±s.d.)
5.55 (±0.27)
0.59 (±0.07)
0.36(±0.27)
7.12 (±0.01)
4.79 (±0.08)
0.54 (±0.26)
1.65 (±0.17)
1.24 (±0.07)
0.76 (±0.18)
2.96 (±0.09)
2.84 (±0.01)
2.64 (±0.13)

Porous

No
No
No
No
No
No
No
No
No
Yes
Yes
Yes

Effect of internal aqueous phase volume on microsphere size and EE
when employing a 5.0 %m/v PVA internal aqueous phase. Data are
mean ± s.d., n = 3
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2.5.4

DISCUSSION OF RESULTS

2.5.4.1

Effect of Internal Aqueous Phase Volume on Microsphere Surface
Morphology

Microspheres were produced with varying size and porosity, dependent on the
formulation employed. Figure 2.8 illustrates the influence of internal aqueous phase
volume on porous morphologies produced when employing 12.5 %m/v polymer and 6.0
%m/m BSA (theoretical).

At an internal aqueous phase volume of 0.5 ml, microspheres exhibited some porosity
(Figure 2.8a). Some of the pores appear to have penetrated the microspheres following
assessment of the SEM, although this was only assessed visually. However, the bulk of
pores appear to be covered by a skin layer of polymer. The formation of a non-porous
skin layer can be attributed to the absence of aqueous phase droplets as the polymer
surface solidifies at the interface, Crotts and Park, 1995. Following solidification at the
interface, the polymer solidifies towards the centre of the microsphere. The presence of
pores below the surface suggests that aqueous phase droplets were present as the
polymer solidified towards the centre resulting in the production of pores, within the
internal structure of the microspheres.
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(a) 0.5 ml Internal Aqueous phase

(b) 1.5 ml Internal Aqueous phase

(c) 2.0 ml Internal Aqueous Phase
Figure 2.8:

Effect of internal aqueous phase volume on surface
morphology of microspheres employing 12.5%m/v PLGA
and 6.0 %m/m BSA (a) 0.5 ml (b) .5 ml and (c) 2.0 ml internal
aqueous phase

As the internal aqueous phase volume is increased three-fold, to 1.5 ml there is a
marked change in the surface morphology of the microspheres following visual
assessment of SEM micrographs. Pores appear to penetrate the microsphere and there is
an increase in the number of pores present on the surface (Figure 2.8b). A further
increase in internal aqueous phase volume to 2.0 ml resulted in the formation of porous
microspheres clearly penetrating the surface of the microspheres (Figure 2.8c). This is
in agreement with the findings of Ehtezazi and Washington, 2000, which state that by
deceasing the internal aqueous phase volume in the primary emulsion, porosity is
reduced. Ehtezazi and Washington, 2000 suggest this is due to the formation of pores is
dictated by the primary emulsion. As a result a reduction in the internal aqueous phase
fraction will reduce microsphere porosity, as there is less internal aqueous phase
present. This is supported by the findings of Ghaderi et. al., 1996 who also found an
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increase in microsphere porosity with an increase in internal aqueous phase volume.
Schlicher, et. al, 1997, also support these findings when preparing desferrioxamine
(DFO) loaded PLGA microspheres.

Manipulation o f the internal aqueous phase volume did not result in the formation of
porous microspheres in all cases (Table 2.3). At a reduced theoretical BSA loading (2.4
%m/m) for the same PLGA concentration (12.5 %m/v) non-porous microspheres were
produced (Figure 2.9). A reduction in actual loading was also paralleled with a
reduction in theoretical loading (Table 2.4). When employing 0.5 ml with actual BSA
loadings 1.65 (± 0.17) %m/m and 2.96 (± 0.09)%m/m were obtained with theoretical
loadings of 2.4 and 6.0 %m/m respectively. Figure 2.9a shows the non-porous
morphology o f microspheres with a 0.5 ml internal aqueous phase with a BSA loading
of 2.96 (± 0.09) %m/m. Non-porous microspheres were also produced with the use of
1.5 and 2.0 ml internal aqueous phase. Figure 2.9b shows the morphology of
microspheres produced employing an internal aqueous phase of 1.5 ml with an actual
loading of 1.24 (± 0.07) %m/m compared to a theoretical loading of 2.4 %m/m. In
contrast Figure 2.8b shows the production of porous microspheres with an actual BSA
loading of 2.84 (± 0.01) %m/m, with a theoretical loading of 6 %m/m.

Small non-porous microspheres with a VMD 4.06 (± 0.60) pm were produced with an
internal aqueous phase volume of 0.5 ml (Figure 2.9a). An increase in volume resulted
in an increase in particle size. A VMD of 7.86 (± 1.03) pm was obtained when
employing 1.5 ml (Figure 2.9b). The VMD further increased with an internal aqueous
phase volume of 2.0 ml, a VMD of 8.46 (± 2.08) pm was obtained (Figure 2.9c).
Statistical analysis was performed (ANOVA) and shows the change in VMD between
1.5 ml and 2.0 ml is not statistically different, although it is statistically different
between 0.5 ml and 1.5 ml (p < 0.05).
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(a) 0.5 ml Internal Aqueous Phase

(b) 1.5 ml Internal Aqueous Phase

(c) 2.0 ml Internal Aqueous Phase
Figure 2.9:

Effect of internal aqueous volume on microspheres prepared
with 12.5 %m/v PLGA and 2.4 %m/m theoretical BSA
loading

When employing 2.0 %m/v PLGA with a theoretical BSA loading of 15 %m/m, nonporous microspheres were produced, irrespective of the internal aqueous phase volume
employed. Non-porous spherical microspheres with a narrow size distribution were
obtained with a 0.5 ml internal aqueous phase (Figure 2.10a). A VMD of 3.07 (s.d ±
1.96) pm was obtained when employing 0.5 ml, with 10 % of microspheres exhibiting a
VMD of < 1.51 (± 0.59) pm and 90 % of the microspheres < 3.28 (± 0.16) pm in size.
As volume was increased the resultant microspheres were less spherical in nature with a
wider size distribution (Figure 2.10b and c). Following the increase of the internal
aqueous phase to 1.5 ml the VMD also increased to 4.32 (± 1.17) pm with an increase
in size distribution. 10 % of microspheres exhibited a VMD < 1.86 (± 0.73) pm and 90
% exhibited a VMD < 6.45 (± 0.61) pm. The particle size and size distribution was
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further increased following the inclusion of a 2 ml internal aqueous phase. A VMD of
4.57 (± 3.66) pm was obtained with 10 % < 1.86 (± 0.73) pm in size and 90 % of
microspheres exhibiting a VMD of < 9.60 (± 1.14) (Table 2.6).

(a) 0.5 ml Internal Aqueous Phase

(b) 1.5 ml Internal Aqueous Phase

(c) 2.0 ml Internal Aqueous Phase
Figure 2.10: Effect of internal aqueous phase volume on the morphology
of microspheres employing 2.0 %m/v PLGA and 15.0 %m/m
BSA (theoretical)

2.S.4.2

Effect of Internal Aqueous Phase Volume on Particle Size of
Microspheres

It can be seen that by increasing the internal aqueous phase volume there is an increase
in the particle size, Table 2.4. This effect is independent of polymer concentration and
BSA loading. For porous microsphere formulations employing 12.5 %m/v PLGA and
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15 mg BSA the following particle size data was obtained. A 0.5 ml internal aqueous
phase resulted in a VMD of 24.35 (± 2.15) pm with 10 % of microspheres exhibiting a
VMD < 2.12 (± 0.13) pm and 90 % of microspheres < 38.50 (± 3.53) pm in size (Table
2.5).

Internal Aqueous
Phase Volume (ml)
0.5
1.5
2.0
Table 2.5

VMD pm (±s.d)
24.35 (±2.15)
29.74 (± 7.41)
32.87 (± 13.74)

VMD of ^ 10 %
pm (±s.d)
2.12 (± 0.13)
1.67 (± 0.93)
5.41 (±2.56)

VMD of ^ 9 0 %
pm (±s.d)
38.50 (± 3.53)
42.21 (±2.73)
139.26 (±23.09)

Effect of internal aqueous phase volume porous microsphere size
and size distribution employing 12.5 %m/v PLGA and in 2.0 ml
DCM with a theoretical BSA loading of 6.0 %m/m. Data are mean, ±
s.d., n = 3

As the volume was increased both the size and the size distribution increased. A particle
size of 29.74 (± 7.41) pm was obtained employing 1.5 ml and clearly shows an increase
in size distribution (Figure 2.8b and Table 2.5). Crotts and Park, 1995 suggest an
increase in particle size and size distribution can be attributed to the inclusion of internal
aqueous phase providing a greater resistance to mechanical breakdown during the
second émulsification step. As a result an increase in size will be exhibited. An increase
in size distribution was also shown by Schlicher, et. al, 1997 following the preparation
of DFO loaded PLGA microspheres. The internal aqueous phase was investigated over
0.5, 1.0, 3.0 and 6.0 ml with a fixed polymer concentration and organic solvent volume.

Non-porous microspheres also illustrated this effect and is in agreement with the
findings of Jeffery, et. al, 1993 and Li, et. al, 1999 who found an increase in particle
size with increasing internal aqueous phase volume. Microspheres employing 2.0 %m/v
polymer and 15 %m/m BSA (Figure 2.10) showed an increase in particle size fi’om 3.07
(± 1.96) pm to 4.57 (± 3.66) pm when the internal aqueous phase volume was increased
fi*om 0.5 ml to 2.0 ml. An increase in size distribution was also shown (Table 2.6).
Studies by Ghaderi, el a l, 1996 have reported no change in particle size when changing
the internal aqueous phase volume. However, the internal aqueous phase volumes
adopted were low, 50 to 400 pi. Although PLGA was employed for the study the
concentration ranges adopted were markedly different. Ghaderi, e l

al,

1996

investigated the effect of internal aqueous phase volume employing PLGA
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concentration range of 4.3, 27 and 43 %m/v respectively, substantially higher than 12.5
%m/v employed in this study. In addition mannitol was employed as the model drug.

Internal Aqueous
Phase Volume (ml)
0.5
1.5
2.0
Table 2.6

2.5.4.3

VMD pm (±s.d)
3.07 (± 1.96)
4.32 (±1.17)
4.57 (± 3.66)

VMD of < 10 %
pm (±s.d)
1.51 (± 0.59)
1.26 (± 0.01)
1.86 (± 0.73)

VMD of ^ 9 0 %
pm (±s.d)
3.28 (± 0.16)
6.45 (± 0.61)
9.60 (±1.14)

Effect of internal aqueous phase volume porous microsphere size
and size distribution employing 2.0 %m/v PLGA and in 5.0 ml DCM
with a theoretical BSA loading of 15 %m/m. Data are mean, ± s.d., n
=3

Effect of Internal Aqueous Phase Volume on Encapsulation Efficiency
of Microspheres

With increasing internal aqueous phase volume there is a reduction in EE as expected.
Table 2.4. This effect is independent of PLGA concentration and theoretical BSA
loading. Non-porous microsphere prepared with 2.0 %m/v PLGA and a theoretical
loading of 15 %m/m BSA (Table 2.4 and Figure 2.10) showed ten-fold reduction in EE
following a four-fold increase in the internal aqueous phase volume. 42.83 (± 1.76) %
was encapsulated giving an actual loading of 7.12 (± 0.01) %m/m when employing an
internal aqueous phase of 0.5 ml and 15 %m/m nominal loading. EE was reduced to
3.58 (±5.00) % when employing a 2.0 ml internal aqueous phase, with an actual loading
of 0.54 (± 0.26) %m/m. There was no change in microsphere morphology (Figure 2.10)
therefore, the change can be attributed to the volume or viscosity effect of the internal
phase influencing primary emulsion stability. An increase in EE following an increase
in viscosity o f the internal aqueous phase was also described by Yamaguchi, et. al.
2002. Yamaguchi, et. al, 2002 prepared insulin encapsulated PLGA microspheres, with
internal aqueous phase viscosity manipulated by the inclusion of glycerol. The resultant
reduction in EE, suggest at increased internal aqueous phase volumes there was a
greater degree o f BSA partitioning from the internal to the external aqueous phase.
Although primary emulsion stability was not investigated, the findings by Herrmann
and Bodmeier, 1995® support this. The organic polymer phase acts as a diffiisional
barrier for the drug between the internal and external aqueous phase. The thickness of
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this layer decreases with increasing internal aqueous phase volume. This could lead to a
less stable primary emulsion (Herrmann and Bodmeier, 1995®). In contrast increased
EE of ovalbumin were described by Jeffrey, et. al., 1993 following an increase in
internal aqueous phase volume, although no explanation was proposed. Uchida, et. a l,
1996 also described high encapsulation efficiencies when employing low internal phase
volumes although it appeared to be dependent on the ratio of solvent volume to internal
aqueous phase volume. The internal aqueous phase volume ratio to solvent volume ratio
is supported by formulations prepared with 12.5 %m/v PLGA and 6 %m/m BSA
(theoretical), which resulted in the production of porous microspheres (Figure 2.8).
Similar encapsulation efficiencies were shown irrespective of internal phase volume
employed, although the change in EE was statistically significant following ANOVA (p
< 0.05). With an internal aqueous phase volume of 0.5 ml 49.42 (± 1.79) % of BSA was
encapsulated. Although this EE is low the microspheres exhibited a porous morphology
with a loading o f 2.96 (± 0.09) %m/m. EE was reduced to 47.70 (± 0.81) % with a 1.5
ml internal aqueous phase and further reduced with a 2.0 ml internal aqueous phase,
42.30 (± 3.46) %. In addition there was a corresponding reduction in actual protein
loading with increasing internal aqueous phase volume. An actual loading of 2.84 (±
0.01) %m/m was obtained when employing 1.5 ml, verses 2.64 %m/m when employing
2.0 ml internal aqueous phase although this was not statistically significant following
ANOVA of variance (p < 0.05). The reduction in EE and BSA loading may be due to
the increase in the number of pores, which have formed. An increase in the number of
pores may be attributed to the increase in the number of internal aqueous phase droplets
at the polymer/external aqueous phase interface as the polymer solidifies. This effect is
due to demixing of the primary emulsion during the formation of the secondary
emulsion (Schlicher, et. al., 1997), due the instability of the primary emulsion. This
effect is further supported due to the increase in particle size and distribution, indicative
of poor primary emulsion stability as previous studies have shown (Nihant, et. al., 1994,
1995).

107

2.S.4.4

Effect of Internal Aqueous Phase Volume on in-vitro Release
Characteristics of Microspheres

At increased internal aqueous phase volumes there was a reduction in the burst effect of
BSA loaded microspheres.

Figure 2.1 la, describes the release profiles shown for preparations employing 2.0 %m/v
PLGA with a theoretical loading of 15.0 %m/m BSA, in which non-porous
microspheres were formed (Figure 2.11). Microspheres exhibited a burst effect of 35.70
(± 4.34) % after 2 hours when employing an internal aqueous volume of 0.5 ml. The
actual BSA loading when employing 0.5 ml was 7.12 (± 0.01) %m/m. Initial release
after 2 hours significantly reduced to 15.12 (± 1.10) % when the internal phase volume
was increased to 2.0 ml, with a corresponding reduction in BSA loading, 0.54 (± 0.26)
%m/m. This suggests that although higher EE was obtained when employing 0.5 ml,
42.83 % (± 1.76) % verses 3.57 (± 5.00) % when employing 2.0 ml, the bulk of the BSA
was possibly surface bound. Although the internal morphology of the microspheres was
not investigated the results also suggest there may be a change in the morphology when
employing increased internal aqueous phase volumes due to the release profiles
exhibited. A change in microsphere morphology with increased internal aqueous phase
volume was shown by Sah and Chien, 1993 and Schlicher, et. a/., 1997. Schlicher et.
a/., 1997, found a reduction in burst effect with increasing internal aqueous phase
volume for a fixed polymer concentration. The PLGA concentration employed was 7.5
%m/v although higher internal aqueous phases were investigated, 0.5, 1.0, 3.0 and 6.0
ml. However, when employing 6 ml internal aqueous phase volume porosity was
exhibited, this was not the case when employing an internal aqueous phase of 0.5 to 1.0
ml. The actual loading of DFO was not reported
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(a) Release profile of non-porous formulation employing 2.0 %m/v PLGA and 15
%m/m BSA
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(b) Release profile of porous formulation employing 12.5 %m/v PLGA and 6 %m/m
BSA
Figure 2.11: Effect of internal aqueous phase volume on microsphere
release profiles for formulations employing (a) 2.0 %m/v
PLGA with a theoretical loading of 15 %m/m BSA and (b)
12.5 %m/v PLGA with a theoretical loading of 6 %m/m BSA
(Data are mean, ± s.d., n=3)
The release profiles from non-porous microspheres (Figure 2.11a) vary in accordance
with the internal aqueous phase volume. When employing an internal aqueous phase of
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0.5 and 2.0 ml a continuous release profile is exhibited. Following the initial release
possibly due to surface bound drug, after 2 hours a slow steady release of BSA is
observed. Further release of BSA is exhibited at a steady rate over the following 21
days, with 82.59 (± 2.40) % released over a total of 21 days when employing an internal
aqueous phase of 0.5 ml. The release of BSA is considered to be via polymer hydrolysis
resulting in the formation of pores, Sanders, et. al., 1994. Between 21 and 46 days a
slow release rate was exhibited, with a total of 8.96 (± 2.22) % BSA released over this
period when employing an internal aqueous phase of 0.5 ml (Figure 2.10a). In contrast
microspheres prepared employing 1.5 ml show a triphasic release profile (Figure 2.11a).
An initial release of 25.42 (± 3.18) % was shown following exposure to the release
media for 2 hours. The release rate of BSA remained steady up to 1 day, following a
further increase in release was exhibited. Between 1 and 7 days the cumulative
percentage of BSA released increased from 45.30 (± 7.15) % to 80.12 (± 6.88) %
respectively. This may suggests that the internal morphology of the microspheres when
employing 1.5 ml had changed, to that o f a porous structure. This is supported by the
rapid release exhibited between day 1 and day 7. The third phase between day 7 and 46
suggests bulk polymer erosion is occurring enabling the release of BSA from the
microsphere.

In contrast to low initial release shown for non-porous microspheres, porous
microspheres exhibit higher burst effects (Figure 2.11b). With an internal aqueous phase
volume of 0.5 ml a burst effect of 67.91 (± 0.50) % was exhibited compared to 50.32 (±
1.06) % when employing a 2.0 ml internal aqueous phase. In both instances porous
microsphere morphologies were exhibited, see SEMs (Figure 2.8). From Figure 2.11b, a
steady cumulative release of BSA is exhibited as the BSA is released from the porous
network when employing an internal aqueous phase of 0.5, 1.5 and 2.0 ml. After 14
days a further increase in release was exhibited for all formulations irrespective of
internal aqueous phase volume. This may be attributed to the bulk erosion of the
microsphere presenting more BSA to the release media.

The burst was considerably reduced following the production of non-porous
microspheres compared to porous microspheres when employing 12.5 %m/v PLGA and
a theoretical BSA loading of 2.4 %m/m (Figure 2.12). The reduction in burst effect for
non-porous microspheres is expected due to the reduced surface area presented to the
release media. Following the preparation of non-porous microspheres employing 12.5
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%m/v PLGA and an internal aqueous phase of 0.5 ml (Figure 2.9) a burst effect of
47.94 (± 2.76) % was exhibited (Figure 2.12). The BSA loading for the non-porous
microspheres was 1.65 (± 0.17) %m/m. In contrast following the preparation of porous
microspheres employing the same PLGA concentration and internal characteristics the
burst effect was increased to 67.91 (± 0.52) %, with microspheres exhibiting a BSA
loading of 2.96 (± 0.09) %m/m (Figure 2.11b). Higher burst effects are also shown for
all porous microspheres verses to non-porous formulations. This is irrespective of
internal aqueous phase volume employed.
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Figure 2.12: Effect of internal aqueous phase volume on non porous
microsphere release profiles for formulations employing 12.5
%m/v PLGA with a theoretical loading of 2.4 %m/m BSA
(Data are mean, ± s.d., n=3)

Cleland, 1998 suggests an increase in initial release with increasing internal aqueous
phase volume, however the present findings do not show this. The release profile of
formulations employing higher internal aqueous phase volumes is more continuous in
comparison to formulations prepared with low volumes. It is likely to be caused by the
generation of additional pores and channels within the microsphere due to the increased
internal aqueous phase volumes resulting in increased exposure to the release media.
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2.5.5

CONCLUSIONS

The following conclusions can be derived from the present study.
1. Generally there was no change in microsphere morphology when manipulating
the internal aqueous phase volume, except when employing high PLGA
concentrations. At high PLGA concentrations (12.5 %m/v) porosity increased
with increasing internal aqueous phase volumes (0.5 to 2.0 ml).
2. An increased internal aqueous phase volume (2.0 ml) resulted in an increase in
particle size and a wider size distribution as expected. For example,
microspheres prepared employing 2.0 %m/v PLGA exhibited VMD 3.07 (±
1.96) pm with 10 % of microspheres < 1.51 (± 0.59) pm and 90 % < 3.28 (±
0.16) pm when employing 0.5 ml. The VMD increased to 4.57 (± 3.66) pm,
with 10 % of microspheres < 1.72 (± 0.96) pm and 90 % microspheres < 9.60 (±
1.14) pm when increasing the internal aqueous phase 2.0 ml.
3. An increase in internal aqueous volume resulted in a reduction in EE, as
expected. For the aforementioned microspheres EE was reduced from 42.83 (±
1.76) % to 3.57 (± 5.00) % following an increase in internal aqueous phase
volume from 0.5 to 2.0 ml.
4. Burst effect of microspheres was reduced with increasing internal aqueous phase
volume and is independent of microsphere morphology. Release profiles of nonporous microspheres employing an internal aqueous phase of 0.5 and 2.0 ml
show a continuous release pattern. This is not shown when employing an
internal aqueous phase volume of 1.5 ml. Following an initial burst effect porous
microspheres show a continuous release rate which could be indicative of BSA
releasing through the porous network.
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2.6

EFFECT OF ORGANIC SOLVENT PHASE VOLUME ON THE
FORMATION OF MICROSPHERES

2.6.1

INTRODUCTION

A reduction in the volume of DCM results in an increase in the viscosity of the oil phase
of the primary emulsion. This reduction in solvent volume is thought to influence the
porosity of the microspheres, Yang, et. al, 2001 and Li, et. al, 1995. A low organic
solvent volume results in a more viscous solution when employing a fixed amount of
polymer. As a result it is more difficult to break up the internal aqueous phase into
smaller droplets during the preparation of the primary W /0 emulsion. The water
droplets get trapped in the microsphere and as the solvent evaporates leave empty
spaces after drying. It is also proposed that internal aqueous phase droplets may
coalesce with each other, resulting in an internal porous morphology, Yang, et. al,
2001. However, a low organic solvent volume may result in rapid polymer solidification
as the organic solvent evaporates. As a result this may hinder the formation of pores, as
the internal aqueous phase droplets may not be able to reach the surface as the polymer
solidifies, due to the rapid rate of polymer solidification. Li et. a l, 1995 suggest water
uptake into the oil phase accelerates the formation of pores within the microspheres,
however, rapid solidification hinders the formation of pores.
In addition the EE of the microspheres should be increased due to the reduction in time
for the polymer to precipitate, hence reducing the time that the internal aqueous phase is
exposed to the bulk aqueous external phase. Herrmann and Bodmeier, 1995® found an
optimum organic solvent volume (4.5 ml) was required to achieve high encapsulation
efficiencies when employing DCM.

This effect was studied with a view to producing porous microspheres with a suitable
particle size for the respiratory drug delivery via pMDI. Ideally a MMAD of 2-5 pm
was desired to target the lower regions of the lungs.
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2.6.2

MATERIALS AND METHODS

In order to assess the influence of solvent volume on microsphere characteristics,
formulations were prepared in duplicate with a DCM volume of 2.0 ml and 5.0 ml
respectively. Throughout the study an external aqueous phase volume of 75 ml was
employed, containing 1.5 %m/v PVA.

Microspheres were prepared with an internal aqueous phase employing 2.5 %m/v or 5.0
%m/v PVA with varying internal volume between 0.5, 1.5 and 2.0 ml. The effect of
polymer loading was also investigated by incorporating 100 mg or 250 mg of PLGA in
either 2.0 or 5.0 ml of solvent. In conjunction with assessing the effect of polymer
loading on the microspheres the influence of solvent volume can also be directly
assessed. Formulations prepared with an internal aqueous volume of 2.0 ml and 100 mg
of PLGA will have a polymer concentration of 5.0% m/v. At an increased solvent
volume of 5.0 ml, employing 250 mg of PLGA will result in the same polymer phase
concentration (i.e. 5.0 %m/v).
The EE, VMD, release characteristics and actual loading were calculated in accordance
with Section 2.3. The data are mean, ± s.d., n= 3.

2.6.3

RESULTS

Microspheres were successfully produced over solvent phase volumes studied. Table
2.7 describes the results obtained when employing 2.5%m/v PVA in the internal
aqueous phase with a volume of 0.5 ml. The EE, actual loading and particle size of the
respective formulations are also shown. Microspheres exhibited a non-porous
morphology when employing 100 mg of PLGA. However, when 250 mg PLGA in 2.0
ml DCM was employed to prepare microspheres a porous morphology was exhibited in
some instances. Porosity when obtained is indicated with an asterix (*).

Table 2.8 describes the results obtained for various formulations employing 5.0 %m/v
PVA, in various internal aqueous phase volumes. PLGA and BSA loading was varied as
was the volume of DCM employed. The effect of DCM volume is shown with respect
to mean VMD, EE and actual BSA loading. All microspheres exhibited non-porous
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morphologies with the exception of microsphere preparations employing 12.5 %m/v
PLGA in 2.0 ml DCM. A porous morphology is highlighted with an asterix (*) in the
DCM volume column.

PLGA
Weight
(mg)

DCM
Volume
(ml)

PLGA
(%m/v)

100
100
100
100
250
250
250
250

5.0
2.0
5.0
2.0
5.0
2.0*
5.0
2.0*

2.0
5.0
2.0
5.0
5.0
12.5
12.5
12.5

Table 2.7:

Theoretical
BSA
loading
(%m/m)
6.0
6.0
15.0
15.0
2.4
2.4
6.0
6.0

Encapsulation
Efficiency (%)
(± s.d.)

VMD (pm) (±
s.d.)

16.53 (±1.93)
17.58 (±2.72)
6.44 (±0.34)
25.83 (±1.59)
9.51 (±4.63)
15.52 (±1.94)
18.55 (±3.88)
25.38 (±0.07)

14.14 (±3.16)
5.27 (±1.29)
15.75 (±0.07)
33.34 (±0.10)
39.39 (±1.52)
18.20 (±0.13)
36.51 (±4.19)
6.11 (±2.39)

Actual BSA
Loading
(%m/m)
(±s.d.)
0.89 (±0.19)
0.31 (±0.02)
0.36 (±0.01)
4.77 (±0.02)
5.85 (±0.03)
0.44 (±0.01)
2.28 (±0.13)
0.37 (±0.09)

Effect of DCM volume on microspheres preparations employing 0.5
ml internal aqueous phase, 2.5 %m/v PVA. Data are mean ± s.d., n=3

From Table 2.7 the EE and actual loading for the respective microsphere formulations
were low in all instances.

PLGA
(mg)

DCM
(ml)

PLGA
(%m/v)

BSA
(%m/m)

Internal
Aqueous
Phase
(ml)

VMD (pm) (±
s.d.)

100

5.0

2.0

6.0

0.5

100
100
100
100
100
100
100
250
250
250
250
250
250

2.0
5.0
2.0
5.0
2.0
5.0
2.0
5.0
2.0*
5.0
2.0*
5.0
2.0*

5.0
2.0
5.0
2.0
5.0
2.0
5.0
5.0
12.5
5.0
12.5
5.0
12.5

6.0
6.0
6.0
6.0
6.0
15.0
15.0
2.4
2.4
6.0
6.0
6.0
6.0

0.5
1.5
1.5
2.0
2.0
0.5
0.5
0.5
0.5
0.5
0.5
2.0
2.0

3.79 (±0.11)
3.05 (±1.20)
9.22 (±1.24)
8.95 (±2.19)
6.53 (±2.26)
6.41 (±2.32)
6.86 (±1.63)
5.36 (±0.48)
32.84 (±0.98)
63.00 (±10.36)
12.42 (±3.60)
23.30 (±0.56)
6.06 (±0.38)
29.87 (±1.67)

Table 2.8:

Encapsulation
Efficiency
(%) (± s.d.)

Actual BSA
Loading
(%m/m) (±
s.d.)

5.24 (±2.24)

0.41 (±0.11)

88.30 (±2.30)
60.75 (±1.42)
79.81 (±2.86)
38.48 (±2.94)
86.47 (±1.37)
42.83 (±1.74)
41.65 (±4.89)
66.68 (±3.85)
68.34 (±1.08)
32.89 (±1.43)
39.06 (±0.99)
42.30 (±2.95)
5.31 (±3.74)

5.02
3.86
4.89
2.22
4.98
7.12
1.08
1.67
1.87
2.00
2.46
2.64
0.32

(±0.12)
(±0.17)
(±0.16)
(±0.15)
(±0.08)
(±0.10)
(±0.21)
(±0.18)
(±0.07)
(±0.09)
(±0.06)
(±0.17)
(±0.19)

Effect of DCM volume on microspheres employing 5.0 %m/v PVA in
the internal aqueous phase, varying internal volume, BSA and
PLGA loading. Data are mean ± s.d., n=3

The EE and actual loading of microspheres prepared in accordance with Table 2.8,
prepared with a 5.0 %m/v PVA internal aqueous phase are generally higher than those
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of the preparations illustrated in Table 2.7, which employed 2.5 %m/v PVA in the
internal aqueous phase.

2.6.4

DISCUSSION OF RESULTS

2.6.4.1

Effect of Solvent Volume on Surface Morphology of Microspheres

The structure of the microspheres produced in some instances was influenced by DCM
volume. Specifically with a high PLGA loading (250 mg), low internal aqueous phase
volume (0.5 ml) and 2.5 %m/v PVA this effect was more predominant. Figure 2.13a
and b shows the porous morphology produced with microspheres adopting the above
parameters following a reduction in DCM volume.

(a) 250 mg PLGA and 2.4 %m/m BSA
with 5.0 ml DCM

(b) 250 mg PLGA and 2.4 %m/m BSA
with 2.0 ml DCM

Figure 2.13: Effect of DCM volume on surface microsphere morphology
employing 250 mg PLGA and a 0.5 ml Internal aqueous
phase (2.5 Vom/v PVA)
At an increased internal aqueous phase PVA concentration (5.0 %m/v) a change in
microsphere morphology is also exhibited following a reduction in solvent volume
(Figure 2.14). The change in microsphere morphology was independent of BSA
loading. Figure 2.14a and b shows the change in microsphere morphology following a
reduction in DCM volume from 5.0 ml to 2.0 ml when employing an internal aqueous
phase volume of 0.5 ml. When employing a DCM volume of 5.0 ml non-porous
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microspheres were produced, compared to porous microspheres following the inclusion
of an organic solvent phase (DCM) of 2.0 ml. Porous microspheres were also produced
following reduction in DCM volume at an increased internal aqueous phase, 2.0 ml
(Figure 2.14c and d).

(a) 5.0 ml DCM, 0.5 ml internal
aqueous phase

w3

(b) 2.0 ml DCM, 0.5 ml internal
aqueous phase

P

(c) 5.0 ml DCM, 2.0 ml internal
aqueous phase

(d) 2.0 ml DCM, 2.0 ml internal
aqueous phase

Figure 2.14: Effect of DCM volume on microsphere morphology for
formulations prepared with 5.0 %m/v PVA internal aqueous
phase and loading, 250 mg PLGA and 6 %m/m BSA
(theoretical), (a and b) 0.5 ml internal aqueous phase, (c and
d) 2.0 ml internal aqueous phase
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An increase in porosity following the reduction in solvent volume is in agreement with
the findings o f Yang, et. al, 2001. Although in their work, no mechanism of formation
has been suggested by the authors. The increase in porosity following a reduction in
solvent volume appears to be dependant on PLGA concentration. At high PLGA
loadings and low DCM volume a viscous polymer phase would result. High polymer
viscosity would result in an unstable primary emulsion with large aqueous phase
droplets, as the viscosity of the polymer phase would hinder the break up of aqueous
droplets during the preparation of the primary W /0 emulsion. Therefore, large aqueous
phase droplets present in the primary emulsion may migrate to microsphere surface,
hence the producing porous microspheres.

A reduction in DCM volume from 5.0 ml to 2.0 ml did not result in the formation of
porous microspheres in all instances. At a reduced polymer weight of 100 mg nonporous microspheres were produced regardless of a reduction in solvent volume. Figure
2.15a and b show the production of non-porous microspheres for formulations prepared
using a 0.5 ml internal aqueous phase of (5.0 %m/v PVA) and 6 %m/m BSA theoretical
loading. The resultant microspheres are spherical in nature with a narrow size
distribution and are non-porous, regardless of the solvent volume employed. The VMD
was 3.79 (± 0.11) pm when employing 5.0 ml DCM with 10 % of microspheres < 1.24
(± 0.00) pm in size and 90 % of microspheres < 7.32 (± 0.27) pm in size (Figure 2.15).

At a reduced DCM volume (2.0 ml) a VMD of 3.05 (± 1.20) pm was obtained. 10 % of
the microspheres exhibited a VMD o f < 1.56 (± 0.03) pm and 90 % exhibited a VMD of
< 6.58 (± 0.45) pm when employing 2.0 ml DCM. An increase in internal aqueous
phase volume (2.0 ml) in conjunction with the above formulation parameters also
resulted in the production of non-porous microspheres (Figure 2.15c and d). A low
VMD and size distribution was also illustrated. A mean VMD of 6.53 (± 2.26) pm was
obtained with 10 % of microspheres < 1.62 (± 0.46) pm in size and 90 % of
microspheres < 10.66 (± 2.37) pm when employing 5.0 ml DCM. At a reduced DCM
volume of 2.0 ml DCM a VMD of 6.41 (± 2.32) pm was obtained. The size distribution
was increased following a reduction in DCM volume with 10 % of microspheres < 1.30
(± 0.02) pm in size and 90 % exhibiting a VMD of <14.18 (± 1.85) pm.
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(a) 5.0 ml DCM, 0.5 ml internal
aqueous phase. 100 mg PLGA and 6
%m/m BSA

(b) 2.0 ml DCM, 0.5 ml internal
aqueous phase. 100 mg PLGA and 6
%m/m BSA

(c) 5.0 ml DCM, 2.0 ml internal
aqueous phase. 100 mg PLGA and 6
%m/m BSA

(d) 2.0 ml DCM, 2.0 ml internal
aqueous phase. 100 mg PLGA and 6
%m/m BSA

Figure 2.15: Effect of DCM volume on microsphere morphology of
formulations prepared using a PLGA loading of 100 mg and
6 %m/m BSA with a 5.0 %m/v PVA internal aqueous phase
(a and b) 0.5 ml internal aqueous phase, (c and d) 1.5 ml
internal aqueous phase

2.6.4.2

Effect of Solvent Volume on Particle Size of Microspheres

A slight reduction in particle size following a reduction in the solvent volume was
exhibited for microsphere preparations that do not exhibit any change in surface
morphology. Non-porous microspheres prepared employing 100 mg PLGA and 0.5 ml
internal aqueous phase comprising of 5.0 % m/v PVA containing 6.0 %m/m BSA
loading (theoretical) show a slight decrease in size (Figure 2.15 and 2.16). A VMD of
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3.79 (± 0.11) |am verses 3.05 (± 1.20) |am w as obtained w hen reducing the D C M
volum e from 5.0 to 2.0m l. Statistical analysis by A N O V A o f variance o f V M D show s
the change in m icrosphere size is not statistically significant (p < 0.05). Figure 2.16
illustrates the narrow size distribution o f m icrospheres prepared adopting the above
form ulation param eters w ith a D CM volum e o f 5.0 ml.

Volume (%)

" '& o' " 'i& o ' '"iôDoo.o
Particle Diameter (pm.)

Figure 2.16: Size distribution of microsphere formulation employing 100
mg PLGA in 5.0 ml DCM (2.0 %m/m PLGA), with a 0.5 ml
internal aqueous phase
A reduction in m icrosphere size w as also show n w ith an internal aqueous phase volum e
o f 1.5 ml. A V M D o f 29.22 (± 6.24) pm w as obtained w hen em ploying 5.0 m l D C M .
W hen em ploying 2.0 ml DCM a V M D o f 28.95 (± 4.19) pm w as obtained. The change
in size follow ing a decrease in DCM volum e w as not statistically significant follow ing
A N O V A o f variance (p < 0.05). The slight decrease in particle size is in agreem ent w ith
the finding o f Jeffery, et. al., 1991 w ho reported slight reduction in particle size w hen
reducing the solvent volum e w ith a fixed polym er w eight. Jeffery, et. al, 1991 show ed a
V M D o f 2.20 (± 0.00) pm w hen em ploying an organic phase volum e o f 2.5 ml. As the
volum e o f solvent was increased to 5.0 ml the V M D obtained w as 3.20 (± 0.30) pm .
G abor, et. a i, 1999 observed no significant change in particle size upon variation o f the
solvent volum e when polym er concentration rem ained constant. G abor, et. al, 1999
investigated changes in V M D w hen em ploying D C M volum es o f 15, 30 and 45 ml. The
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VMD obtained when employing 15 ml DCM was 31.10 (± 9.60) pm compared to a
VMD of 23.70 (± 7.00) pm and 31.50 (± 12.50) pm when employing 30 and 45 ml
DCM respectively. Both Jeffery, et. al, 1991 and Gabor et. a l, 1999, employed a single
emulsion method of microsphere preparation. The results suggest that the effect of
solvent volume on microsphere size is not influenced by the inclusion of an internal
aqueous phase. The size of microspheres is ultimately determined by the size of the
polymer droplets produced following émulsification of the primary W /0 emulsion. A
viscous solvent phase, due to low solvent volume or high polymer concentration may be
difficult to break up into small oil droplets, hence resulting in the production of larger
microspheres as the polymer solidifies. The use of a low solvent volume may result in
the uneven émulsification of the primary W /0 emulsion, therefore resulting in
microspheres produced o f varying size.

A reduction in solvent volume resulted in larger microspheres with a porous structure in
some instances. Microspheres prepared with 250 mg PLGA and an internal aqueous
phase consisting of 0.5 ml 5.0 %m/v PVA, Figure 2.15a and b showed an increase in
mean VMD from 12.42 (± 3.60) pm to 23.30 (± 0.56) pm with a reduction in DCM
volume. When employing 5.0 ml DCM the microspheres exhibited a non-porous
morphology compared to a porous morphology exhibited following the inclusion of a
2.0 ml organic solvent phase. As a result any change in particle size following a
reduction in solvent volume can be attributed to a change in micro sphere morphology.

2.6.4.3

Effect of Solvent Volume on Encapsulation Efficiency of Microspheres

There was an increase in EE for formulations following reduction in organic solvent
volume provided the morphology of the microspheres was not affected. Figure 2.15a
and b illustrates the production of non-porous microspheres irrespective of the organic
solvent volume adopting a formulation employing 100 mg PLGA and 6 mg BSA. The
internal aqueous phase employed was 5.0 %m/v PVA, 0.5 ml. The EE of the
microspheres was 5.24 (± 2.24) % with an actual BSA loading of 0.41 (±0.11) %m/m
when the microspheres were prepared with 5.0 ml DCM. When employing 2.0 ml DCM
volume, EE was increased to 88.30 (± 2.30) % with a corresponding increase in BSA
loading. An actual loading of 5.02 (± 0.12) %m/m was obtained following a reduction
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in organic solvent volume to 2.0 ml. This was also shown with formulations with a
higher internal aqueous phase volume of 2.0 ml (Figure 2.15c and d). An EE of 38.38 (±
2.94) % verses 86.47 (± 1.37) % was obtained following a reduction in DCM volume
from 5.0 ml to 2.0 ml. There was also over a two-fold increase in actual BSA loading
following the reduction in solvent volume from 5.0 ml to 2.0 ml. BSA loading of 2.22
(± 0.15) %m/m was obtained for 5.0 ml organic phase compared to 4.98 (± 0.08) %m/m
when employing a reduced solvent volume of 2.0 ml. This is in agreement with the
findings of Cleland, et. al., 1997 who also showed increased encapsulation efficiencies
following a reduction in organic solvent volume. This was found for a subunit vaccine
(rgp 120) for HIV-1 loaded PLGA and FLA microspheres. Increased encapsulation can
be attributed to an increase in the viscosity of the solvent phase allowing rapid polymer
solidification, thus preventing the migration of BSA into the bulk external aqueous
phase. However, formulation parameters adopted influence this effect.

Microspheres that exhibited a porous morphology showed no significant change in EE
following a reduction in organic solvent volume from 5.0 ml to 2.0 ml. For
microspheres prepared adopted the following parameters, 250 mg PLGA and 6 %m/m
BSA loading (theoretical) with a 0.5 ml internal aqueous phase consisting of 5.0 % w/v
PVA (Figure 2.14 a and b) an EE of 32.89 (± 1.43) % was shown when employing 5.0
ml DCM and 39.06 (± 0.99) % with 2.0 ml DCM. ANOVA of variance shows the
change in EE is significant (p < 0.005). A slight increase in EE was shown when
theoretical BSA loading was reduced to 2.4 %m/m maintaining the same formulation
parameters (Table 2.8). An EE if 66.68 (± 3.85) % verses 68.34 (± 1.08) % was
obtained when reducing the theoretical loading. The change in EE was not statistically
significant following statistical analysis (ANOVA) (p < 0.005).

2.6.4.4

Effect of Solvent Volume on in-vitro Release From Microspheres

A reduction in organic solvent volume resulted in a reduced burst effect exhibited by
non-porous microsphere formulations. Figure 2.17a shows the release profile of a
preparation formulated with 100 mg PLGA and 3.86 (± 0.17) %m/m BSA when
employing a 1.5 ml internal aqueous phase containing 5.0 %m/v PVA. A burst effect of

122

60.81 (± 3.23) % w as seen after 2 hours w hen em ploying 5.0 ml DCM verses 30.60 (±
1.01) % w hen em ploying 2.0 ml D CM w ith a BSA loading o f 4.89 (± 0.16) % m /m .
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5 ml D C M
2 ml D CM
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(a) 1.5 m l internal aqueous phase
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(b) 2.0 m l internal aqueous phase

Figure 2.17: Effect of DCM volume on release profile for non porous
microsphere formulation employing a loading of 100 mg
PLGA and 5.0 %m/v PVA internal aqueous phase (a) 1.5 ml
internal aqueous phase, 3.86 %m/m BSA, (b) 2.0 ml internal
aqueous phase, 4.89 %m/m BSA (Data are mean, ± s.d., n=3)
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The reduction in burst effect may be due to the rate of polymer solidification being
increased, as the solvent would evaporate faster due to the low volume employed.
Therefore, the time available for the migration of the internal aqueous phase droplets
containing BSA into the external aqueous phase will be reduced and may result in a
reduction in burst effect, as there is less surface- bound BSA present. In addition a
reduced solvent volume will produce a highly viscous polymer solution, resulting in the
production of microspheres with a dense core, thus decreasing release (Cohen et. a/.,
1991). The internal morphology of the microspheres employed through this study was
not investigated. From Figure 2.17a, when employing an organic solvent volume of 2.0
ml a triphasic release profile is exhibited. Initially 30.69 (± 1.01) % of BSA was
released form the microsphere. Following this, further BSA release was shown with
16.95 (± 5.27) % released between 2 and 24 hours. A lag phase was exhibited between
day 1 to 24, following which the remaining BSA was released. Following initial
diffusion of BSA from the surface or surface associated BSA (burst effect, after 2
hours) subsequent diffusion occurs through the internal pores of the microspheres. The
rate o f BSA in this instance is controlled by BSA diffusivity (Cleland, 1998). In contrast
a continuous release profile was shown following initial release, when employing an
organic solvent volume of 5.0 ml for microspheres of the same formulations parameters
(Figure 2.17a). Following a 2- hour exposure to the release media 60.81 (± 3.23) % of
BSA was released. This may be due to BSA located at or near the microsphere surface.
Following the initial release there is a steady release rate up to day 21, regarded as the
lag phase. The cumulative percentage released between the aforementioned time points
was 35.47 (± 9.61) %. This release can be attributed to polymer hydrolysis resulting in
the formation of further pore channels allowing BSA to be released. Between day 21
and day 46 there is a significant increase in the percentage of BSA released, credited to
bulk polymer degradation due to erosion as expected due to the degradation time of
PLGA. The release profiles of formulations employing a DCM volume of 2.0 ml show
extended lag times (up to day 21) following the initial release, attributed to a burst effect
of surface bound BSA (Figure 2.17a). These observations are in line with the findings
of Cohen et. al., 1991 who attributed this due to the difficulty of release media to
penetrate the dense polymer matrix. Cohen et. a l, 1991 encapsulated FITC-BSA in
PLGA (75:25). A 50 pi d.d water internal aqueous phase was employed containing 10
mg of FITC-BSA. The polymer weight employed was 1 g with the solvent volume
range adopted as 0.7 to 2.0 ml. Not more than 90 % of the microspheres had diameters
in the range 55-95 pm and the loading was determined as 1 %m/m. The formation of a
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dense microsphere core when employing lower solvent volumes is also supported by the
findings of Soriano, et. a l, 1995 who also reported the production of non-porous BSA
loaded PLA microspheres with dense cores following a reduction in solvent volume.

Non-porous microspheres prepared employing 100 mg PLGA with a 2.0 ml internal
aqueous phase comprising of 5.0 %m/v PVA and 6 %m/m BSA theoretical loading also
exhibit triphasic release profiles (Figure 2.17b). A reduction in DCM volume resulted in
a reduction in the burst effect. The burst effect was reduced from 26.18 (± 3.19) % to
14.66 (± 0.75) % when reducing the DCM volume to 2.0 ml. The actual BSA loading of
microspheres when employing 5.0 ml DCM was 4.98 (± 0.08) %m/m compared to 2.22
(± 0.15) %m/m when employing 2.0 ml DCM. In addition to a decreased burst effect
following the reduction in solvent volume, the internal aqueous phase also appeared to
influence the release profile. Figure 2.17a employed an internal aqueous phase volume
of 1.5 ml and Figure 2.17b represents a volume of 2.0 ml. For formulations prepared
containing a solvent volume of 5.0 ml there is a reduction in burst effect from 60.81 (±
3.23) % to 26.18 (±3.19) % with a reduction in internal aqueous phase volume. When
employing 1.5 ml internal aqueous phase an EE of 60.75 (± 1.42) % was shown and a
BSA loading o f 1.87 (± 0.17) %m/m. In contrast at an increased internal aqueous phase
volume of 2.0 ml there is a reduction in EE and BSA loading. In this instance an EE of
38.38 (± 2.94) % was shown with a BSA loading of 2.22 (± 0.15) %m/m. A lower EE
and initial release was exhibited when employing an internal aqueous phase of 2.0 ml as
expected. Microsphere prepared with an internal aqueous phase of 1.5 ml exhibit a
smaller particle size compared to those employing 2.0 ml. As a result there will be
increased surface area available for diffusion of the release media. Deng et. a l, 1999
however, have shown a marked reduction in burst release with OVA encapsulated in
PLGA by a W/O/W solvent evaporation technique with a reduction in size.
Microspheres with a smaller diameter, 1.07 pm showed a 25 % burst release, compared
to 80 % burst release shown when particle diameter was increased to 1.20 pm. It is
suggested by Deng, et. al, 1999 that the change in release may be attributed to a change
in the internal structure of the microspheres following a change in internal aqueous
phase volume.

Formulations prepared with increased PLGA resulted in the production of porous
microspheres at reduced organic solvent volume (Figure 2.13, 3.14). The initial release
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of BSA from microspheres employing 5.0 ml of DCM was lower than 2.0 ml DCM and
can be attributed to the porosity when employing 2.0 ml DCM (Figure 2.18). Figure
2.18a represents release profiles of microspheres employing 250 mg PLGA and a
theoretical loading BSA of 2.4 %m/m. Figure 2.18b represents the release profiles of
microspheres employing 250 mg PLGA and 6 %m/m BSA (theoretical) loading. From
Figure 2.18b, a preparation employing 250 mg PLGA with a internal aqueous phase
comprising o f 1.67 (± 0.18) %m/m BSA in 0.5 ml 5.0 %m/v PVA resulted in a burst
effect of 52.28 (± 3.38) % when employing 5.0 ml DCM. An increased burst of 70.04 (±
9.55) % was shown for resultant porous microspheres with a DCM volume of 2.0 ml,
with a BSA loading of 2.87 (± 0.07) %m/m (Figure 2.18b). However, the porous
microspheres produced when employing 2.0 ml DCM contained a higher loading than
the non-porous microspheres produced with 5.0 ml DCM (Table 2.8). A high burst
effect is expected following the production of porous microspheres due to the dispersion
of internal aqueous droplets located at the air/extemal aqueous phase interface as the
polymer solidified and in addition, when more BSA is present. Similar effects were
shown for the same formulation, with a reduced theoretical BSA loading (2.4 %m/m)
(Figure 2.18a). A burst effect of 39.01 (± 4.01) % was exhibited when employing 5.0 ml
DCM. The microspheres produced exhibited a porous morphology with an EE of 32.89
(± 1.43) % and actual BSA loading of 2.00 (± 0.09) %m/m. At a reduced solvent
volume (2.0 ml) 79.07 (± 4.22) % of BSA was initially released after 2 hours from
microspheres exhibiting a porous morphology (Figure 2.18a). An EE and actual loading
of 39.06 (± 0.99) % and 2.46 (± 0.06) %m/m was exhibited when employing 2 ml
DCM.
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Figure 2.18: Effect of DCM volume on release characteristics for
formulations employing 250 mg PLGA and 5.0 %m/v PVA,
0.5 ml internal aqueous phase, (a) 2.4 %m/m BSA and (b) 6.0
% m/m BSA (theoretical) (Data are mean, ± s.d., n=3)
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2.6.5

CONCLUSIONS

The Following conclusions can be derived from the effect of solvent volume on
microsphere characteristics

1. When employing a high polymer concentration (12.5 %m/m) the surface
morphology of the resultant microspheres is influenced by solvent volume. At a
reduced organic solvent volume (2.0 ml) porous microspheres are produced. At
low polymer concentrations (2.0 %m/m and 5.0 %m/m) there is no change in
surface morphology. This can be mainly attributed to the increase in viscosity of
the solvent phase influencing the morphology. Low organic solvent volumes
(2.0 ml) allow the rapid solidification of the polymer prior to internal aqueous
phase droplets reaching the oil/external aqueous phase interface.

2. There is a slight reduction in particle size, 6.53 (± 2.26) to 6.41 (± 2.32) pm at
reduced organic solvent volumes (2.0 ml) if the morphology o f the microspheres
is not altered. This effect is not statistically significant (p < 0.05).

3. An increased EE and reduction in initial burst of the release profile is shown
with a reduction in DCM from 5.0 ml to 2.0 ml. For example, there is an
increase in EE, 38.34 (± 2.94) % to 86.47 (± 1.37) % and reduced burst effect,
26.18 (± 3.19) % to 14.66 (± 0.75) %with respect to release when the organic
solvent volume is reduced.
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2.7

EFFECT OF POLYMER CONCENTRATION AND THEORETICAL
BSA LOADING ON THE FORMULATON OF MICROSPHERES

2.7.1

INTRODUCTION

The PLGA concentration in the organic solvent phase governs the size and size
distribution of the inner aqueous phase droplets in the resultant microspheres in addition
to the polymer phase morphology (Crotts and Park, 1998).

The previous study investigating the effect of solvent volume highlighted this effect
showing that microspheres’ morphology was influenced as well as showing an increase
in both EE and actual BSA loading. Generally the viscosity of the polymer phase will
increase following the inclusion of increasing PLGA mass in a fixed amount of DCM,
providing low molecular weight polymers are not employed. An increase in the
viscosity o f the polymer phase will results in increased encapsulation of BSA as the
rapid rate of solidification will prevent the BSA from migrating to the bulk external
aqueous phase. This phenomenon has been well documented by Ghaderi, et. al., 1996
and Cleland, et. a l, 1997.

Also included in the study is an assessment of the effect of BSA theoretical loading on
microsphere characteristics. Sandor, et. al., 2001; Boury, et. al, 1997 and McGee, et.
al, 1997 reported increased encapsulation following increased theoretical loading.
However, this was disputed by Rafati, et. a l, 1997 who also commented on a higher
degree of surface bound BSA at higher theoretical loadings. Variations in reported data
suggests that there may be a saturation point of BSA that can be encapsulated within a
microsphere of a given size. Therefore, this effect was investigated in order to
determine if high encapsulation efficiencies and higher actual loadings were achieved
and the effect on initial release from microspheres.
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2.7.2

MATERIALS AND METHODS

Microspheres were prepared in duplicate in accordance with the methods described in
section 2.3, using materials highlighted.
Throughout this study the external aqueous phase was maintained at 75 ml of 1.5 %m/v
PVA.

The following formulation variables were adopted to produce PLGA concentration of
2.0 %m/v and 5.0 %m/v. 100 mg and 250 mg PLGA in 5.0 ml DCM was used to
prepare the organic solvent phase with 5.0 %m/v PVA internal aqueous phase with
volume varying from 0.5 ml to 2.0 ml. The effect of BSA loading was investigated
employing 6 mg orl5 mg of (nominal) BSA (Table 2.9).

The influence of higher PLGA content was investigated in the same manner, employing
2.0 ml DCM. 100 mg or 250 mg PLGA was employed to produce a 5.0 %m/v or 12.5
%m/v PLGA concentration. The effect of the internal aqueous phase volume and PVA
concentration was also investigated, using volumes of 0.5 ml to 2.0 ml. The
concentration o f PVA in the internal aqueous phase employed was 5.0 %m/v
respectively.

In order to assess actual BSA loading and loading efficiency preparations were prepared
with the inclusion of 6 mg or 15 mg of BSA in the internal aqueous phase, as with
previous formulations. Table 2.10 describes the formulation parameters adopted and
shows the mean VMD, EE and actual loading of n=3, ± s.d., samples.

All microsphere preparations were prepared in duplicate, with the EE, VMD, release
and actual loading determined from n= 3 ± s.d., samples.
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2.7.3

RESULTS

The following formulations were adopted in order to assess the effect of PLGA and
actual BSA loading on particle size, entrapment efficiency and release characteristics
(Table 2.9).

PLGA

(mg)

PLGA
(%m/v)

BSA
(mg)

VMD (pm)
(±s.d.)

Encapsulation
Efficiency
(%) (± s.d.)

5.39 (±0.10)

88.17 (±3.88)

Actual BSA
loading
(%m/m) (±
s.d.)
5.55 (±0.16)

100

2.00

6.0

Internal
Aqueous
Phase
(ml)
0.5

250

5.00

6.0

0.5

32.84 (±0.98)

66 68 (±3.88)

1.67 (±0.16)

100

2.00

6.0

1.5

10.49 (±2.54)

10.57 (±1.09)

0.59 (±0.08)

250

5.00

6.0

1.5

44.32 (±2.72)

89.39 (±2.64)

2.20 (±0.12)

100

2.00

6.0

2.0

11.85 (±0.71)

6.59 (±3.00)

0.30 (±0.14)

250

5.00

6.0

2.0

18.24 (±1.21)

68.27 (±1.25)

2.63 (±0.10)

100

2.00

15.0

0.5

2.90 (±0.12)

31.14 (±3.52)

4.65 (±0.15)

250

5.00

6.0

0.5

12.42 (±2.94)

32.89 (±1.67)

2.00 (±0.09)

100

2.00

15.0

1.5

3.90 (±0.84)

22.82 (±2.19)

3.48 (±0.10)

250

5.00

6.0

1.5

14.87 (±0.64)

28.46 (±1.35)

1.77 (±0.08)

100

2.00

15.0

2.0

5.87 (±2.66)

5.50 (±6.39)

0.64 (±0.22)

250

5.00

6.0

2.0

11.24 (±1.47)

72.53 (±5.35)

4.78 (±0.20)

Table 2.9:

PLGA
(mg)

100
250
100
250
100
250
100
250
100
250
100
250

Porosity

No
No
No
No
No
No
No
No
No
No
No
No

Effect of BSA and PLGA loading on formulations employing 5.0 ml
DCM and an internal aqueous phase containing 5.0 %m/v PVA.
Data are mean ± s.d., n=3

PLGA

BSA
(mg)

Internal
Aqueous
Phase
(ml)

VMD (pm) (±
s.d.)

Encapsulatio
n Efficiency
(%) (±s.d.)

Actual BSA
loading
(%m/m)
(±s.d.)

Porosity

(%m/v)

5.00
12.50
5.00
12.50
5.00
12.50
5.00
12.50
5.00
12.50
5.00
12.50

6.0
6.0
6.0
6.0
6.0
6.0
15.0
15.0
15.0
15.0
15.0
15.0

0.5
0.5
1.5
1.5
2.0
2.0
0.5
0.5
1.5
1.5
2.0
2.0

22.42(±0.72)
63.00(±10.36)
8.18(±1.36)
15.27(±2.49)
28.85(±3.77)
38.20(±2.01)
21.59 (±1.51)
23.30 (±0.55)
20.36 (±0.56)
53.73 (±13.40)
38.78 (±2.09)
31.16 (±9.59)

68.34(±1.31)
17.26(±0.99)
28.98(±1.03)
66.64(±2.01)
24.64(±0.78)
17.75(±1.61)
5.77 (±3.27)
89.06 (±4.79)
5.47 (±2.39)
86.33 (±2.18)
31.55 (±1.28)
74.35 (±5.46)

3.87 (±0.07)
0.47 (±0.03)
1.94 (±0.06)
1.76 (±0.10)
1.48 (±0.02)
0.49 (±0.09)
0.82 (±0.12)
5.12 (±0.15)
0.83 (±0.09)
5.02 (±0.11)
4.93 (±0.08)
4.40 (±0.25)

No
Yes
No
Yes
No
No
Yes
Yes
No
No
No
No

Table 2.10:

Effect of nominal BSA and PLGA concentrations on formulations
employing 2.0 ml DCM and an internal aqueous phase prepared
with 5.0 %m/v PVA. Data are mean ± s.d., n=3
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2.7.4

DISCUSSION OF RESULTS

2.7.4.1

Effect of PLGA and BSA Concentration on M icrosphere Morphology

Generally there is no effect of microsphere morphology when employing an organic
solvent volume o f 5.0 ml (Table 2.9), with respect to PLGA or nominal BSA loading
(Figure 2.19a-d). This can be attributed to the lower viscosity o f the oil phase, when
microsphere were prepared with 5.0 ml DCM. However, when reducing the organic
solvent volume microsphere morphology was influenced by the mass of PLGA
employed. The inclusion of 250 mg PLGA generally resulted in the production of
porous microspheres (Table 2.10, and Figure 2.19e-f). This effect was dependant on the
internal aqueous phase employed. Low internal aqueous phase volumes, 0.5 and 1.5 ml
resulted in the production of porous microspheres when employing 250 mg PLGA. At
an increased internal aqueous phase volume of 2.0 ml, the resultant microspheres were
non-porous. Following a reduction in the DCM volume, non-porous microspheres were
produced when employing 5.0 %m/v PLGA (Figure 2.19e). However, an increase in
PLGA concentration generally resulted in the production of porous microspheres, when
low internal aqueous phase volumes were employed (Figure 2.19f).
Microsphere porosity achieved following the inclusion of 250 mg PLGA in 2.0 ml of
DCM is suggestive of a solvent volume effect rather than the mass of PLGA employed.
A high polymer phase viscosity may produce an unstable primary emulsion. Internal
aqueous phase droplets may not be homogenised effectively due to the highly viscous
nature of the polymer phase, thus resulting in larger droplets produced. The presence of
the aforementioned large droplets on the surface of the microsphere as the polymer
solidifies results in the production of porous microspheres. This method will produce
large pores due to the size of the internal aqueous phase droplets present on the surface
and interior of the microspheres. As a result a rapid rate of release from the
microspheres would be expected due to the formation of interconnecting channels
within the microsphere, and the large surface area exposed to the release media (Figure
2.11b). In addition a large particle size would be expected due to the size of the primary
W /0 droplets. A highly viscous polymer phase will be difficult to break down too much
smaller droplets when homogenized in the external aqueous phase media. Therefore,
large microspheres would be expected.
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(a) 2.0 %m/v PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 15
mg BSA and 5.0 %m/v PVA in 1.5 ml.

(b) 5.0 %m/v PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 15
mg BSA and 5.0 %m/v PVA in 1.5 ml.

i-v

(c) 100 mg PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA and 5.0 %m/v PVA in 1.5 ml.

(d) 250 mg PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA and 5.0 %m/v PVA in 1.5 ml.

(e) 100 mg PLGA in 2.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA and 5.0 %m/v PVA in 1.5 ml.

(f) 250 mg PLGA in 2.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA and 5.0 %m/v PVA in 1.5 ml.

Figure 2.19: Effect of PLGA concentration on microsphere morphology
(a-d) 5.0 ml DCM (e-f) 2.0 ml DCM
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There was no effect on microsphere morphology following increased nominal BSA
loading (Figure 2.20). Porosity was maintained when employing low DCM volumes
(Figure 3.20c-d) and non-porous microspheres were produced when employing a 5.0 ml
DCM volume (Figure 3.20a-b).

(a) 2.0 %m/m PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA, % %m/v PVA in 0.5 ml.

(b) 2.0 %m/m PLGA in 5.0 ml DCM.
Internal aqueous phase composed of 15
mg BSA, % %m/v PVA in 0.5 ml.

(c) 5.0 %m/m PLGA in 2.0 ml DCM.
Internal aqueous phase composed of 6
mg BSA, % %m/v PVA in 0.5 ml.

(d) 5.0 %m/m PLGA in 2.0 ml DCM.
Internal aqueous phase composed of 15
mg BSA, % %m/v PVA in 0.5 ml.

Figure 2.20: Effect of nominal BSA loading on microspheres morphology
(a-b) 5.0 ml DCM (c-d) 2.0ml DCM
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2.7.5

Effect of PLGA Concentration and Nominal BSA Loading on Particle
Size

With an increase in PLGA concentration there is an increase in the particle size, Table
2.9-2.10. This effect is independent of microsphere morphology, theoretical BSA
loading and internal aqueous phase characteristics. With a DCM volume of 5.0 ml and
an internal aqueous phase comprising of 6 mg BSA in 1.5 ml of 5.0 %m/v PVA, particle
size increased from 10.49 (± 2.54) pm to 44.32 (± 2.72) pm with increased PLGA
concentration. An increase in particle size with increased PLGA concentration was also
shown for formulations employing a reduced solvent volume of 2.0 ml (Table 2.9). For
a comparable formulation at a reduced DCM the mean VMD was increased from 8.18
(± 1.36) to 15.27 (± 2.49) following an increase in PLGA concentration (Table 2.10).
This effect can be attributed to the increase in solvent phase viscosity with increased
PLGA concentration (Choi, et. al, 2002, Ghaderi, et. a/., 1996 and Li, et. al, 1999).
At increased theoretical BSA loading there was a reduction in the particle size when
employing 5.0 ml DCM. This effect was independent of internal aqueous phase volume
and PLGA loading as Table 2.11 illustrates. Theoretically 6 mg or 15 mg BSA was
included in the formulations, i.e. a 2.5 fold increase in loading when employing 15 mg
BSA. However, the actual BSA loading values show there was a not a 2.5 fold increase
in loading following the inclusion of 15 mg BSA compared to 6 mg BSA (Table 2.11).

BSA
(mg)

PLGA
(%m/v)

6
15
6
15
6
15
6
15

2.00
2.00
2.00
2.00
5.00
5.00
5.00
5.00

Table 2.11:

Internal
Aqueous
Phase
(ml)
0.5
0.5
2.0
2.0
0.5
0.5
2.0
2.0

PVA
(%m/v)

Actual BSA
Loading (% m/m)
(± s.d.)

VMD (pm) (±
s.d.)

5
5.0
5.0
5.0
5.0
5.0
5.0
5.0

5.55 (±0.16)
4.65 (±0.15)
0.30 (±0.14)
0.64 (±0.22)
1.67 (±0.16)
2.00 (±0.09)
2.63 (±0.10)
4.78 (±0.20)

5.39 (±0.10)
2.90 (±0.12)
11.85 (±0.71)
5.87 (±2.66)
32.84 (±0.98)
12.42 (±2.94)
18.24 (±1.21)
11.24 (±1.47)

Effect of BSA loading on particle size for formulations employing 5.0
ml DCM (n=2 microsphere formulations)
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At a reduced DCM volume (2.0 ml) there appears to be no direct trend with respect to
particle size and theoretical BSA loading. The effect of BSA loading on particle size
appeared to be influenced by internal aqueous phase volume. At low internal aqueous
phase volumes (0.5 ml) there was a reduction in particle size with increasing BSA
loading. However, the reverse was true following the inclusion of 1.5 and 2.0 ml
internal aqueous phase volumes. The results suggest the viscosity and volume of the
internal aqueous phase influences the particle size of the respective microspheres. When
employing an internal aqueous phase of 0.5 ml the viscosity of the phase will be
increased following an increase in BSA mass. This increase in viscosity may influence
the size of the resultant droplets produced. Alternatively the increase in BSA may
stabilise the primary emulsion as BSA acts as an emulsifier. As a result it may prevent
the coalescence of internal aqueous phase droplets, therefore producing microspheres
with a small diameter.

2.7.5.1

Effect of PLGA Concentration and BSA (Nominal) Loading on
Encapsulation Efficiency

An increase in EE is exhibited with an increase in PLGA concentration as expected.
This effect is independent of DCM volume and internal aqueous phase characteristics.
Preparations employing 5.0 ml DCM and internal aqueous phase of 5.0 %m/v PVA (1.5
ml) as shown by Table 2.9, an increased EE from 10.57 (± 1.09) % to 89.39 (± 2.64) %
with increased PLGA concentration is exhibited. In addition the loading of the
microspheres also significantly increases. An actual loading of 0.59 (± 0.08) %m/m was
obtained when employing 2.0 %m/v PLGA verses 2.20 (± 0.11) %m/v when employing
a PLGA concentration of 5.0 %m/v (Table 2.9). The same effect was shown when
employing 2.0 ml DCM for preparation with a 1.5 ml internal aqueous phase volume
comprising of 5.0 %m/v PVA and 6 mg BSA. When including 100 mg PLGA an EE of
28.98 (± 1.03) % is exhibited, and was increased to 66.64 (± 2.01) %. An increase in
encapsulation was exhibited regardless of the change in microsphere morphology.
When employing 100 mg PLGA the resultant microspheres were non-porous compared
to preparation o f porous microspheres when employing 250 mg PLGA. The increase in
EE can again be attributed to the increase in viscosity of the oil phase preventing the
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BSA from partitioning out, (Ghaderi, et. al., 1996, Cleland, et. al, 1997 and Schlicher
et. a l, 1997).

At high DCM volume (5.0ml) there was a reduction in EE and actual loading with
increased BSA loading. The same was found when employing 100 mg in 2.0 ml DCM,
a polymer phase of 5.0 %m/v PLGA. The reduction in EE following increase in
theoretical loading is in agreement with the findings of Berkland, et. al, 2002, who
reported a reduction in EE from 63 % to 50 % when increasing rhodamine loading from
1 % to 5 % for 20 pm PLGA microspheres. As PLGA concentration was increased to
12.5 %m/v an increase in EE was exhibited with increased BSA loading. This was
independent of internal aqueous phase volume. For example, 12.5 %m/v PLGA with a
0.5 ml internal aqueous phase an EE of 17.26 (± 0.99) % was exhibited when employing
6 mg BSA. This was increased to 89.06 (± 4.79) % at increased nominal BSA loading.
At an increased volume of 1.5 ml an EE of 66.64 (± 2.01) % verses 86.33 (± 2.18) %
was shown following an increase in nominal BSA loading. The results suggest the ratio
of organic solvent phase to internal aqueous phase play an important role with respect to
BSA EE.

2.7,5,2

Effect of PLGA Concentration and BSA Theoretical Loading on in-vitro
Release Characteristics

At increased PLGA concentrations a reduction in the initial burst effect was exhibited
by formulations (Figure 2.21). This effect was independent of solvent volume employed
and internal aqueous phase volume and emulsifier concentration. Figure 2.21 illustrates
the reduction in burst effect following an increase in PLGA concentration. For
formulations employing a 1.5 ml internal aqueous phase comprising of 5.0 %m/v PVA
and 15 mg BSA the following burst effects were exhibited; 55.79 (± 3.87) % when
employing 100 mg PLGA and 28.91 (± 2.75) % with the inclusion of 250 mg PLGA.
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Figure 2.21: Effect of PLGA concentration and BSA loading on
formulations employing 5.0 ml DCM and a 1.5 ml internal
aqueous phase (5.0 %m/v PVA) (Data are mean, ± s.d., n=3)

The same effect is shown when adopting 2.0 ml DCM. It is proposed that the high burst
effect exhibited may be due to the reduction in particle size for formulations employing
low PLGA concentrations (Ghaderi, et. a i, 1996 and Deng, et. al., 1999). The VMD of
microspheres prepared with 100 mg PLGA is 3.90 (± 0.84) verses 14.87 (± 0.64) when
employing 250 mg PLGA, for formulations prepared with 5.0 ml DCM. A reduction in
actual BSA loading is also shown when the mass of PLGA is increased. Microspheres
prepared with 100 mg PLGA exhibited a loading of 3.48 (± 0.10)%m/m verses 1.77 (±
0.08) %m/m when employing 250 mg with a nominal BSA loading of 15 mg. However,
Yang, et. al., 2001 suggests this effect can be due to the inner matrix produced with
high PLGA loadings and not particle size reduction increasing release. It is suggested
by aforementioned authors, due to the dense matrix produced as a result of high oil
phase viscosity the release will be hindered. The present results are in the line with the
findings of Yang et. al, 2001. The amount of BSA released is markedly different
between day 14 and day 21. When employing 100 mg PLGA a more continuous release
of BSA is exhibited following burst effect. When employing 250 mg PLGA rapid
release of BSA is exhibited. This may suggest a change in the internal morphology of
the microspheres following the inclusion of 250 mg PLGA. The steady release between
day 0.08 and 14 for formulations employing 250 mg PLGA may be due a denser
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microsphere matrix core, so the release media will not be able to easily penetrate the
core resulting in a lag period after initial burst. Once this period is exceeded at day 14 a
further burst is observed which may be indicative of the polymer degrading hence
allowing the release media to enter more freely. This may be due the formation of
interconnecting pores with tortuous channels enabling the dissolution media to enter the
matrix and releasing BSA into the media. Sato, et. ai, 1988 also found an increased
burst effect when employing low polymer concentrations (2.5 %m/v PGA) for porous
microspheres.
Figure 2.21 also shows the effect of BSA nominal loading on release profiles. The
theoretical loading does not influence the release profile of the respective microspheres.
This is also illustrated in Figure 2.22 when employing a reduced solvent volume of 2 ml
for 5.0 %m/v PLGA microsphere preparations. Celebi, et. al, 1996 also found no
change in release profiles following the manipulation of salbutamol loading in PLGA
microspheres.
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Figure 2.22: Effect of BSA loading on formulations employing 5.0 %m/v
PLGA in 2.0 ml DCM and a 0.5 ml internal aqueous phase
(5.0 %m/v PVA) (Data are mean, ± s.d., n=3)
There is very little change in release profile following increased theoretical loading
(Figure 2.22). The microspheres illustrated in Figure 2.22 have comparable sizes; a
VMD of 22.42 (± 0.72) pm was obtained when employing a theoretical loading of 6 mg
BSA verses 21.59 (± 1.51) pm with a theoretical loading of 15 mg. Iwata and McGinity,
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1993 reported increased burst with a corresponding increase in loading. However, the
above data does not support this. Iwata and McGinity, 1993 suggest although higher
encapsulation efficiencies may be achieved when employing high BSA loadings the
degree of surface bound drug is increased. This is also supported by Sandor, et. al,
2001, who prepared BSA loaded PLGA microspheres. From Figures 3.21 and 3.22 the
effect of theoretical loading on release appears to be influenced by the formulation
prepared.

2.7.6

CONCLSUIONS

The following conclusions can be drawn for formulations when increasing PLGA
concentration:

1. There is an increase in particle size, 8.18 (± 1.36) to 15.27 (± 2.49) pm and EE,
28.98 (± 1.03) to 66.64 (± 2.01) % at increased PLGA concentrations (5.0 to
12.5 %m/m).
2. A reduction in initial release (burst) from 55.76 (± 3.88) to 28.91 (± 2.75) % is
shown when increasing PLGA from 5.0 to 12.5 %m/m.
3. When employing lower organic solvent volumes (2.0 ml) and high polymer
concentrations (12.5 %m/m) porous microspheres are produced.

The effect of BSA (nominal) loading can also be concluded as follows:

1. There is no change in microsphere surface morphology with increasing nominal
BSA loading up to 15 mg.
2. There is a general reduction in particle size, from 18.24 (± 1.21) to 11.24 (±
1.47) pm with increasing theoretical BSA loading (6 to 15 mg).
3. Initial burst release is increased from 20.36 (± 6.25) to 28.91 (± 2.75) % as
nominal BSA loading is increased.
4. The effect of theoretical BSA loading with respect to EE is dependant on the
formulation adopted.
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3.0

PREPARATION AND OPTIMISATION OF POROUS
MICROSPHERE SUSPENSION FORMULATIONS IN HFA
PROPELLANT EMPLOYING VARIOUS SUSPENSION
STABILISERS

3.1

INTRODUCTION

The respiratory route has been used predominantly for the treatment of locally acting
drugs specifically for the treatment of asthma and COPD (chronic obstructive
pulmonary disease). Drugs employed are typically micronised to achieve the suitable
size range for respiratory delivery, (2-5 pm) and formulated as a DPI, pMDI or prepared
as a nebuliser solution. However, recently there has been renewed interest in respiratory
drug delivery for the delivery of both locally and systemically acting drugs employing
porous particles.
Large porous microspheres are thought to be particularly suited to respiratory drug
delivery due to their low mass density relative to their size. They can potentially target
lower regions of the lung. Increased particle size results in a decreased tendency to
aggregate hence, in combination with mass density, this leads to a more efficient
aerosolisation in a given air field. In addition large porous particles deposited in the
pulmonary region may escape clearance by alveolar macrophages due to their size,
therefore permit drug release for longer periods of time and more efficiently (Edwards,
et. al, 1998). The aforementioned advantages illustrate the suitability of porous
particles and have been shown by various studies, employing porous particles
manufactured with different constituents and by different methods. Vanbever, et. al,
1999, has shown that an insulin suspension for injection reformulated as a DPI
produced sustained insulin plasma levels in a similar way as the subcutaneous injection.
In this instance porous particles were prepared from lactose, albumin, and
dipalmitoylphosphatidylcholine (DDPC) adopting a spray drying method. Edwards, et.
al, 1997 have shown long term release and increased systemic bioavailability with
porous PLGA microspheres > 5 p,m compared to non-porous microspheres
encapsulating both insulin and testosterone. The work performed by Edwards, et. al,
1997, adopted a double emulsion solvent evaporation technique for the preparation of
porous microspheres. Ben-Jebria, et. a l, 2000 have also shown improved bioavailability
of porous PLGA microspheres verses non-porous particles following pulmonary aerosol
delivery in rodents. In this instance the drug employed was a locally acting
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bronchodilator. For the aforementioned studies the delivery device employed was a
DPI.
The use of porous particles has also been investigated in a pMDI delivery device. Hirst,
et. al, 2002 have shown PulmoSpheres ™ can be delivered more efficiently to the lungs
than conventional micronised drug based suspension formulations. Research has also
been performed on non-porous polyester microspheres and show pMDI suspensions can
be successfully prepared with the inclusion of suspension stabilisers, (Kulkami, et. al,
1991 and Gupta et. al, 1990).
Extensive research has illustrated the potential for the delivery of porous microspheres
via the respiratory route for the both locally and systemically acting drugs. Therefore,
this study focused on the ability to prepare pMDI suspensions containing porous PLGA
microspheres in a propellant system. The ability to prepare suspensions that are
physically stable was investigated employing porous PLGA microspheres 20-30 pm in
size.

In order to prepare suspensions based pMDIs, suspension stabilisers are typically
required for stabilisation. Surfactants previously employed were those possessing a low
hydrophilic-lipophilic balance (HLB), such as oleic acid, Sorbitan trioleate (Span 85)
and lecithin. However, due to the polar nature of HFA propellants the aforementioned
surfactants are no longer soluble without the inclusion of a co-solvent. A reduction in
both vapour pressure and density will be exhibited following the inclusion of ethanol in
the propellant system (Williams and Liu, 1998

As the vapour pressure provides the

driving force to expel the active droplets from the pMDI suspension a reduction in
vapour pressure may influence the emitted aerosol. Primary droplets produced
following emission of the pMDI will be larger and evaporating at a slower rate,
compared to a high vapour pressure formulation (Hamor, et. al, 1993). In addition the
density of the propellant phase will be reduced thus causing suspended drugs to have a
greater tendency to sediment in accordance with Stokes Law. Therefore alternative
surfactants with a high HLB value were employed for stabilisation of pMDI
suspensions. Extensive research has been conducted in this area and highlights
Polyoxyethylene (20) sorbitan monooleate (Tween 20), Polyoxyethylene (20) sorbitan
monolaurate (Tween 80), and polyethylene glycol 300 (PEG 300) as suitable surfactants
(Byron and Blondino, 1996^’® and Blonindo and Byron, 1998). Other potential agents
include oligolatic acids (Stefely, et. al, 2000) and Polyvinlypyrrolidone (PVP),
(Wright, 2000).
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In addition to formulation of porous microsphere suspensions with the inclusion of
surfactants an alternative formulation approach was adopted. This utilises the
manipulation of propellant density following the inclusion of ethanol in the propellant
phase. In accordance with Stokes Law, if the density of the drug and propellant are
equal stability with respect to creaming/sedimentation will be achieved. As a result
ethanol was employed over various concentrations to match the density of the
propellant to that of the porous microspheres. Although the inclusion of ethanol will
result in a reduction in vapour pressure, in addition to a reduction in density it should
not be significant due to the higher vapour pressures exhibited by HFA propellants in
contrast to CPC blends. The vapour pressure of HFA 134a and HFA 227 is 5.72 and
3.90 bar absolute at 20 °C respectively. In contrast the vapour pressure of a CFC 11/12
mix (70:30) the vapour pressure is 4.25 bar absolute at 20 °C. The co-solvent effect of
ethanol increasing the solubility of substance should not pose a problem for porous
microspheres, therefore enabling suspensions to be prepared.
Suspension stability is a prerequisite to ensure dose uniformity of the active is
maintained. Therefore prior to aerosolisation studies, the physical stability of the
suspensions must be assessed. Visual assessment is typically employed to assess
suspension quality (Weers, et. al, 2001) and (Govind and Lambert, 1998). A qualitative
method of assessment is described that enables comparison between suspension
formulations. Typical measurements recorded during visual assessment include the time
the suspension sediments or creams and observations of the layer itself. This method
however is not quantifiable; therefore in addition optical suspension characterisation
(OSCAR) was also employed. This is a quantifiable method of assessment measuring
the creaming or sedimentation rates of suspensions over a 2-minute analysis period.
OSCAR system can differentiate between suspensions of varying stability and can
therefore be used as an alternative to screening studies (Govind, et. al, 2000).
Following the assessment of pMDI suspensions with respect to physical stability
aerosolisation studies can be performed with suspensions that exhibited suitable
stability (Chapter 4).

The study can be divided into two areas: (1) the effect of suspension stabiliser type and
concentration on suspension stability of formulations employing HFA 134a or HFA 227
and (2) the effect of ethanol concentration on the stabilisation of suspensions, prepared
in HFA 227.
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3.2

SUMMARY OF POROUS MICROSPHERES EMPLOYED IN THE
PREPARATION OF pMDI SUSPENSIONS

Porous PLGA microspheres were prepared by a standard double emulsion solvent
evaporation technique, as detailed in Chapter 1.13.1.2, using the formulation outlined
below:

250 mg PLGA was dissolved in 2 ml DCM to form the oil phase. The oil phase was
prepared in 10 ml glass sample tubes 2.4 cm in diameter. The oil phase was added to an
internal aqueous phase comprising of 6 mg BSA in 0.5 ml of 2.5 %m/v PVA (10 ml
glass sample tube, 1.8 cm diameter). The primary emulsion was homogenised for 4minutes at 10,000 RPM using a Silverson homogeniser (Silverson, UK). Following
which the primary emulsion was added drop-wise to a bulk external aqueous phase
comprising of 75 ml 1.5 %m/v PVA (400 ml glass beaker, 80 x 110 mm). This
emulsion was homogenised (Silverson, UK) for a further 6-minutes at 10,000 RPM to
produce a W/O/W emulsion. The resultant W/O/W emulsion was placed on a magnetic
stirrer plate for 3-hours to allow the DCM to evaporate. The microspheres were washed
by centrifugation in d.d water at 16,000 RPM for 40-minutes (Beckman J20, BeckmanCoulter Inc, UK). A total of three washes were performed following which the
microspheres were freeze-dried for 48 hours in 10 ml freeze drying vials. A VitTis,
Advantage freeze drier was employed with a freezing protocol as detailed. The samples
were initially frozen, following which they were placed in the freeze drier with - 15 °C
shelf temperature. The shelf temperature was reduced to - 40 °C for 48 hours.
Following drying the shelf temperature was elevated to 15 °C, and the samples were
removed.

Following the preparation of microspheres they were subject to assessment techniques
identified in Chapter 2.3. Microsphere particle size, morphology, encapsulation
efficiency, actual loading and release characteristics was determined. Figure 3.0 shows
the surface morphology of the porous microspheres produced adopting the above
formulation with a particle size of 20.84 (± 9.00) pm as determined by laser light
diffraction (Malvern Mastersizer X). The encapsulation efficiency was determined for
each batch subject to pMDI suspension studies and shows an average encapsulation
efficiency of 42.07 (± 8.89) % following n=3 samples.
144

1.87KX

levH-

Figure 3.0

25KV

99999 ^ 9 9 9 9 9

WO

Surface morphology of porous microspheres employed in pMDI
suspension studies

Release profiles of porous microspheres were also determined. Figure 3.1 illustrates a
representative release profile of a porous microspheres adopting the aforementioned
formulation. An initial release of 39.12 (± 1.09) % BSA was exhibited after 2 hours.
After the initial burst of BSA from the microspheres, the release of BSA was steady
over a one-month analysis period. Between day 1 and day 46 the release profile exhibits
first order release. This was expected since the porous channels present the BSA to the
release media allowing constant release of BSA (Figure 3.1).
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Figure 3.1 :

Release Profile of Porous Microsphere Employed in PMDI
Suspension Studies
145

The distribution of BSA within the porous microsphere was determined using confocal
laser scanning microscopy (CLSM) (BioRad MRC 600, BioRad, UK). CLSM
comprises of a standard fluorescence microscope, with a scanning laser source and
electronic detector fitted. Both the laser the excitation beam and emitted light travel
through the objective. The confocal aperture separates the plane of light of interest and
rejects all other emissions and builds up an image from a narrow focal plane. An
average of the individual scans are used to produce a mean image. In this instance
Fluroscein-isothiocyanate (FITC)

labelled BSA was

incorporated

into porous

microspheres of the same composition to illustrate the porous structure of the
microspheres and the distribution of the active substance. A representative microsphere
sample was fixed to a microscope slide.
Figure 3.2 shows the porous nature and the distribution of FITC-BSA.

Figure 3.2:

Confocal Image of porous microspheres showing the distribution of
FITC-BSA and pores throughout the microsphere (a) 100 %
confocal image illustrating presence of FITC-BSA (b) 100 % light
microscopy image illustrating the porous nature of the microspheres
as the light passes through the pores and (c) 50 % light/confocal
image illustrating the presence of both pores and FITC-BSA.
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Figure 3.2a represents a 100 % confocal microscopy image illustrating the distribution
of FITC-BSA within the porous microsphere. Figure 3.2b shows a 100 % light image.
The porous nature of the microspheres is shown as the light penetrates through the
pores. The porous nature and the distribution of FITC-BSA are shown by Figure 3.2c,
which is a 50/50 light and confocal image.

In addition the density of the porous microspheres was determined using a helium
pycnometer, as described in Chapter 3.2.2. The density of 3 representative samples was
found to be 1.384 (± 0.105) g/cm^ at 20 °C.

Table 3.0 summarises the key porous microsphere characteristics employed in the study.

VMD (jim)
(± s.d. n = 3)

20.84 (± 9.00)

Table 3.0:

Encapsulation
Efficiency
(%)(± s.d.
n=3)
42.07 (± 8.89)

Density (g/cm )
(± s.d. n =3)

Surface
Morphology

Internal
Morphology

1.384 (± 0.105)

Porous

porous

Summary of porous microsphere properties employed in pMDI
suspension formulation

The size distribution of porous microspheres is also described in Table 3.1.

VMD (pm) (± s.d
n=3)
20.84 (± 9.00)

Table 3.1:

VMD < 90 %
(pm) (± s.d n=3)
45.49 (± 5.66)

VMD < 50 %
(pm) (± s.d n=3)
21.03 (±1.11)

VMD < 10 %
(pm) (± s.d n=3)
2.93 (±0.33)

Size distribution of porous microspheres employed in pMDI
suspension formulation
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3.3

METHODS

ADOPTED

FOR THE

CHARACTERISATION

OF

POROUS M ICROSPHERES

3.3.1

Confocal Microscopy of Porous Microspheres

CLSM slides were prepared as for standard microscope slides.
A representative sample of porous microspheres was mounted on a standard microscope
slide and was fixed using standard fixing agent. A slide was covered with a cover slip as
the slide was mounted inverted on the confocal microscope.

3.3.2

Density of Porous Microspheres

The density of solids corresponds to their average mass per unit volume and is
expressed as grams per cubic centimetre (g/cm^). The density of solids depends on the
molecular assembly and therefore varies with the degree of crystallinity and crystal
structure. There are three definitions of solid density, which will give different values
according to the method employed:

1. Crystal density also known as the true density. This only includes the solid
fraction of the material.
2. Particle density, which also includes the volume due to intraparticle pores.
3. Bulk density, which further includes the interparticulate void formed in the
powder bed. (BP, 2000)

Due to the porous nature of the microspheres the particle density was determined. This
takes into account both the crystal density and the intraparticle porosity (sealed and/or
open pores). The density of the porous microspheres was determined adopting the
pycnometric density method of analysis. A gas displacement pycnometer is employed.
The pycnometer measures the volume occupied by a known mass of solid that is
equivalent to the volume of gas displaced by the powder.

A helium gas displacement pycnometer (AccuPyc 1330 Pycnometer) was employed to
determine the density of porous microspheres. The instrument is based of known
volume connected by a valve. Figure 2.3. The theory of operation is based on Bolye’s
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Law, which states that pressure decreases when a confined volume of gas is allowed to
expand into a larger confining space. The equation employed to determine the sample
volume and density is given by the following equations:

Vc-Vr
V s=

Pi - Pr

-1

Pf-Pr

Where:
Vs = Sample Volume

?i

= Initial Pressure

Vc = Empty Cell Volume

?r

= Reference Pressure

Vr = Reference Volume

Pf

= Final Pressure

The density (p) is given by the equation:
m
P=

--------

Where:
m = Final Powder Mass

Vg = Sample Volume

Equation 3.0: Determination of microsphere density

The equipment comprises of:
•

A sealed test cell, with an empty cell volume
with a reference volume

•

(V c),

connected to a reference cell,

(Vr).

A system capable of pressuring the test cell with helium until a defined pressure
(P), indicated by a manometer.

•

A helium gas cylinder.
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Vr

Figure 3.3:

3.3.2.1

Schematic diagram of AccuPyc 1330, Vr= reference volume, Vc = cell
volume. Vs = sample volume and M = manometer. Taken From B.P.
2000

Method for the Determination of Porous Microsphere Density

The method adopted was in accordance with the manufacturers handbook and BP, 2000,
Appendix XVl l, A301.

The regulator pressure of the helium cylinder was set at approximately 20 psi. Prior to
analysis the apparatus is calibrated using polished steel balls having a total volume of
6.371737 cm \ This enables the reference volume

(Vr)

and cell volume

(V c)

to be

derived. In order to determine Vr and Vc two analyses are performed. The first analysis
is performed with an empty cell and secondly with the calibration standards in the test
cell. The weight of the test cell was recorded following which porous microspheres
were added to the test cell, ensuring the test cell was 2/3 full. The weight was again
recorded and the test cell was placed into the calibrated AccuPyc. The apparatus is fully
automated and the principles of analysis are described. The test cell containing sample
was degassed by purging, thus enabling the reference pressure (PJ to be determined.
The valve was closed to separate the reference cell from the test cell, and the test cell
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was pressurised to give an initial pressure

(Pi).

The valve was then opened to connect

the reference cell with the test cell and record the final pressure

(Pf).

A total of 5

measurement sequences were performed for each powder sample to ensure the sample
volume

(V s)

agrees within 0.5 %. The density was automatically calculated for each

sample subject to analysis. A total of n=3 porous microsphere samples were subject to
analysis

3.3.3

MATERIALS

FOR

THE

PREPARATION

OF

POROUS

MICROSPHERE pMDI SUSPENSION FORMULATIONS

3.3.4

Polyvinylpyrrolidone

M

r

40,000 (PVP K30)

Polyvinylpyrrolidone (PVP) is described as a synthetic polymer consisting essentially of
linear 1-vinyl-2-pyrrolidinone groups (Walkling, 1994). The degree of polymerisation
results in polymers of various molecular weights. PVP is a fine, white powder that is
virtually odourless with an empirical formula, (C6H9 0 )n. The structure of PVP is
described in Figure 3.4

— C H -C It-

C

Figure 3.4:

H

r

Structural formula of PVP

PVP is extensively employed as a suspending agent, dispersing agent and tablet binder
in the pharmaceutical industry and is classified as a pharmaceutical aid in the BP, 2000.
It is available in various grades and molecular weight. The grade of PVP is classed in
accordance with its viscosity in an aqueous solution relative to water. It is expressed as
a K-value ranging from 10 to 120 (Walkling, 1994).
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PVP is included in the FDA Inactive Ingredients Guide (IIG) for use in intra-muscular
(/.w), intra-venous

(

l v

)

injections, ophthalmic preparations, oral capsules, drops,

granules, suspensions and tablets, sublingual tablets, topical and vaginal preparations. In
the UK PVP has licensing status for non parenteral medicines, although has yet to gain
regulatory approval for use in pulmonary medicines. The World Health Organisation
(WHO) daily intake limits are up to 25 mg/kg body weight.

Throughout the study PVP with a grade of K30 and molecular weight

(M r)

of 40,000

Daltons was employed (supplied by Sigma-Aldrich) to investigate the stabilisation of
pMDI suspensions.

3.3.5

Polyethylene Glycol 300 PEG 300

Polyethylene glycols are also known as Macrogols, which are stable hydrophilic
substances (Price, 1994). The empirical formula of Macrogols is as follows: CH]
(0H).[CH2

0

.CH2 ]mCH2 0 H, where m represents the average number of oxyethylene

groups. In this instance PEG 300 has been employed. It is a mixture of
polycondensation products of ethylene oxide and water, in which m in the general
formula is 5 or 6 (Martindale, 1993).

The number, which follows PEG, indicates the average molecular weight of the
polymer. In this instance PEG 300 has been employed, which has an average molecular
weight of 285-315 and has a density of 1.120 g/ml (BP, 2000). PEG 300 is a clear
viscous liquid with a characteristic odour. Aqueous solutions of PEG can be used either
as suspending agents or to adjust the viscosity and consistency of other suspending
vehicles, (Price, 1994).

PEGs are generally regarded as non-toxic and non-irritant materials although adverse
reactions have been reported. The WHO has set acceptable daily intake limits for PEG
300 as 10 mg/kg body-weight.

PEG 300 has yet to gain approval for use in pMDI products although it is extensively
employed in the pharmaceutical industry. PEG is included in the FDA IIG for dental
preparations, i.m and i.v injections, ophthalmic preparations, capsules, tablets, solutions.
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syrups, rectal, topical and vaginal preparations. In the UK, PEG is licensed for use in
non-parenteral preparations.

Throughout the study PEG with a molecular weight of 300 was employed (supplied by
Sigma-Aldrich) to investigate the stabilisation of pMDI suspensions.

3.3.6

Polyoxyethylene (20) Sorbitan Monooleate

Polyoxyethylene 20 sorbitan monooleate (Tween 80) is classed as a non-ionic
surfactant. It is a mixture of partial esters of various fatty acids, mainly oleic acid, and
sorbitol and its anhydrides copolymerised with approximately 20 moles of ethylene
oxide for each mole of sorbitol and sorbitol anhydrides (BP, 2000).

Tween 80 has a molecular weight of 1310, and an empirical formula, C64H 124O26 . It is a
clear yellowish or brownish-yellow oily liquid with a faint odour. Due to the
hydrophilic nature of Tween 80, it is miscible in water and ethanol and practically
insoluble in liquid paraffin and fixed oils (Martindale 1993).

The structural formula of Tween 80 is illustrated in Figure 3.5

^ C H g - I O C H gC H

0[ C

H 2] 10C H 3

[OCH2CH2LOH
w + x + y + 2 = 20

Figure 3.5:

Structural formula of Tween 80

Tween 80 is widely employed in the pharmaceutical industry for the preparation of oilin-water emulsions due to its hydrophilic nature. Tween 80 is typically employed as a
dispersing/suspending agent and has an HLB value of 16.7. In addition it is also
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employed as a solubilising agent and a wetting agent. Polysorbates have also been
employed in the food and cosmetics industry (Leyland, 1994).

Tween 80 is generally recognised as safe (GRAS) and are include in the FDA inactive
ingredients guide for i.m, i.v, oral, rectal, topical and vaginal preparations. To date they
have not received regulatory approval for use in pMDIs but are licensed for use in the
UK for parenteral preparations. There has however been reported instances of
hypersensitivity, therefore the WHO has set acceptable limits for daily intake of Tween
80. The daily limit is calculated as up to 25 mg/kg body-weight.

Throughout the study Tween 80 was employed (supplied by Sigma-Aldrich) to
investigate the stabilisation of pMDI suspensions.

The aforementioned excipients with the exception of Tween 80 are not strictly
surfactants and shall be referred to as suspension stabilisers throughout this study.

3.3.7

Ethanol

Ethanol is one of the most common excipients used in pMDIs. It is typically employed
to increase the solubility of approved surfactants (Purewal and Greenleaf, 1990) and
(Dalby, et. al., 1996) when employed as a co-solvent.

It has a density of 0.790 g/cm^ at 20°C and can therefore reduce the density of the
propellant.

Following the reformulation of pMDls due to the advent of the Montreal protocol
(1987) ethanol has been successfully employed to dissolve approved surfactants. The
co-solvent action of ethanol can successfully dissolve the approved surfactants and can
also be included to dissolve the active component of the formulation. This is the case
with currently marketed solution pMDls when employing HFA 134a. However, in this
instance the density reducing action of ethanol has been manipulated. The lack of
solubility of porous microspheres in ethanol has enabled the density of the propellant to
be manipulated so that it matches the density of the porous microspheres.
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Ethanol is included in the FDA IID guide for use in dental preparations, i.m, i.v, nasal,
ophthalmic preparations, oral capsules, solutions, suspensions, syrups, tablets, rectal,
topical and transdermal preparations. In addition it is licensed for use in inhalations
preparations (Lewis, 1994). Ethanol is also licensed for use in the UK in non-parenteral
and parenteral medicines.

Fisher chemicals supplied the absolute ethanol (HPLC-grade) employed throughout the
study.

3.3.8

Propellant

Propellants employed throughout this study have been the replacements for CFCs, HFA
134a and HFA 227 respectively the structure of which is shown in Figure 1.4.

Both HFA 134a and HFA 227 have suitable vapour pressures and density to be
employed as propellants in pMDIs and are the only approved propellants available to
date. The density of HFA 134a is 1.227 g/cm^ at 20°C and that of HFA 227 is 1.409
g/cm^ at 20°C. The density in conjunction with the vapour pressure of the propellant is
considered most important when formulating a pMDI.

3.4

METHODS ADOPTED FOR THE PREPARATION OF pMDI
SUSPENSION FORMULATIONS

A transfer fill technique was adopted to prepare pressurised formulations containing
microspheres in propellant. Transfer filling is typically employed when preparing small
quantities of pressurised formulations. It is achieved by filling propellant via a transfer
valve into a metal can or transparent plastic polyethylene terephthalate (PET) vial
(Precise Plastics, London, UK.) with a continuous valve crimped. The following
equipment was used throughout the transfer fill process: (1) a laboratory scale crimper
(Pamasol) was employed for the crimping of valves. (2) A separate collette was used for
the one-inch valve and the pMDI unit valve. (3) At all stages where the cans were
required to be cooled a Cryogen bath (Neslab-Cryotrol, CB80, Neslab Instruments, UK)
was used. (4) 300 ml aluminium cans supplied by 3M Healthcare Ltd, Loughborough,
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UK were used during the preparation of propellant/excipient mixes. The aforementioned
cans were fitted with one-inch continuous valves (3M Healthcare Ltd, Loughborough,
UK). (5) Silver continuous valves were employed throughout the transfer fill process for
both PET vials (3M Healthcare Ltd, Loughborough, UK) and aluminium cans. (6) 12 ml
FEP (fluorinated ethylene propylene) lacquered aluminium cans supplied by 3M
Healthcare Ltd, Loughborough, UK were used for the preparation of pMDI units for
aerosolisation and stability studies.

Suspensions must be prepared in transparent pressurised plastic vials in order to assess
the physical stability of suspensions by visual and OSCAR assessment. In this instance
PET vials, fitted with Silver continuous valves were filled adopting a transfer fill
process, (Chapter 3.4).

All suspensions were prepared adopting a microsphere concentration of 2 mg/ml (0.148
%m/v). This concentration was adopted throughout the study to enable a comparison of
suspension formulations employing various excipients.

3.4.1

Method for the Preparation of Large Cans Including Transfer Filling

Prior to the preparation of PET vials or pMDIs large 300 ml aluminium cans were
prepared containing the propellant and any excipients to be included such suspension
stabilisers or ethanol, due to the low concentrations of the aforementioned excipients
required. Prior to the preparation of large cans the crimper was set with the one-inch
crimp head and the crimp was checked for leakage of propellant by recording the
change in weight of a filled can over a period of 12 hours.

Large cans were prepared by weighing the desired quantity of ethanol or suspension
stabiliser into a large 300 ml aluminium can. The weight of excipient was recorded
following and a one- inch continuous valve was crimped into place. The cans were
weighed and chilled in a cryogen bath for five minutes. Once cooled a transfer nozzle
was used to transfer approximately 300 g of propellant from the cylinder into the
aluminium can. The final weight of the can was recorded. The cans were shaken and left
at room temperature for 24 hours allowing the large cans to equilibrate to room
temperature prior to use for the preparation of PET vials and pMDIs.
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3.4.2

Preparation of PET Vials Including Transfer Filling

A transfer fill process was adopted to prepare PET vials by transferring the appropriate
propellant/excipient mixture into a PET vial with a continuous valve in place. The
quantity of propellant required in each can was determined to be 19.726 g for HFA 227
and 17.164 g for HFA 134a. This was calculated in the following manner. Equation 3.1:

Volume of PET vial = 21 ml
Density of HFA-227 propellant = 1.409 g/ml at 25°C
PET vials should be filled to 14 ml

Therefore, each PET vial should be filled with 1.409 x 14 g HFA-227
= 19.726 g HFA-227

Equation 3.1: Propellant weight determination in PET vials
Prior to the preparation of PET vials the crimper was set to produce a suitable crimp for
continuous valves. In addition large cans containing propellant/excipient mix were also
prepared. The method for the preparation of PET vials was as follows.

The desired quantity of microspheres was added to a PET vial and a continuous valve
was crimped in place. The PET vials were then cooled in a cryogen bath for 10 minutes
along with the large can containing the appropriate propellant/excipient mix. Once
cooled using a transfer nozzle, the appropriate quantity of propellant/excipient was
added to the vial. The weight of the propellant/excipient mix was recorded. Following
preparation the vials were shaken vigorously for two minutes and left to equilibrate to
room temperature prior to assessment.

157

3.5

ASSESSMENT METHODS OF pMDI SUSPENSION
FORMULATIONS

3.5.1

Determination of Stabilising Agent Solubility

The following stabilising agents were employed to investigate the effect of propellant
on solubility. (1) PVP K30 and PEG 300 were assessed in HFA 227, (2) Tween 80 and
PEG 300 in HFA 134a respectively. For all stabilising agents a concentration range of
0.01 to 4.0 %m/m was adopted. In addition the inclusion of ethanol was also
investigated. The inclusion of ethanol results in an increase in stabilising agent
solubility. This effect was investigated following the inclusion 5.0 %m/m ethanol.

The method employed for the determination of suspension stabiliser solubility was
adapted from Williams and Liu, 1998®. Aliquots of the stabilising agents under study
were added to PET vials and the weight recorded. 5.0 %m/v ethanol was added to the
formulations if necessary and a continuous valve was crimped in place. 10 g of
appropriate propellant was added to the vial, and the weight was recorded. The vials
were sonicated for 15 minutes at room temperature and left to stand for a further 15
minutes. Visual assessment of the vials was then performed, to assess stabilising agent
solubility by assessing the clarity of the propellant.

3.5.2

Determination of Propellant Density

A Paar density meter (Anton Paar S.A., Graz, Austria) was employed to determine
propellant density. The Paar density meter comprises of a u-shaped tube into which the
propellant is filled and sealed at both ends. The theory of operation is based on the
change in wavelength of the vibrations as the tube is vibrated. Liquids of a specific
density have a known wavelength when vibration is applied, hence when the tube is
vibrated the density of the liquid, in this instance the propellant may be determined.
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3.5.2.1

M ethod for Determination of Propellant Density

The Paar 38 density meter was calibrated to 3 decimal places at 20°C. Prior to analysis
the meter was cleaned and dried using ethanol and water following which a reading of
the density was taken as a calibration check. The bottom end of the cell was closed
using a piece of rubber to prevent the propellant escaping. At the top end of the cell, the
continuous valve of the sample subject to analysis was actuated. The measuring cell was
filled with propellant mix ensuring no air bubbles were present in the sample cell. The
actuator was maintained at the same force until a reading was taken. Once the
measurement was taken the valve was released and the cell rinsed with ethanol and
water. All formulations were repeated in triplicate cleaning after each sample.

3.5.3

Visual Assessment of the Sedimentation/ Creaming Rate of Suspensions

Visual assessment was employed to assess suitability of pMDI suspensions in PET vials
with respect to sedimentation volume, aggregation, flocculation and particle
redispersibility following shaking. The vials were hand shaken for 30 seconds following
which they were placed on a black background and photographed at 0, 2, 5 and 10
minutes. This enabled a comparison of the sedimentation/creaming rates between
formulations. Photographs were taken using a digital camera (Panasonic D20). Due to
the low concentration of porous microspheres incorporated in the suspensions the
creaming/sedimentation height was not measured. However, a comparison of the
aforementioned layers was made with respect to the thickness and packing of the layer.

3.5.4

Optical Suspension Characterisation (OSCAR) to Determine the
Sedimentation/ Creaming Rate of Suspensions

Optical suspension characterisation (OSCAR) was developed by Phil Jinks at 3M
Healthcare Ltd, Loughborough and was specifically developed for assessment of pMDI
suspension formulations. OSCAR allows the suspension dynamics of a metered dose
inhaler to be quantified by assessing the characteristics of flocculation and creaming or
sedimentation. The technique utilises changes in light transmission at two points (A and
B, Figure 3.6) on a transparent PET vial to determine suspension quality. It is a non159

invasive, non-destructive technique allowing creaming or sedimentation rates of
suspensions to be assessed. OSCAR can be used in conjunction with visual assessment.
It is claimed that OSCAR has several advantages over visual assessment, as the results
are quantifiable and reproducible. In addition the results are independent of the operator,
a key source of error, when subjecting formulations to visual assessment.

Fibre optic
cable

Emitter/detector

Infra red

probe

emitter/detector

Analogue to

units

digital

Personal

converter

computer

Figure 3.6:

V

A schematic representation of the OSCAR system

A pair of infra-red emitter/detector probes/ units A and B are set on height adjustable
mountings to provide simultaneous signals from selected points on the suspension vial.
1000 data points are sampled during analysis for each detector. The frequency of the
samples taken determines the duration of each analysis. The equipment frequency can
be altered to optimally profile slowly or rapidly occurring suspension changes. The
voltage signals from the emitter/detector units are converted via the analogue to digital
conversion. This data was then converted by the use of a spreadsheet to time (seconds)
verses transmission (mV) graphs in order to interpret the data generated.
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3.5.4.1

Method Adopted for OSCAR Analysis

The instruments “dilute” setting was selected on the due to the low concentration of
porous microspheres in the formulations. The upper emitter/detector probe (A) was set
to 2.00mm below the suspension fill line and the lower emitter detector probe (B) was
set to 2.00mm above the base of the suspension fill column (Figure 3.6). A 120 second
scan was selected for the formulations as this is deemed the time required for a patient
to administer a pMDI. When the prompt showing ‘Remove sample then press a key’
flashed on the screen, the sample was removed from the test rig and mixed for 5
seconds at high speed in a vortex mixer. Immediately following mixing, the sample was
placed in the test rig and after 7 seconds the analysis was commenced. This was
repeated for all formulations in triplicate, allowing the suspensions to settle before
commencing the analysis. The files were then processed using Microsoft Excel to
produce both primary and secondary data.

Primary data refers to the photo-detector output (transmission, mV) verses time plots.
The primary data gives a graph with changes in voltage as the formulation creams or
sediments. Large fluctuations in amplitude can be attributed to the presence of floccules
in the suspension. These large particles will cause large fluctuations in transmission as
they migrate within the supernatant blocking the light through the vial. The secondary
data refers to the running average of either the transmission voltage per one-second
interval or alternatively the standard deviation in transmission voltage. For clarity the
signals from the detector illustrating the greatest change are plotted per one-second
interval thus producing a smoothed graph. In addition a graph showing the creaming or
sedimentation characteristics can be derived from the standard deviation in transmission
per one-second interval. For suspensions exhibiting creaming the lower detector was
taken, as the supernatant clears to form a creamed layer. In contrast for suspensions
exhibiting sedimentation the upper detector reading was taken.
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3.6

POROUS M ICROSPHERE pMDI SUSPENSION FORMULATION
INVESTIGATIONS

3.6.1

Effect of Suspension Stabiliser Concentration on Porous Microsphere
Suspensions

In all instances pMDI suspensions comprising of 0.148 %m/v (2 mg/ml) porous
microspheres in 14 ml propellant were prepared. The method adopted for the
preparation of PET vials is shown in Section 3.4.

In order to investigate the effect of PVP K30 concentration on suspensions containing
HFA 227 a concentration range of 0.0001 to 0.1 %m/m was adopted as follows:

1. Excipient Free

6. 0.0075 %m/m PVP K30

2. 0.0001 %m/m PVP K30

7. 0.01 %m/m PVP K30

3. 0.001 %m/m PVP K30

8. 0.025 %m/m PVP K30

4. 0.0025 %m/m PVP K30

9. 0.05 %m/m PVP K30

5. 0.005 %m/m PVP K30

10. 0.01 %m/m PVP K30

Due to the increased solubility of PEG 300 in HFA 227 the concentration incorporated
was higher than PVP K30. The following concentrations were investigated to illustrate
the effect of PEG 300 on porous microsphere suspension stability:

1. Excipient Free

6. 0.075 %m/m PEG 300

2. 0.001 %m/m PEG 300

7. 0.1 %m/m PEG 300

3. 0.005 %m/m PEG 300

8. 0.3 %m/m PEG 300

4. 0.01 %m/m PEG 300

9. 0.5 %m/m PEG 300

5. 0.03 %m/m PEG 300

Also included in the study was an investigation into the effect of various suspension
stabilisers in HFA 134a.

162

In order to investigate the effect of PEG 300 concentration on suspensions containing
HFA 134a, a concentration range of 0.001 to 0.5 %m/m was adopted as for HFA 227.

The same concentration range was adopted to investigate the effect of Tween 80
concentration on microsphere suspension formulations in HFA 134a.

3.6.2

Effect of Ethanol Concentration on Porous Microsphere Suspensions

The density of porous microspheres was found to be 1.384 (± 0.105) g/cm^. The
inclusion of ethanol in the formulation will result in a reduction in propellant density.
Therefore HFA 227 was employed for this study. HFA 227 has a density of 1.409 g/cm^
at 20 °C. The theoretical density of formulations was determined using equation
described Appendix 4. From this the optimum ethanol concentration required for
suspension stability by density matching is 6.5 %m/m ethanol. As a result the
concentration range adopted to assess the influence of density on suspension
formulation was 0 to 15 %m/m ethanol as follows:

1. 0 %%m/m Ethanol

8. 4.5 %m/m Ethanol

2. 0.5 %m/m Ethanol

9. 5.0 %m/m Ethanol

3. 1.0 %m/m Ethanol

10. 6.0 %m/m Ethanol

4. 2.5 %m/m Ethanol

11. 6.5 %m/m Ethanol

5. 3.0 %m/m Ethanol

12. 7.5 %m/m Ethanol

6. 3.5 %m/m Ethanol

13. 10.0 %m/m Ethanol

7. 4.0 %m/m Ethanol

14. 15.0 %m/m Ethanol

In all instances the excipients employed in the study (ethanol and suspension stabilisers)
were added to large 300 ml cans containing propellant. The cans were left to equilibrate
for 24 hours prior to the transfer fill into PET vials containing 0.148 %m/v porous
microspheres. Following the preparation of PET vials, they were shaken for 30 minutes
on a flask shaker. Visual and OSCAR assessment was then performed.
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3.7

RESULTS OF FOLLOWING THE INCLUSION OF SUSPENSION
STABILISERS

3.7.1

Solubility of Suspension Stabilisers in HFA 227 and HFA 134

The dissolved surfactant is the prerequisite for its migration into the interface of solid
drug to liquid propellant (Bryon, et. al, 1994). In accordance with Blondino and Byron,
1998 surfactants were considered to be soluble if one clear phase was formed in the
admixture. There was no attempt to discriminate between monomer dissolution and
molecular aggregates and micelles, nor was the water content of the surfactant
considered.

The solubility of PEG 300 and PVP K30 was determined in HFA 227 with and without
the inclusion of 5 %m/m ethanol. PEG 300 has the highest HLB value of the suspension
stabilisers studied, a HLB value of 20, (Vervaet and Byron, 1999) and exhibited the
greatest solubility of the suspension stabilisers studied, >3.8455 %m/m without the
inclusion of ethanol and >4.4423 %m/m with the inclusion of 5.0 %m/m ethanol. The
aforementioned results are in agreement with those of Byron and Blondino, 1996®. PVP
K30 exhibited a solubility of < 1.005 %m/m with the inclusion of 5 %m/m ethanol and
between 0.450 and 0.528 %m/m, without the inclusion of ethanol.

PEG 300 was soluble over the concentration range investigated, 0 to 5.0 %m/m in HFA
134a. This effect was illustrated with and without the inclusion of ethanol. This is in
agreement with the findings of Byron and Blondino 1996^, when incorporating PEG
300 in HFA 134a.

Assessment of Tween 80 in HFA 134a solubility showed reduced solubility both with
and without the inclusion of ethanol compared to Tween 80 in HFA 227. Without the
inclusion of ethanol > 2.104 < 2.939 %m/m solubility was no longer exhibited. The
solubility of Tween 80 was increased to above 4 %m/m when employing 5 %m/m
ethanol. Differences in the solubility can be attributed to the HLB value of the
suspension stabiliser. PEG 300 has a HLB value of 20 and Tween 80 has a value of
15.0. It is thought that the potential for hydrogen bonding is greater for suspension
stabilisers with high HLB value in HFAs than low HLB value suspension stabilisers
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(Blondino and Byron, 1998). It can therefore be concluded that suspension stabilisers
with a high HLB value exhibited solubility in HFA 134a and HFA 227 respectively.

3.7.2

Effect of Suspension Stabiliser Type and Concentration on the Physical
Stability of microsphere pMDI Suspension Formulations Employing
HFA 227

Both visual and OSCAR assessment illustrated the stabilising effect of PVP K30 and
PEG 300 on suspension formulations in HFA 227. However, an optimum concentration
was required for suspension stabilisation. All formulations prepared with HFA 227
exhibited creaming due to the density of HFA 227 being greater than that of the porous
microspheres. Without the inclusion of PEG 300 or PVP K30 suspensions comprised of
a thin creamed layer, 2.0 mm in thickness, and a translucent supernatant following
shaking. The creamed layer started to form 30 seconds following the cessation of
shaking, with a complete layer forming after one minute. Following the inclusion of
PVP K30 over the concentration range 0.0001 to 0.01 %m/m the creamed layer
increased in thickness and was slower to form. The supernatant opacity was also
increased. The increase in creamed layer thickness and opacity of the supernatant
increased with increasing PVP K30 concentration. However, above 0.01 %m/m, i.e.
0.025 %m/m this effect was no longer exhibited. At 0.025 %m/m PVP K30 and above
the opacity of the supernatant was reduced and the rate of creamed layer formation was
increased.

In addition the creamed layer thickness was also reduced. The

aforementioned effects were more pronounced as the concentration of further PVP K30
increased, (Figure 3.7). It can therefore be concluded that an optimum concentration of
PVP K30 is required for suspension stabilisation. From visual assessment the optimum
PVP K30 concentration required for suspension stability was identified as 0.001-0.0075
%m/m. With the inclusion of PVP K30 over this concentration range suspensions were
formed with a loosely packed creamed layer, which was easy to redisperse on shaking.
The supernatant also remained opaque for over ten minutes following the cessation of
shaking. This is shown in Figure 3.7a and b, over a two-minute analysis period.
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(A) PVP K30 Formulations at T=0 Minutes
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0.0001 %w/w

0.0 0 7 5 % w /w

0.1%w/w

T im e = 2 minutes

(B) PVP K30 Formulations at T=2 Minutes

Figure 3.7:

Effect of PVP K30 concentration on the physical stability of porous
microsphere suspensions prepared in HFA 227 (a) Immediately
following the cessation of shaking and (b) Following 2-minutes
standing

Figure 3.7 illustrates the creaming characteristics of formulations in PET vials
containing a range of PVP K30 at time 0 and 2 minutes. At time, T=0 all formulations
have an opaque supernatant with particles distributed throughout the propellant (Figure
3.7a). Two minutes (T=2) following the cessation of shaking at 0.1 %m/m PVP K30 the
supernatant has cleared and a creamed layer has formed. Thus illustrating the
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detrimental effect a high concentration of PVP K30 has on suspension stability. It is
shown from Figure 3.7 that the inclusion of high concentrations of PVP K30 results in a
more unstable suspension than without the inclusion of PVP K30. The stability of
formulations employing 0.0025-0.0075 %m/m PVP K30 can be clearly shown. The
supernatant of the formulations employing 0.0025-0.0075 %m/m PVP K30 also
remained opaque, indicative of a slow forming layer.

The stabilising effect following the inclusion of PVP K30 can also be shown following
OSCAR assessment over an analysis period of two minutes. Figure 3.8 illustrates the
average transmission profiles per one-second interval, verses analysis time of porous
microsphere suspensions with and without the inclusion of PVP K30 in HFA 227.
Stability of creaming suspensions was assessed by changes in light transmission voltage
at the lower photodetector. For an unstable suspension the light transmission at the
lower detector will be high. A stable suspension will exhibit a low light transmission
voltage at the lower detector (Brindley, 1999). A change in the light transmission is due
to the clearing of the supernatant as the particles migrate to the surface to form a
creamed layer. Unstable suspension formulations as illustrated by visual assessment will
result in clearing of the supernatant more rapidly than those of stable suspension
formulations. This effect can be shown when comparing OSCAR profiles of
formulations with varying concentrations of PVP K30. Without the inclusion of PVP
K30 high transmission values are exhibited over a two-minute analysis period. The
maximum light transmission voltage was exhibited after approximately 120 seconds.
This can be attributed to a reduction in the opacity of the supernatant as the creamed
layer forms. This correlates with the findings of visual assessment (Figure 3.7) that
shows creamed layer formation after 60 seconds. In addition there are large fluctuations
in the transmission voltage indicative of larger floccules passing the photodetector
therefore blocking the light. Similar transmission profiles are also shown following the
inclusion of higher levels of PVP K30 in the formulation, 0.025 and 0.1 %m/m PVP
K30. Thus further illustrating the detrimental effect high levels of PVP K30 has on
suspension stability. Following the inclusion of low concentrations of PVP K30 the
stability of the suspension formulations is improved. At 0.0001 %m/m PVP K30 the
transmission voltage is significantly reduced compared to the excipient free suspension
(Figure 3.8b). A reduction in transmission is further exhibited following an increase in
PVP K30 concentration up to the optimum PVP K30 level as determined by visual
assessment. In contrast to large transmission values exhibited without the inclusion of
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PVP K30, optimum PVP K30 concentrations resulted in low transmission values. This
is expected due to the slow formation of the creamed layer, therefore maintenance of the
opacity of the supernatant. There are also very few fluctuations in the transmission
values indicative of reduced flocculation of the suspension formulation. OSCAR
assessment further narrows the optimum concentration of PVP K30 required for
suspension stability (Figure 3.8b). Visual assessment identified the optimum
concentration of PVP K30 required for suspension stabilisation to be within the range
0.0025 to 0.0075 %m/m. OSCAR assessment enabled the optimum concentration to be
determined as 0.0075 %m/m. PVP K30 (Figure 3.8). A comparison of the OSCAR
profiles including 0.0025, 0.005 and 0.0075 %m/m PVP K30 clearly illustrates the low
transmission values obtained when employing 0.0075 %xx\Jm PVP K30.
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concentrations determ ined by visual assessm ent for porous m icrosphere suspension
form ulations in HFA 227

Figure 3.8:

Average transmission per one second interval verses analysis time for
porous microsphere suspensions employing (a) various PVP K30
concentrations and (b) optimum PVP K30 concentration range as
determined by visual assessment

The cream ing characteristics o f suspensions are illustrated, Figure 3.9. H igh deviations
in transm ission values are indicative o f cream ing w hen plotting the standard deviation
in transm ission voltage p er one-second period verses analysis tim e. This is show n by
Figure 3.9a, w ithout the inclusion o f PV P K30 and at high PV P K30 concentrations. At
the start o f the analysis, high deviations are show n for the aforem entioned suspensions,
illustrating the rapid form ation o f a cream ed layer. For form ulations em ploying the
optim um concentration range o f PV P K 30 as determ ined by visual assessm ent show
very little change in transm ission values (Figure 3.9b). In the case o f porous
m icrosphere suspension form ulations em ploying 0.0075 % m /m PV P K30 the m axim um
deviation betw een transm ission voltages is 72.2 m V com pared to a deviation in
transm ission voltage o f 235.50 m V w hen em ploying 0.0025 % m /m PV P K30. This
clearly illustrates the stability o f suspension form ulation em ploying 0.0075 % m /m .
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Figure 3.9:

Standard deviation in transmission verses analysis time of
microsphere suspensions employing (a) various PVP K30
concentrations and (b) optimum PVP K30 concentration range as
determined by visual assessment
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Porous m icrosphere suspension form ulations w ere also successfully produced follow ing
the inclusion o f PEG 300 over the concentration range investigated, 0 to 0.5 % m /m
respectively. In accordance with previous suspensions investigating the effect o f PVP
K 30 concentration on suspension form ulation, an optim um PEG 300 was required to
achieve

suspension stability.

As w ith previous porous m icrosphere

suspensions

prepared in HFA 227, finely dispersed particles that w ere easy to redisperse on shaking
w ere produced. An opaque supernatant rem ained follow ing the cessation o f shaking.

T he rate o f cream ing w as reduced follow ing the inclusion o f PEG 300. C onversely, the
opacity o f the supernatant was increased follow ing the inclusion o f PEG 300, up to a
concentration o f 0.075 % m /m on standing. A bove 0.075 % m /m PEG 300 larger
particles were present in form ulations. This is illustrated by suspensions em ploying 0.1
and 0.5 % m /m PEG 300 in w hich larger particles w ere present in the suspension due to
increased flocculation. In addition the cream ed layer was form ing at a faster rate and a
m ore translucent supernatant was produced (Figure 3.10) for selected suspension
form ulations em ploying 0, 0.001, 0.005, 0.075, 0.1 and 0.5 % m /m PEG 300 over a 2m inute analysis period.

.5 % w /w

(A) Formulations Employing PEG 300 at T=0 Minutes
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Time = 2 Minutes

(B) Formulations Employing PEG 300 at T=2 Minutes

Figure 3.10: Effect of PEG 300 of concentration on the physical stability of
selected microsphere suspensions prepared in HFA 227 (a)
Immediately following the cessation of shaking and (b) following 2
minutes standing.
In accordance with the previous findings when employing PVP K30 OSCAR
assessment identifies the optimum concentration of PEG 300 required for suspension
stability. In this instance the optimum PEG 300 concentration was identified as 0.075
%m/m (Figure 3.11). The aforementioned concentration is within the range identified
following visual assessment.
Figure 3.11a, illustrates the OSCAR profiles obtained for porous microsphere
suspension formulations employing various concentrations of PEG 300 in HFA 227. In
accordance with the previous findings when employing PVP K30, a high transmission
voltage was exhibited without the inclusion of PEG 300. This is in agreement with
visual assessment (Figure 3.10) which showed a fast forming creamed layer in
comparison to suspensions with a the inclusion of PEG 300. The inclusion of PEG 300
employing the concentration range adopted is clearly shown. Regardless of the
concentration of PEG 300 included in the formulation there is a significant reduction the
transmission voltage of the lower detector.
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Figure 3.11: Average transmission per one second period verses analysis time for
porous microsphere suspensions employing (a) various PEG 300
concentrations and (b) optimum PEG 300 concentration range as
determined by visual assessment
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This effect was not shown when employing PVP K30 as there was an optimum
concentration required, above which suspensions were more unstable than without the
inclusion of PVP K30. All suspensions prepared with PEG 300 were more stable than
without the inclusion of PEG 300. An optimum PEG 300 concentration was determined.
The optimum concentration of PEG 300 was found to be 0.075 %m/m following
OSCAR analysis, above and below which higher transmission values were exhibited
(Figure 3.11b). This optimum is within the concentration range identified by visual
assessment, 0.001 to 0.075 %m/m PEG 300.
The stability of porous microsphere suspensions incorporating 0.075 %m/m PEG 300 is
also shown by the creaming profiles. Figure 3.12, illustrates the creaming characteristics
of formulations employing 0.01, 0.03 and 0.075 %m/m PEG 300 compared to those of
suspensions without the inclusion of PEG 300. With no PEG 300 included in the
formulation there are large changes in transmission voltage values immediately
following the cessation of shaking. The standard deviation in transmission one second
into analysis is 409.98 mV. In contrast following the inclusion of 0.01 %m/m PEG 300
the transmission voltage deviation is reduced to 124.00 mV. It is further reduced with
the inclusion of 0.075 %m/m PEG 300 to 2.60 mV. Thus illustrating the instability of
porous microsphere suspensions without the inclusion of PEG 300. The stability of
porous microsphere suspensions when employing 0.075 %m/m is further illustrated.
The maximum standard deviation in transmission voltage, 78.19 mV was shown after
144 seconds. In contrast at the same time point the standard deviation in transmission
voltage was 98.5 and 140.50 mV when employing 0.03 and 0.05 %m/m PEG 300
respectively.

174

800

? 700

■Excipient Free

500

0.01 %m/m PEG 300
■0.03 %m/m PEG 300

« 400 ^

•0.075 %m/m PEG 300
= 300

■0.5 %m/m PEG 300

20

40

60

80

100

120

Time Follow ing T ran sm ission (S e c o n d s)

Figure 3.12: Creaming characteristics of microsphere suspensions employing the
optimum PEG 300 concentration range determined by visual
assessment, and a PEG 300 free suspension
Visual assessment of porous microsphere suspensions formulations employing PEG 300
and PVP K30 in HFA 227 suggests there is very little difference in physical stability.
However, it is a qualitative assessment technique, therefore comparison of the
suspension formulations is subjective. Therefore following storage of suspensions
comparison is difficult between original formulations due to the subjective nature of the
assessment method. However, OSCAR assessment enables a comparison of the
formulations to be performed following extended storage of suspensions. This effect is
clearly illustrated following a storage period of 3 months for porous microsphere
suspension formulations at 25 °C and 65 % relative humidity (R/H). Visual assessment
of porous microsphere suspension formulations employing 0.075 %m/m PEG 300
suggests there is no difference in suspension quality following storage in compared to
initial visual assessment. The same is true of suspensions employing 0.0075 %m/m PVP
K.30. However, OSCAR assessment does not support the above findings. When
employing 0.075 %m/m PEG 300, following storage there is a significant reduction in
the stability of the suspension. Figure 3.13a, illustrates the increase in lower detector
transmission voltage following 3 month storage for formulations employing 0.075
%m/m PEG 300. In contrast suspension formulations employing 0.0075 %m/m PVP
K30 illustrated no significant changes in transmission voltage following storage for 3
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months. Figure 3.13b. The results suggest that 0.0075 %m/m PVP K30 is more suited
for the long-term stabilisation of porous microsphere suspension formulations. In
addition it clearly illustrates the limitations of visual assessment when comparing the
same suspension formulations over extended periods of time.
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(b) OSCAR Profile of 0.0075 %m/m PVP K30
Figure 3.13: The effect of 3 months storage at 25
and 65 %R/H on porous
microsphere formulations employing the optimum suspension
stabiliser concentration, (a) 0.075 %m/m PEG 300 and (b) 0.0075
%m/m PVP K30
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3.7.3

Effect of Suspension Stabiliser Type and Concentration on the Physical
Stability of microsphere pMDI Suspension Formulations Employing
HFA 134a

The successful preparation of physically stable porous microsphere suspensions when
employing HFA 134a was not exhibited. Initial assessment of suspensions containing
0.142%m/m porous microspheres in HFA 134a and HFA 227 illustrated the effect of
density on the sedimentation and creaming rate of the formulation without the inclusion
of excipients. Suspensions prepared in HFA 134a without the inclusion of excipients
were fully flocculated. In addition microspheres were present in the headspace that were
difficult to remove upon shaking. The remaining microspheres formed a loosely packed
single floccule, which settled within seconds following the cessation of shaking. The
quality of the suspension was not improved following the inclusion of Tween 80, over
the concentration range investigated, 0 to 0.5 %m/m. Irrespective of the inclusion of
Tween 80 in the porous microsphere suspension, the resultant suspension remained as a
single loosely packed floccule with a translucent supernatant. Following the inclusion of
0.005 to 0.5 %m/m Tween 80 flocculated suspensions were produced that were difficult
to redisperse on shaking. The aforementioned floccule remains as a single entity
irrespective of Tween 80 concentration. Suspensions prepared with the 0.001 %m/m
and 0.1 %m/m Tween 80 illustrated an increased sedimentation rate of one minute
compared with other suspensions investigated. Suspensions prepared in HFA 134a can
be regarded as unstable due to the loosely packed floccule produced and the rapid
sedimentation of the aforementioned suspension. Brown and George, 1997 also
described poor formulations exhibited following the inclusion of Tween 80 in HFA
134a for the preparation of protein formulations. Farr, et. al, 1994 also reported the
production of rapidly flocculating systems producing large loose ‘floes’ when
employing HFA 134a. OSCAR analysis of porous microsphere suspension formulations
in HFA 134a also illustrated the poor quality of the suspensions achieved. Due to the
sedimentation of the microsphere suspension, the upper detector transmission voltage
was taken as an indicator of suspension stability. If sedimentation occurs an increase in
the light passing through the upper photodetector will be exhibited as particles migrate
towards the bottom of the PET vial. Figure 3.14 illustrates the effect of Tween 80
concentration on porous microsphere suspensions containing Tween 80 over a twominute analysis period. OSCAR assessment correlates with the findings of visual
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assessm ent, w hich identified the sedim entation rate to be reduced follow ing the
inclusion o f 0.005 % m /m Tw een 80. H ow ever, the instability o f the suspension
form ulations can be clearly illustrated. Im m ediately upon com m encem ent o f analysis
there is a rapid increase in the transm ission voltage from the upper detector. This is
indicative o f an unstable suspension. A lthough the transm ission voltage is reduced
follow ing the inclusion o f 0.005 % m /m Tw een 80 it is significantly larger than values
achieved for suspension form ulations em ploying PEG 300 or PVP K30 in H FA 227.
Follow ing a reduction in analysis tim e the degree o f flocculation can be clearly show n
due to rapid changes in transm ission voltage (Figure 3.15b).
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Figure 3.14:

OSCAR profile illustrating the effect of Tween 80 concentration on
average transmission verses analysis time of porous microsphere
suspensions over a two-minute analysis period
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Figure 3.15: OSCAR profile illustrating the effect of Tween 80 concentration on
transmission verses analysis time of porous microsphere suspensions
over a one minute analysis period
Large fluctuations in transmission voltage of the upper detector are indicative of large
floccules passing the upper photodetector and blocking the light. The supernatant is
translucent in all cases, hence the large fluctuations in transmission voltage.

Poor porous microsphere suspension formulations were also exhibited when including
PEG 300 in HFA 134a. As the concentration of PEG 300 increased the rate of
sedimentation was increased, with the slowest rate of sedimentation being exhibited for
formulations employing 0.5 %m/m PEG 300. A translucent supernatant however
remained regardless of the inclusion of 0.5 %m/m PEG 300. The rate of sedimentation
was significantly faster than for the same porous microsphere suspension formulations
when employing HFA 227. Although the inclusion of 0.5 %m/m PEG 300 did provide
some suspension stability with respect to the rate of sedimentation (Figure 3.16),
physical appearance of the suspensions was poor. A translucent supernatant was
apparent immediately following the cessation of shaking, with a single loosely packed
floccule present as a single complete entity. This was also illustrated following OSCAR
assessment over a reduced analysis period of one-minute (Figure 3.16).
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Figure 3.16:

Average transmission verses time following agitation when
employing selected PEG 300 concentrations in porous microsphere
suspension formulations in HFA 134a over a 60-second analysis
period

In contrast to the stability exhibited of porous microsphere suspensions following the
inclusion of PEG 300 in HFA 227, instability was exhibited when employing HFA 134a
(Figure 3.11 and Figure 3.16). High transmission values are exhibited regardless of the
concentration of PEG 300 employing in suspensions prepared in HFA 134a. In addition
large fluctuations in transmission are exhibited indicative of a fully flocculated
suspension.

The results indicate the instability of porous microsphere suspensions may be due to the
propellant employed, as suspensions employing HFA 227 exhibited stability when
including PEG 300. However, this is not conclusive, as the concentration of PEG 300
may need to be manipulated in order to stabilise porous microsphere suspensions in
HFA 134a as the effect of stabilising agents is found to have an optimum concentration
effect.
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3.7.4

Discussion of Results

The results correlate with the findings of Byron and Blondino, 1996* that suggest that
suspension formulations employing HFA 227 can be successfully formulated in the
same manner as current CFC formulations. They suggest not more than 5 % of the final
product should be composed of suspension stabiliser. The results obtained are in
agreement with this and show the viability of porous microsphere pMDI suspension
formulations.

The stabilisation effect following the inclusion of suspension stabilisers can be
attributed to the steric stabilisation of suspensions when employing an optimum
concentration of PEG 300 or PVP K30 in accordance with the DLVO theory of
suspensions. Derjaguin, Landau, Verwey and Overbeek devised DLVO theory, which
deals with interactions between suspended particles. It is generally accepted that
suspension stability is achieved by a mechanism known as steric stabilisation (Hickey,
et. a l, 1994; Purewal, 1998 and Vervaet and Bryon, 1999). The principal forces leading
to particle flocculation in non-aqueous media are believed to be van der Waals’
attractive forces acting over extremely short ranges (Hirst, et. al, 2002 and Weers, et.
a l, 2001). This force between two suspension particles is the sum of attractions
between each atom in one particle and each atom in the other particle. The repulsive
force between particles is electrical on account of their like charges and the polarity of
the propellant. If the charge is high, the repulsive forces will be significant and the
dispersion will show little tendency to flocculate or coagulate resulting in particles
remaining dispersed. At relatively small interparticle distances, there is loose
association of particles, termed “flocculation”. The adsorption of suspension stabilisers
and polymers results in a molecular film that can prevent aggregation. This stabilisation
has two components: entropie and enthalpic (Johnson, 1996). Enthalpic effect is due to
the interpenetration of the solvated polymer sections as the particles approach, leading
to an overall increase in segment density of the solvated polymer, as the energy of
interaction between segments increases. As a result a consequent rise in interparticle
osmotic pressure is exhibited. This results in a repulsive potential (Purewal, 1998).
Entropie effect occurs if the approach of particles continues that leads to the constraint
of the solvated polymer. It results in an unfavourable decrease in the configurational
entropy of the polymer, an increase in the overall free energy of interaction of the
particles, and an additional repulsive component to the interaction potential. Both
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enthalpic and entropie effects lead to particle repulsion and suspension stability
(Purewal, 1998). The overall interaction potential of the particles in a sterically
stabilised dispersion is the sum of the repulsive forces and attractive van der Waals’
forces. As a result the steric barrier does not have to be very large before suspension
stability is achieved. This effect correlates with the results of investigations that show
an optimum concentration of suspension stabiliser is required to achieve physical
suspension stability (Figure 3.7, to 3.11). Above and below this concentration instability
is shown and can be attributed to the size of the steric barrier formed around the
particles. Below the optimum PVP K30 concentration, 0.001 to 0.005 %m/m the barrier
may not be sufficient to keep the particles at a large enough distance apart. As a result
the creaming rate and the opacity of the supernatant is lower than that of formulations
adopting the optimum PVP K30 concentration, 0.0075 %m/m PVP K30. Above this
concentration the steric barrier produced could be too large. The increase in size of the
steric barrier results in the particles kept too far apart; hence a more flocculated system
was exhibited. This is in agreement with the findings of Eriksson, et. al, 1995 who
shows an optimum concentration of suspension stabiliser is required for the stabilisation
of Salbutamol suspensions and if it is exceeded instability, is exhibited. Eriksson et. al,
1995 employed oleic acid as a suspension stabiliser in trichloromonofluormethane (PI 1)
and dichlorodifluoromethane (PI2). Bower, et. al, 1996"^ also show an optimum
surfactant

concentration

is

required

for

Salbutamol

suspensions

in

1,1,2-

trichlorotrifluoroethane (Propellant 113). In our study the same effect was exhibited
following the inclusion of PEG 300 in HFA 227, for porous microsphere suspension
formulations. However, the concentration of PEG 300 required to stabilise porous
microsphere suspensions was 10-fold greater than that of PVP K30. This is expected, as
the concentration of stabilising agent is specific for each drug and the propellant
employed. In addition the molecular weight of the stabilising agent may influence the
concentration employed. This is supported by the studies of Clarke, et. al, 1993 when
using a model propellant, PI 13. In addition the long chain structure of PVP K30 may
give it more ability to stabilise porous microsphere suspensions compared to that of
PEG 300. In order for the successful steric stabilisation of suspensions employing
polymer based additives there must be a large degree of anchoring at the surface. This is
thought to arise due to the ability of PVP K30 to hydrogen bond at the surface of the
suspension solid. Wright, 1994 suggests that there is some hydrogen bonding between
PVP K30 and HFA 227 that may help PVP K30 chains favour extended confirmations
in solution. Hydrogen bond receptor groups may also be responsible for the bonding to
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particle surfaces but other interactions may be present, such as dipole, dispersion forces,
surface charge and physical entrapment. Clarke, et. al, 1993 also comment on the
importance of hydrogen bonding with respect to surfactant stabilisation in suspensions.
Clarke, et. al, 1993 suggest hydrogen bonding is important with respect to adsorption
interaction of oleic acid on alumina when employing PI 13 as the propellant.

From the results obtained for porous microsphere suspension formulations employing
an optimum concentration of PVP K30 and PEG 300, a hydrogen bonding effect is
supported. Following storage for 3 months at 20 °C and 55 % relative humidity, the
stability of porous microsphere suspensions is maintained when employing 0.0075
%m/m PVP K30. However, when employing 0.075 %m/m PEG 300 stability is not
maintained over a three-month storage period (Figure 3.13). The optimum concentration
of each suspension stabiliser was compared in this study as the suspensions exhibited
physical stability.

Flocculation of pMDI suspensions is not ordinarily a problem as particles are easy to
redisperse on shaking. However, porous microsphere suspensions employing HFA 134a
illustrated a fully flocculated suspension irrespective of the inclusion of suspension
stabilisers within the pMDI suspension (Figures 3.13, 3.14 and 3.15). The results clearly
indicate the general instability of porous microsphere suspensions prepared in HFA
134a compared to those prepared in HFA 227 over comparable suspension stabiliser
concentration ranges. In the case of HFA 227 porous microsphere suspensions were
produced which slowly formed a creamed layer. The supernatant remained opaque
following the inclusion of an optimum concentration of PVP K30 and PEG 300 when
employing HFA 227. This effect can be attributed to the density differences between
porous microspheres and the liquid phase (propellant) of the suspension. McDonald and
Martin, 2000 comment that density differences between disperse phase and liquid phase
should be minimised in order to promote the physical stability of the suspension and
resulting dose reproducibility. A “controlled flocculation” approach is generally
accepted as a method for the preparation of stable pMDI suspensions. With the use of
HFA 134a, this effect is impossible due to the single mass floccule produced, which
could not be redispersed on shaking. In addition to the polar nature of HFA 134a in
comparison to HFA 227 makes the repulsive energy higher as indicated by the dielectric
constant. HFA 134a has a dipole moment of 2.06 and dielectric constant of 9.5. In
contrast HFA 227 has a dipole moment of 0.93 and dielectric constant of 4.1 (Bryon, et.
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al, 1994). As a result of the higher dipole moment and dielectric constant HFA 134a is
more polar than HFA 227. The greater polarity of HFA 134a combined with the
presence of hydrogen substituents allows for charge separation in this propellant
molecule owing to the electronegativity of the fluorine atoms (Byron and Blondino,
1998). A layer of dipolar molecules at the surface of the microspheres may influence the
nature of the electrical double layer formed, as the particles obtain a surface charge.
This polarisation effect induces a temporary dipole on the microsphere (active
molecule) without changing the net surface charge of the drug. This may lead to an
increase in the van der Waals force of attraction between suspending microspheres
(active particles) and therefore increased tendency to form floes in HFA 134a, (Michael,
et. al, 2001). The polar nature of the HFA 134a may explain the ‘floe’ formation when
porous microspheres were prepared in HFA 134a in contrast to comparably stable
suspensions prepared in HFA 227.

3.8

RESULTS OF FORMULATIONS FOLLOWING THE INCLUSION
OF ETHANOL

3.8.1

Effect of Ethanol Concentration on Density of HFA 227

Ethanol was included in the formulations to reduce the density of HFA 227. It has a
density of 0.790 g/cm^. In accordance with Stokes law if the density of the propellant
matches the density of the porous microspheres then the creaming rate will be zero, thus
producing a stable formulation. The density of the porous microspheres was 1.348
g/cm^ when determined experimentally by helium pycometry and correlates with two
factors:

1. PLGA is the bulk constituent of porous microspheres as it was included in the
microsphere formulation in a ratio of 6 mg BSA (theoretical): 250 mg PLGA.
PLGA has a density of between 1.3-1.4 g/cm^ (Purac Brochure).

2. Porous microsphere suspensions prepared in HFA 134a exhibited rapid
sedimentation following the cessation of shaking. HFA 134a has a density of
1.207 g/cm^ at 20 °C, therefore the density of the microspheres was greater than
that of HFA 134a. In contrast microsphere suspensions prepared in HFA 227
184

exhibited creaming following the cessation of shaking. HFA 227 has a density of
1.409 g/cm^ at 20 °C. It can therefore be concluded that porous microspheres
have a density in the range 1.207 < 1.409 g/cm^ at 20°C.

In order to prepare microsphere suspensions that have a creaming or settling rate of
zero, the density of HFA 227 should match the density of the microspheres.
Theoretically the optimum concentration of ethanol required to reduce the density such
that it matches the density of the microspheres should be 6.5 %m/m ethanol.

Following experimental assessment of HFA 227 density by Paar density determination,
the optimum concentration of ethanol required to achieve suspension stability by
density matching was between 4.5- 6.0 %m/m (Table 3.2)(Appendix 4). The
aforementioned results are in agreement with the findings of Vervaet and Byron, 1999
who also showed no statistical variation in theoretically and experimentally derived
density values.

Ethanol Concentration
(%m/m)
0
0.5
1.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
6.5
7.5
10.0
15.0
Table 3.2:

Mean Density (g/cm^)
1.407 (±0.00)
1.401 (±0.00)
1.395 (±5.77 X 10"')
1.379 (±5.77 X 10"*)
1.377 (±1.00x10'^)
1.365 (±5.77 X ID"*)
1.363 (±3.79 X 10 ^)
1.354 (±5.77 X 10"*)
1.357 (±5.77 X 10"')
1.336 (±2.98 X 10'*)
1.328 (±2.11 X 10'*)
1.334 (±0.00)
1.315 (±0.00)
1.271 (±5.77 X lO"')

The Density of the Ethanol/HFA 227 mixes when determined using
Paar density meter

The density of HFA/suspension stabiliser mixes was also determined. As expected the
inclusion of suspension stabilisers did not influence the density of the propellant.
Therefore any changes in the formulations with respect to physical stability can be
attributed to the stabilising effect of the stabilising agent in the formulation.
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3.8.2

Effect of Ethanol

Concentration

on the

Physical

Stability

of

microsphere pMDI Suspension Formulations Employing HFA 227
Previous studies illustrated the successful formulation of porous microsphere
suspension preparations when employing HFA 227 by “controlled flocculation”.
Following the inclusion of ethanol, porous microsphere suspensions were also
successfully produced, although the concentration of ethanol influenced the physical
stability of the suspensions. Without the inclusion of ethanol a suspension was produced
composing of finely dispersed particles that creamed upon standing. The creamed layer
was easy to resuspend following shaking. Following the inclusion of ethanol the rate of
creaming was reduced, when incorporating ethanol up to a concentration of 5 %m/m. In
addition an increased thickness in creamed layer was observed. The reduction in the rate
of creaming and increase in creamed layer thickness was shown with increasing ethanol
concentration. This effect is illustrated in Figure 3.17, which shows the visual
suspension stability of formulations employing ethanol over the following concentration
ranges; 0, 2.5, 4.0, 5.0, 6.0 and 7.0 %m/m ethanol. At time, T= 0 immediately following
the cessation of shaking, all formulations showed an opaque supernatant with particles
distributed throughout (Figure 3.17a). Following standing for two minutes a creamed
layer had formed in formulations, although above 2.5 %m/m ethanol, the layer had not
completely formed. In addition the supernatant started to clear, except for suspensions
including ethanol above 2.5 %m/m (Figure 3.17b). Following standing for a total of ten
minutes the effect of ethanol concentration is clearly illustrated. Figure 3.17c, shows the
effect of ethanol concentration on suspension following standing for ten minutes.
Without the inclusion of ethanol a small densely packed creamed layer has formed and
the supernatant is translucent. When employing 2.5 %m/m ethanol a creamed layer has
also formed after ten minutes, although it is thicker than that of the formulation without
the inclusion of ethanol. In addition the supernatant has particles dispersed within it. As
the ethanol concentration is increased, to 4 %m/m ethanol, the thickness of the creamed
layer has increased and the supernatant is more opaque. From Figure 3.17 the optimum
concentration of ethanol required for porous microsphere suspension stabilisation can
be regarded as 5 %m/m ethanol. At this concentration a relatively thick creamed layer is
present and the supernatant is opaque, in contrast to other formulations investigated. As
the concentration is further increased to 6.0 or 7.0 %m/m ethanol the particles dispersed
in the supernatant are larger in size. However, particles remain dispersed in the
supernatant. From Figure 3.17 it appears above 5 %m/m ethanol the degree of
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flocculation is increased. This is supported by OSCAR assessment of the change in
lower photodetector light transmission (Figure 3.18).

(a) Time = 0 minutes

0% w/w

2.5% w/w

4.0% w/w

5.0% w/w 6.0% w/w 7.0% w/w

(b) Time = 2 minutes
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0% w/w

2.5% w/w

4.0% w/w

5.0% w/w

6.0% w/w

7.0% w/w

(c) Tim e = 10 m inutes

Figure 3.17:

Effect of ethanol concentration of physical stability of porous
microsphere suspension prepared in HFA 227 (a) Immediately
following the cessation of shaking, (b) Following 2-minutes standing
and (c) Following 10-minutes standing
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Time Following Agitation (Seconds)

Figure 3.18: Effect of ethanol concentration on OSCAR profile of average
transmission voltage verses analysis time for porous microsphere
suspensions in HFA 227
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Visual assessm ent illustrated the stability o f porous m icrosphere suspensions produced
betw een 4 to 7 % m /m ethanol. H ow ever, the inclusion o f ethanol above 5 % m /m
ethanol results in a change in the physical nature o f the suspensions. O SC A R
assessm ent illustrates the stability o f m icrosphere form ulations em ploying 5 % m /m
ethanol in com parison to the other ethanol concentrations investigated (Figure 3.18).
Both visual and O SCA R assessm ent correlates w ith the findings o f the density
determ ined experim entally, w hich suggested 4.5-6 % m /m ethanol w as the optim um
concentration range required for the stabilisation o f suspensions by density m atching. A
density o f 1.353 (± 8.72 x 10

1.357 (± 1.357 x 10 “^), and 1.336 (± 1.130 x 10"^)

g/cm^ was determ ined w hen em ploying 4.5, 5.0 and 6.0 % m /m ethanol respectively.
The density o f the porous m icrospheres w as 1.384 (± 0.105) g/em^. O SC A R assessm ent
further narrow s the concentration range o f ethanol required for suspension stability to be
5 % m /m ethanol as Figure 3.18 show s over an analysis period o f tw o m inutes. This is
further confirm ed w hen com paring the cream ing characteristics o f the suspension
form ulations (Figure 3.19).

800
•c 700

0) 500

■2.5 %m/m Ethanol
■4.5 %m/m Ethanol

g. 400

5.0 %m/m Ethanol
■6.0 %m/m Ethanol

.2 300
■o 200

2 100

20

40

60

80

100

120

Time Following Agitation (S econ d s)

Figure 3.19:

Effect of Ethanol concentration on the creaming characteristics of
porous microsphere suspensions in HFA 227

In accordance w ith Stokes Law (E quation

1.0), if the density o f the dispersed

m icrospheres exceeds the density o f the propellant phase, sedim entation will be
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exhibited.

From

density

determ ination

both

theoretically

and

experim entally

m icrosphere suspension form ulations em ploying 10 and 15 % m /m ethanol will exhibit
sedim entation.

Both visual

and

O SC A R

m icrosphere particles w hen em ploying

assessm ent

10 and

illustrate

15 % m /m

sedim entation

ethanol.

of

Suspensions

com prising o f 10 % m /m ethanol have an experim ental density o f 1.315 g/cm^ at 20 °C.
T he density o f the propellant phase w as further reduced follow ing the inclusion o f 15
% w /v ethanol; a density o f 1.271 (± 9.43x10'^) g/cm^ at 20

w as exhibited. Visual

assessm ent o f suspension form ulations em ploying 10 and 15 % m /m ethanol illustrated
the sedim entation o f suspension particles on standing (Figure 3.20). T he particles are
slow ly m igrating to the bottom o f the PET vial, w ith the rate o f sedim entation
increasing w ith increasing ethanol concentration. Follow ing standing for 10 m inutes
(Figure 3.20e) w ith the exception o f a few particles present in the supernatant, the
suspension has sedim ented w hen 15 % m /m ethanol was em ployed. This was expected
since the density o f the propellant m ix follow ing the inclusion o f 15 % m /m ethanol was
further reduced. As a result the rate o f suspension sedim entation will increase due to the
density difference betw een the propellant m ix and the porous m icrospheres.

(A) 0 M inutes
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(B)

2 M inutes

(C) 10 M inutes

Figure 3.20: Effect of 0, 5.0 and 15.0 %m/m ethanol on physical suspension
stability of porous microspheres prepared in HFA 227 (a)
immediately following the cessation of shaking, (b) following twominutes standing and (c) following ten-minutes standing

This

suggests

that

ethanol

can

be

em ployed

to

m anipulate

the

suspension

cream ing/sedim entation characteristics in accordance w ith Stokes Law. This is in
agreem ent w ith the findings o f M artin, 1993 that suggests optim um suspension
form ulations are produced w hen the dispersed phase and dispersed m edium are
m atched. The above findings w ith respect to density m atching correlate w ith the
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findings of Williams, et. ai, 1998^ who found superior pMDI suspension when
matching the density of chitosan microspheres to the HFA 134a.

Work completed by Choi, et. al, 2001 suggests that the stability of proteins is not
affected when prepared in ethanol. This has been shown for Lysozyme, horseradish
peroxidase and bovine pancreatic insulin in ethanol based suspensions. Therefore it can
be concluded that ethanol may be suitable for density matching of pMDI porous
microsphere suspensions.

3.9

CONCLUSIONS

The following conclusions can be derived for the aforementioned study

3.9.1

Effect of Suspension Stabiliser Concentration on Suspension Stability

1. PEG 300 and PVP K30 are soluble in HFA 227 and PEG 300 and Tween 80 are
soluble in HFA 134a.
2. Porous microsphere suspensions exhibited creaming in HFA 227 and
sedimentation if HFA 134a. This is expected due to the density difference of the
propellant, in accordance with Stokes law.
3. Porous microsphere suspensions prepared in HFA 227 are superior to those
prepared in HFA 134a. This effect is independent of suspension stabiliser
inclusion.
4. There is an optimum suspension stabiliser concentration required for the
stabilisation of porous microsphere suspension formulations in HFA 227. The
optimum level of PVP K30 required for porous microsphere suspension
stabilisation in HFA 227 is 0.0075 %m/m. 0.075 %m/m PEG 300 was found to
produce porous microsphere suspensions that exhibited the greatest stability.
5. Porous microsphere suspensions prepared in HFA 227 employing the optimum
PVP K30 level exhibited greater stability on standing compared to those
employing the optimum concentration of PEG 300.
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3.9.2

Effect of Ethanol Concentration on Suspension Stability

1. Ethanol can be successfully employed for the stabilisation of porous
microsphere suspensions in HFA 227.
2. In accordance with Stokes Law if the density of the propellant phase matches
that of the dispersed phase then creaming/sedimentation rate will be zero when
temperature is constant.

3.9.3

OSCAR and Visual Assessment Correlation

1. OSCAR assessment correlates with the findings of visual assessment and enable
quantifiable results to be obtained.
2. OSCAR assessment enables the assessment of suspensions to be compared over
extended periods of time more accurately.
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4.0

EFFECT OF ETHANOL, PEG 300 AND PVP K30 ON THE
AEROSOLISATION

CHARACTERISTICS

OF

POROUS

MICROSPHERE SUSPENSION FORMULATIONS
4.1

INTRODUCTION

Previous work completed on porous PLGA microspheres has illustrated the successful
preparation of porous microsphere suspension formulations when employing various
excipients in HFA 227 (Chapter 3.6.2 and 3.8.2). Suspension stabilisers that assisted
with the physical stability of suspension formulations in HFA 227 were identified as
PEG 300 and PVP K30. In addition the inclusion of ethanol to reduce the density of
HFA 227 to match that o f the porous microspheres also proved successful.

The stability of the suspension formulation is a prerequisite to ensure bioavailability is
achieved. Suspension homogeneity and redispersibility are important to ensure that the
suspended drug particles are within the respirable range, ~ 5-10 pm for the inhaler to be
effective. Surfactants (suspension stabilisers) are therefore included to stabilise the
formulation (Bower et. al, 1996®). However, in order to illustrate the viability of
porous microsphere suspension formulations with respect to achieving a suitable
bioavailability further assessment must be performed.

The main factor in determination of bioavailability is the size distribution of the emitted
aerosol. The particle size dramatically influences the deposition of particles in the
respiratory tract and therefore determines inhaled dose and subsequent pharmacological
effect of the active (Wolff and Niven, 1994). The bioavailability of inhalation aerosols
is determined in each single dose by the particle size distribution and the effective
particle-size range of the active compound (Fedina, et. al, 1998 and Fedina, et. al,
1997). That is to say the aerodynamic diameter of the emitted particles and the size
distribution of the aforementioned particles. The aerodynamic size of the active particle
or droplet determines the degree of deposition in the lungs. The aerodynamic size is
defined as the diameter of a sphere of unit density with the same settling velocity as the
particle. This term takes into account particle size, shape and density, all of which
influence the deposition pattern (McDonald and Martin, 2000). In the case of testing
methods the mass median aerodynamic diameter (MMAD) is considered to be the true
estimation of the particles in the lung. This can be derived as follows (Equation 4.0).
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MMAD = MMD Vp/po

Where:
MMD = mass median diameter (p)
p = the density of the disperse phase (g/cm^)
po

= unit density (g/cm^)

Equation 4.0: Determination of the MMAD
This gives the aerodynamic size of the disperse phase below or above which 50% of the
drug dose resides. This is the aerodynamic diameter that is of most significance when
testing pMDIs. In addition the geometric standard deviation (GSD) is also determined to
illustrate the size distribution of the particles.

From the definition of aerodynamic diameter, large particles with a low density will
have a smaller diameter than its actual physical size. Previous studies employing porous
particle have shown lower aerodynamic diameters than the actual size of particles.
Wang, et. al, 1999 have shown a mass median aerodynamic diameter (MMAD) of 4.1
pm for porous particles compared to a geometrical particle size of 10.1 pm following
aerosolisation in a DPI. Previous work by Edwards, et. al, 1997 has also shown that
large porous particles with a mean geometric diameter of 20.4 pm gave high systemic
bioavailability o f testosterone compared to conventional inhaled therapeutic aerosols.
Although the particle size of the porous microspheres employed throughout this study
are ~ 20 pm in size it is hoped that the aerodynamic diameter will be significantly
lower, therefore targeting the lower region of the lungs. The shape of the particles is not
considered, as they are spherical in nature.

In order to achieve a suitable bioavailability the particles must be within a suitable size
range. This size is regarded as the fine particle fraction (FPF) or respirable fraction. The
FPF is generally regarded as 1-5 pm for the targeting of locally acting drugs, (Hickey,
1992). However, the FPF of systemically acting drugs is thought to be lower. Keller,
1999 suggests that the control of the particle size range of the emitted dose within ~ 1-
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2.5 |am should assist in targeting of the aerosol cloud, preferably to the alveolar region
where the drugs can be absorbed more efficiently into the systemic circulation.

In addition to the size of the particles the formulation itself may influence the particle
size of the emitted aerosol. pMDIs typically contain non-volatile excipients such as
surfactants to stabilise suspensions and also co-solvents. As a result the actuated particle
size is ultimately limited by the size of the solid ingredients (Wolff and Niven, 1994).
The emitted particle size is further refined by the level of stabiliser, the vapour pressure
of the propellant, metered volume and the dimensions of the valve and actuator
(Brambilla et. al, 1999). Porous microsphere suspension formulations have been
prepared with stabilisers, PEG 300 and PVP K30. Therefore, the particles/droplets
emitted from the aerosol consist of a powered drug core coated with the aforementioned
stabilisers (Clark, 1996). The stabilisers employed are non-volatile compared to the
propellant employed; HFA 227, therefore the rate of propellant evaporation will be
reduced following their inclusion. This will result in the formation of larger slowly
evaporating droplets. These large droplets may deposit high in the respiratory tract, as
the propellant does not evaporate fast enough.

In addition the vapour pressure of the propellant will influence the deposition pattern of
the microspheres. Assuming the size of the particles are of a suitable size range to target
the lungs, particles should be delivered to the lower regions of the lungs. However, the
FPF and in particular the degree of throat deposition is influenced by the vapour
pressure o f the propellant employed. Vapour pressure provides the driving force to exit
the suspended drug particles in an aerosol cloud. The volatile propellant will evaporate
immediately as it enters atmospheric conditions and undergoes rapid volume expansion.
A propelling force is evolved to drive the residual droplets out of the device. The
resulting high-speed flow also generates a sheer force, which helps to reduce the droplet
size of the emitted dose (Williams, et. al, 1998). A high vapour pressure should result
in rapid evaporation of propellant and therefore smaller droplets produced which
enhance lung penetration. However, a high vapour pressure may be detrimental to
deposition of the particles in the respiratory tract (Dalby, et. al, 1996). A high vapour
pressure typically results in a finer aerosol with a greater initial forward velocity
causing higher oropharyngeal deposition (Keller, 1999 and Vervaet and Byron, 1999).
Conversely a less volatile propellant may minimise impaction in the throat at the
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expense o f producing larger slower evaporating droplets which are prone to impaction,
high in the respiratory tract (Dalby, et. al, 1996).

Table 4.0 describes the vapour pressure of propellant previously employed in the
preparation of pMDIs and the alternatives. CFC propellants were typically blended to
manipulate the vapour pressure such that it produces a suitable pMDI. As a result the
vapour pressure of HFA 134a is greater than that of HFA 227 and CFC blends. The
vapour pressure of HFA 227 employed throughout this study is 43.0 psig at 68 °F
(Table 4.0). High oropharyngeal deposition is thought to arise when employing HFA
propellants due to the higher vapour pressure exhibited by the aforementioned
propellants compared to CFC blends. This effect should be limited as the propellant
employed throughout was HFA 227, which has a comparable vapour pressure to that of
CFC blends.

Propellant Type
CFC 11
CFC 12
CFC 114
HFA 134a
HFA 227

Table 4.0:

Vapour Pressure (psig) at 70 °F
- 1.3
70.3
12.9
71.1
43.0 (at 68 °F)

Influence of propellant type on vapour pressure of formulations,
Sciarra, 1996

In addition to the inclusion of ‘suspension stabilisers’ to stabilise porous microsphere
suspensions ethanol was also included. The vapour pressure of HFA propellants is
likely to remain higher than CFC propellants unless low volatility components such as
ethanol are included (McDonald and Martin, 2000). The inclusion of ethanol will result
in a reduction in the vapour pressure of the propellant phase. Williams and Liu, 1998^
reported a reduction in vapour pressure following the inclusion of ethanol in a
propellant system at 25 °C. The magnitude of change increased as the level of ethanol
increased. Deger and Schuetz, 1993 illustrate the effect of ethanol inclusion on the
vapour pressure and density of HFA propellants. The inclusion of 10 %m/m ethanol in
HFA 134a resulted in a reduction in vapour pressure from 4.7 to 4.3 bar at 20°C.
Following the inclusion of 20 % ethanol the vapour pressure was further reduced to 4.2
bar at 20°C. The change in vapour pressure following the inclusion of ethanol in HFA
propellants is summarised in Table 4.1.
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Propellant
Type

Ethanol % by
weight

Propellant % by
weight

HFA 134a
HFA 134a
HFA 134a
HFA 134a
HFA 227
HFA 227
HFA 227
HFA 227

0
10
20
50
0
10
20
50

100
90
80
50
100
90
80
50

Table 4.1 :

Vapour
Pressure
(bar) at 20° C
4.7
4.3
4.2
3.4
3.4
3.0
2.8
1.9

The effect of ethanol concentration on the vapour pressure of HFA
propellants. Summarised from Deger and Schuetz, 1993

Therefore, the deposition pattern of the formulation may be influenced following the
inclusion o f ethanol producing larger droplets that will not be respirable.

The aim when preparing a pMDI relies on the preparation of a suitably stable
suspension with a high FPF. The suspension should exhibit good physical stability to
ensure consistent and reproducible drug delivery is maintained throughout the life of the
can. In addition a high FPF is desirable, to ensure large aliquots of drug are delivered to
the lungs (Wolf and Niven, 1994). As a result a balance must be achieved to produce a
physically stable suspension following the inclusion of excipients, but not at the
expense of a low FPF.

Work completed by Dellamary, et. al, 2000 have shown porous microspheres can be
successfully aerosolised in HFA 134a. In this instance Pulmospheres

were employed

which have a volume weighted mean diameter of 4,51 (± 1.4) pm. Results show
improved dose uniformity and higher FPFs were obtained when employing porous
particles compared to that of existing pMDI formulations. The FPF of Cromolyn
Pulmospheres™ in HFA 134a was 68.1 (± 5.9) % versus 24.3 (± 2.0) % when
employing an Intal™ CFC pMDI. Hirst, et. ai, 2002 have shown porous particles can
be delivered more efficiently to the lungs compared to conventional micronised
formulations, following in-vivo studies. Hirst, et. al, 2002 show lung deposition values
of 28.5 (± 11.3) % with Pulmospheres™ versus 14.5 (± 8.1) % when employing a
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ventolin

Evohaler™

microspheres,

pMDI.

which have

Investigations
larger surface

employing
areas

non-porous

compared

to

corrugated

non-corrugated

microspheres have also shown improved FPFs when prepared as DPIs (Chew and Chan
2001). As a result the feasibility of large porous PLGA microspheres looks promising.

The aim of this study was to characterise and evaluate the performance of pMDIs
incorporating PEG 300, PVP K30 or ethanol in HFA 227. To ensure reproducible doses
can be delivered to the patient of a suitable size range that can be deposited to the
correct regions of the respiratory tract. Following previous studies investigating the
effect of excipients on the physical stability of porous microsphere suspension
formulations the optimum concentrations of various excipients was determined. Porous
microsphere suspension formulations prepared in HFA 227 showed increased physical
stability following the inclusion of 0.075 %m/m PVP K30. In the case of PEG 300 the
optimum concentration required was identified as 0.75 %m/m. Studies employing
ethanol to match the density of the propellant to that of the porous microspheres showed
a concentration o f 5 %m/m ethanol was required. In order to investigate the effect of
various excipients of the aerosolisation characteristics of porous microsphere
formulations the optimum concentration range derived from previous studies was
investigated. In addition a lower and higher concentration was also included to illustrate
the effect of suspension stabiliser concentration on aerosolisation studies.

This study focussed on four areas to assess the aerosolisation characteristics of porous
microsphere pMDI suspensions. (1) Determination of the aerodynamic diameter of
porous microspheres, to assess the viability for the delivery of locally and systemically
acting drugs (2) Determination of the FPF of porous microsphere suspension
formulations incorporating various excipients (3) The effect of various excipients on the
dose uniformity (4) The influence of excipients on the valve function throughout the life
of the can containing porous microspheres in HFA 227.
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4.2

MATERIALS AND METHODS

In this instance porous microsphere suspension formulations were prepared in plastic
coated metal cans fitted with 50 pi metering valves (3M), in accordance with the
transfer fill method described in Chapter 3. Following preparation they were left for the
valve to equilibrate for a week following which aerosolisation tests were performed.
All materials employed throughout this study are described in Chapter 3.

4.2.1

Scanning Electron Microscopy of pMDI Suspension Formulations
Following Actuation

SEM images of porous microspheres sprayed via an actuator were prepared in
conjunction with shot weight determination. Prior to preparation of the samples the
pMDI suspension formulations were shaken and primed. Following priming a shot was
fired onto a SEM stub and the propellant left to evaporate off. Once the propellant had
evaporated the samples were gold plated and the analysis was completed as for previous
SEM samples using a Stereoscan instrument.

4.2.2

Micro-BCA^^ assay for Determination of Total BSA in the Can

The micro-BCA™ assay is a general assay for the detection of protein and polypeptide.
In this instance the micro-BCA™ assay (Pierce, Rockford, USA) was employed to
determine the total quantity of BSA contained within the can. This therefore enables the
dose delivered through the valve and also the FPF to be more accurately calculated.

In order to determine the quantity of BSA contained in the sample a calibration graph is
derived from a set of standards of known concentration. The micro-BCA^*^ assay works
on the same principal as a standard BCA assay, a copper sulphate reduction obtained by
protein in an alkaline environment. The micro-BCA™ assay was employed in this
instance as it has a detection limit of 0.5 pg/ml BSA.
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4.2.2.1

M ethod for Adopted Micro-BCA^^ assay BSA Determination

The following method was adopted for determination of FPF and DTV for pMDI
suspension formulations. BSA standards were freshly prepared in d.d water, over a
concentration range of 40 to 2 pg/ml. 150 pi of each standard was added to a microwell
plate (Coming, UK), using a total of 4 wells for each standard. In addition a negative
control of water was added to the microwell plate. The samples subject to analysis were
centrifuged (Hereaus Multifuge, Fisher Scientific, UK) for 2 minutes at 15,000 RPM,
following which 150 pi of each sample was added to the plate wells. A total of 4 wells
were employed for each sample subject to analysis. Once the standards and samples
were added to the microwell plate 150 pi of working reagent was added to each well.
The plates were then incubated at 37 °C for 2 hours. Following incubation, the plate was
left to cool to room temperature and was measured on a plate reader (Molecular
Devices, Spectra Max Plus, Molecular Devices, UK) at an absorbance of 562 nm. Once
the results were obtained the FPF and DTV was calculated for each formulation as
described in Appendix 5.

4.2.3

Dose Delivered Through the Valve

The dose delivered through the valve (DTV) is a technique to illustrate that consistent
and reproducible dosing can be achieved from a pMDI throughout the life of the can.
DTV is employed to assess the suspension stability of the formulation. It allows the
dose of porous microspheres past the valve stem to be calculated. Ideally DTV should
be performed using USP apparatus to ensure the dose is determined after the shot has
been fired throughout the actuator. However, due to the equipment not being suitable
for use with microsphere suspension formulations an alternative method was adopted.

The method adopted was previously employed in Europe for label claims for pMDI
formulations although has since been replaced, (Cummings, 1999). However, it still
currently employed in the Australian Pharmacopoeia. The method adopted for
determination of DTV was adapted from the BP, 2002, content of active ingredients
delivered by actuation of the valve as follows;
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4.2.3.1

M ethod for Determination of DTV Throughout the Life of the Can

All markings on the outside of cans were removed prior to testing. The pMDI was
primed by firing 3 shots to waste, and the weight recorded. A stainless steel base plate
that has 3 legs and a central circular indentation with a hole about 1.5 mm in diameter
was placed in a suitable beaker to provide a tight fit. 25 ml of DCM was added to the
beaker to ensure the inhaler was discharged in the solvent for the assay. The pMDI was
shaken for 30 seconds and placed in an inverted position in the beaker. A total of 25
shots were fired through the hole in the centre of the base plate ensuring the pMDI
remained in the beaker for 30 seconds. The pMDI was shaken before each actuation of
the valve. Following the firing of the shots the pMDI was washed in DCM to ensure all
traces of emitted aerosol were removed from the can and the actuator stem.

In order to determine the quantity of microspheres delivered by actuation the
quantification of BSA was necessary. 2.0 ml d.d water was added to the beaker contents
and covered to allow the microspheres to dissolve. Following storage overnight the
solution was centrifuged (Hereaus Multifuge, Fisher Scientific, UK) for 40 minutes at
12,000 RPM to collect the aqueous phase containing BSA. Following centrifugation the
upper aqueous phase was removed by a pipette and stored. A further 2.0 ml d.d. water
was added to the DCM phase and centrifuged as before. This upper aqueous phase was
also collected to remove any remaining BSA in the system. In order to determine the
quantity of microspheres present in the formulation the quantity of BSA was detected.
A micro-BCA™ assay was performed on the aqueous phase following centrifugation
for 2 minutes at 15, 000 RPM in accordance with the method described below. The
quantity of BCA was calculated and therefore the quantity of microspheres by the
calculation described in Appendix 6.
DTV was repeated at the start, middle and end of the can in conjunction with weight per
actuation studies.

202

4.2.4

Aerodynamic Diameter of Porous M icrosphere pMDI Suspensions

Typically a cascade impactor is used to determine the aerodynamic diameter and FPF of
resultant emitted particles. This method is described in the European (EP), United States
(USP) and British Pharmacopoeia (BP). Cascade impactions studies are time consuming
and are dependant on the development of a suitable assay procedure to quantify emitted
drug particles. There are eight stages on a typical cascade impactor; therefore the
development of a sensitive assay is a prerequisite (Cummings, et. al, 1996).
The composition of porous microspheres makes a sensitive assay difficult. Porous
microspheres were theoretically prepared with 250 mg PLGA and 6 mg BSA. The
quantity of PLGA on each plate will not be sufficient for detection by HNMR.
Therefore, quantification of the FPF is dependant on the detection of BSA in the porous
microspheres. The number of stages on a cascade impactor results in an insufficient
quantity of BSA of each plate for detection. The number of actuations (shots) may be
increased to overcome this, but this may lead to further problems. Problems such as
masking of dose-to-dose variability in the particle size distribution and particle bounce
(Miller, et. al, 1998). As a result a tim e-of flight instrument was employed to determine
both the FPF and MMAD of emitted suspension particles.
The time-of-fiight instrument also enables the FPF of the microspheres to be determined
as it has a cut off plate of 4.71 pm. This is equivalent to a cascade impactor stage 3
plate. It is generally accepted that particles that pass this stage are regarded as
respirable. The reduced number of stages the time-of-fiight instrument comprises of,
throat, collection plate and filter enables a micro-BCA assay to be employed for the
quantification of BSA and therefore microspheres.

However, time-of-fiight instruments have several disadvantages. These disadvantages
can be attributed to the lower section of the instrument, which is responsible for the
determination of the MMAD. The lower portion of the instrument determines the
MMAD by use o f laser sizing. The lasers are unable to distinguish between drug and
any surfactants or excipients, Stein, et. al, 2000. Also if two particles travel past the
lasers at the same point the equipment will assume they are one large particle and
therefore may skew the results.
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4.2.5

Determination of the Aerodynamic Diameter of pMDI Microspheres
Using an Aerodynamic Particle Sizer (APS)

The time of flight aerodynamic particle sizer (APS) (Model 3320, TSI instruments, St
Paul, MN) has been developed as an alternative to the Andersen cascade impactor. It
has yet to gain qualified acceptance as an alternative to the compendia techniques
currently employed which are time consuming to perform (Mitchell and Nagel, 1999). It
is a real time aerodynamic particle sizer that separates particles according to their inertia
by accelerating them through a defined flow field and measuring time of flight through
a split beam. The aerodynamic size of the particle determines its rate of acceleration,
with larger particles accelerating more slowly due to increased inertia. As particles exit
the nozzle (in the centre), the time of flight between the two laser beams is recorded and
converted by use of a calibration curve to aerodynamic diameter.

The APS was specifically engineered to determine aerodynamic size measurements in
real time using low particle accelerations. It is composed of two parts: the upper sizing
section and lower laser section (Figure 4.0). The upper section allows the FPF versus
the irrespirable fraction to be assessed. The upper section comprises of a USP throat,
4.71 pm cut off plate, collection plate and filter. The lower section of the APS is the
laser-sizing instrument. The theory of operation is as follows. A USP throat is
employed, with an airflow rate of 28.3 (± 0.1) litres per minute. However, the drying
time is less than an Andersen due to the increased distance the particles must travel
down through plates in an Andersen. As a result a 200mm stainless steel tube extension
is attached to compensate for this. Below the USP throat with extension an impaction
plate with a cut off of 4.71 pm is attached. Below the cut-off plate is a collection plate
to recover any particles that may pass through this plate that are not respirable. Particles
that are below 4.71 pm in aerodynamic diameter are deposited on a filter. The upper
section of the APS allows the respirable versus the non-respirable fraction to be
determined.
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pM DI

U S P throat w ith 2 0 cm
e x te n s io n

4 .7 1 jum eut o f f p late
F ilter
c o lle c tio n plate
T o tim e -o f-flig h t
instrum ent

Figure 4.0:

Schematic representation of APS Equipment

The low er section o f the APS is the laser section and is w here the aerodynam ic diam eter
o f particles is determ ined (Figure 4.0). O nly 0.2 % o f the particles entering the APS are
sam pled by this section. The laser section is the tim e o f flight instrum ent, w ith the tim e
for the particle to go through both lasers indicating the aerodynam ic diam eter. In the
instrum ent the particles are confined to the centreline o f an accelerating flow by sheath
air. T hey then pass through 2 laser beam s scattering light as they do so. Side-scattered
light is collected by an elliptical m irror, w hich focuses the light onto a solid-state
photodetector

and

converts

the

light

pulses

into

electrical

pulses.

By

tim ing

electronically betw een the peaks o f pulses, the velocity can be calculated for each
individual particle. This velocity inform ation is stored in tim e-of-flight- bins and using a
latex sphere (1.25 pm ) calibration can be converted into an aerodynam ic diam eter
m easurem ent.
The data is converted in M icrosoft excel via a m acro to produce the aerodynam ic
diam eter o f the particles.
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4.2.5.1

Method Adopted to Determine the Aerodynamic Diameter of Porous
Microsphere Suspension Formulations

The equipment was switched on and the laser was left to warm up for twenty minutes
ensuring a laser power o f 75 % was achieved. The pumps were turned on with a flow
rate o f 28.3 (± 0.1) litres/minute and the vacuum for impactor inlet was adjusted to
ensure the correct flow rate was achieved. A 10-second analysis period was adopted
using correlated mode. Prior to testing the pMDIs were primed and a total of three shots
were fired following which the weight was recorded. A total of 5 shots were fired into
the USP throat (Figure 4.0) following a randomised protocol. A computer file was set
up on the computer. The new sample was highlighted on the computer following which
the pMDI was sprayed into the throat after shaking and remained there until the analysis
period was completed. This was repeated for all pMDIs to be tested. The results were
processed by means of an Excel spreadsheet.

4.2.S.2

Method Adopted for the Determination of the FPF Employing APS

The equipment was set up as above. All equipment was washed in DCM and water to
ensure it was free of particles. Prior to testing the pMDIs were primed and the weight
was recorded. In order to perform the assay a total of 25 shots were fired through the
APS, following which the weight was recorded. The new sample was highlighted on the
computer, following which the pMDI was sprayed into the throat after shaking and
remained there until the analysis period was completed. This was repeated for a total of
25 shots. Following the completion of the test the equipment was dismantled and the
plates were washed in 20 ml DCM to remove all traces of microspheres. In addition, the
filter and throat was also washed in DCM. The washings were stored overnight in
centrifuge tubes to allow the porous microspheres to dissolve. Following the dissolving
of porous microspheres 2.5 ml of d.d water was added to the tubes and the tubes were
shaken. The tubes were then centrifuged (Hereaus Multifuge, Fisher Scientific, UK) for
40 minutes at 12,000 RPM to extract the BSA into the aqueous phase. Following
centrifugation the water was harvested. A further, 2.5 ml d.d water was added to the
DCM to extract any remaining BSA. Centrifugation was repeated to separate the solvent
and aqueous phase and the latter phase collected. The resultant BSA from the plates was
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in a total volume of 5 ml d.d water, which was centrifuged for 2 minutes at 15,000
RPM. A micro-BCA^”^ assay was then performed on the aqueous phase removed in
order to assess the quantity of BSA at each location of the APS. This enables the FPF to
be determined using equation 4.1. See Appendix 7 for further details.

ug microspheres < 4.71 um diameter
% FPF =

X 100

----------------------------------------------Total pg microspheres sprayed

Equation 4.1: Determination of FPF (Adjei and Garren, 1990)

4.2.6

Weight per Actuation

Weight per actuation is also known as shot weight. It is a simple test to perform
recording the weight of each shot fired from the pMDI. Weight per actuation is
independent of the formulation present in the can. The test is employed to assess valve
performance with respect to the valve lubrication function of excipients (Cummings,
1996). Weight per actuation has limited use with respect to suspension formulations but
may identify any problems with dose delivery or Andersen impaction studies. The test
is typically performed throughout the life of the can to provide information regarding
valve function throughout the life of the can.

4.2.6.1

Method Adopted to Determination of Weight per Actuation

The following method was adopted to assess weight per actuation of the formulations.
Prior to testing the cans were primed and weighted. It was calculated that there were a
total o f 150 shots in the can. To assess shot weight at the start of the can a total of 25
shots were fired from the can recording the weight after each shot. Following the firing
of 25 shots a further 38 shots were fired to waste from the can. The procedure was
repeated firing 25 shots from the can recording the weight following each shot. This
represents the shot weight at the middle of the can. A further 38 shots were fired to
waste and the weight recorded. The procedure was repeated firing 25 shots, recording
the weight following each shot to provide shot weights at the end of the can. The
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average shot weight of was determined at the start, middle and end of the can in groups
of n=5 shots. The resultant shot weights following the firing of n=5 shots were used
throughout the study. Shot weights 10-15 refer to the start of the can. Shots 73-78 refer
to the middle of the can shot weight and 136-141 represent the shot weight at the end of
the can.

Weight per actuation was performed in conjunction with the dose delivered through the
valve (DTV) tests.

4.3

EFFECT OF SUSPENSION STABILISER CONCENTRATION ON
AEROSOLISATION CHARACTERISTICS OF POROUS
MICROSPHERE PMDI SUSPENSIONS

In all instances pMDI suspensions were prepared containing 2 mg/ml porous
microspheres, in 8 ml RFA 227. The volume of RFA 227/suspension stabiliser mix was
lower than previously employed for suspensions investigated the physical suspension
stability due to the fill volume of the metal cans. The metal cans employed throughout
this study had a total volume of 10 ml anda fill volume of 8 ml. Therefore,the volume
was reduced and the mass of porous microsphere was adjusted to matchthe previous
mass employed.
The following pMDI suspension formulations were prepared to assess the effect of
suspension

stabiliser on

aerosolisation

characteristics

of porous

microsphere

suspensions:

1. 0.005 %m/m PEG 300
2. 0.075 % m/m PEG 300
3. 0.500 % m/m PEG 300
4. 0.001 % m/m PVPK30
5. 0.0075 % m/m PVP K30
6. 0.050 % m/m PVP K30

In addition an excipient free formulation was prepared containing porous microspheres
in RFA 227.
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The concentration ranges adopted were chosen as they represent the optimum
suspension stabiliser required to achieve physical suspension stability, from previous
work, (Chapter 3). 0.075 %m/m PEG 300 and 0.0075 %m/m represent the individual
optimum concentration of suspension stabiliser required to achieve physical suspension
stability.

In addition porous microsphere suspensions were prepared with a lower concentration,
0.005 % m/m PEG 300 and 0.001 % m/m PVP K30 to investigate the effect on
aerosolisation characteristics. Porous microspheres containing 0.5 %m/m PEG 300 and
0.05 %m/m PVP K30 in HEA 227 were employed to investigate the effect of high
suspension

stabiliser

concentrations

on

aerosolisation

characteristics.

The

aforementioned suspensions previously exhibited physical instability.

4.4

EFFECT OF ETHANOL CONCENTRATION ON
AEROSOLISATION CHARACTERISTICS OF POROUS
MICROSPHERE PMDI SUSPENSIONS

The concentration range adopted to investigate the effect of ethanol concentration on
porous microsphere pMDI suspensions with respect to aerosolisation characteristics was
as follows:

1. Excipient Free
2. 2.5 %m/m Ethanol
3. 5.0 %m/m Ethanol
4. 6.0 %m/m Ethanol
5. 6.5 %m/m Ethanol
6. 7.0 %m/m Ethanol

In all instances the excipients employed in the study (ethanol and suspension stabilisers)
were added to 300 ml cans containing HFA 227. The cans were left to equilibrate for 24
hours prior to transfer filling the desired weight into the pMDI units. The pMDI units
were left for one week before analysis was commenced.
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4.5

RESULTS

Aerosolisation studies were performed on porous microsphere suspensions in HFA 227
to determine the MMAD, dose uniformity and FPF of the formulations. In addition the
valve function of the respective formulations were assessed as it is generally accepted
that valve lubricants are required to maintain valve function throughout the life of the
can.

4.5.1

Total BSA Recovered from the Can

The total BSA recovered form the cans following micro-BCA™ assay was high in all
instances, independent of the excipients employed in the formulation. The percentage of
BSA recovered ranged from 79.160 (± 2.10) % when employing 0.005 %m/m PEG 300
to 98.880 (± 0.60) % when employing 0.001 %m/m PVP K30. See Appendix 5 for
further details.

4.5.2

Effect of Suspension Stabiliser Concentration of pMDl Suspension on
Aerosolisation Characteristics

The effect of stabiliser type and concentration in porous microsphere pMDI suspensions
was also investigated. Table 4.2 illustrates the influence of PEG 300 and PVP K30
concentration on the DTV of porous microsphere suspensions. As with suspensions
employing ethanol the DTV was determined at the start, middle and end of the can, with
the shot weight determined in conjunction with the DTV study. Table 4.3 describes the
shot weight of formulations employing various concentrations of stabiliser. It provides
an indication of valve performance and illustrates the ability of alternative stabilisers to
lubricate the valve. The deposition pattern of suspensions following the inclusion of
PEG 300 and PVP K30 were also determined. Table 4.4. The type and concentration of
stabiliser was compared to porous microsphere suspensions without the inclusion of
stabilisers. As with ethanol the optimum stabiliser concentration with respect to
physical suspension stability was investigated.
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Suspension
Stabiliser Type
and
Concentration
(%m/m)
0
0.005 PEG 300
0.075 PEG 300
0.5 PEG 300
0.001 PVPK30
0.0075 PVP K30
0.05 PVP K30

Table 4.2:

Start

Middle

End

37.39 (±11.12)
42.60 (± 6.68)
63.86 (± 1.72)
71.97 (± 7.79)
86.89 (± 7.39)
98.11(110.01)
58.55 (± 15.93)

32.12(1 8.81)
56.76 (1 11.88)
71.40 (14.94)
54.82 (1 8.77)
32.46 (1 9.11)
85.92 (13.62)
42.03 (1 13.96)

5.57 (1 1.72)
5.49 (12.77)
56.84 (1 19.93)
47.75 (14.92)
27.49 (14.05)
75.06 (1 7.01)
41.14(118.52)

The effect of suspension stabiliser type and concentration of DTV of
suspensions employing porous microspheres in HFA 227. Data are
mean ± s.d. n = 3

Suspension
Stabiliser Type
and
Concentration
(%m/m)
0
0.005 PEG 300
0.075 PEG 300
0.5 PEG 300
0.001 PVP K30
0.0075 PVP K30
0.05 PVP K30

Table 4.3:

DTV (%)
(± s.d. n = 3)

Shot Weights (mg)
(1 s.d. n = 5)
Start

Middle

End

76.76 (1 10.19)
77.56 (1 7.06)
78.12(11.81)
78.28 (12.20)
76.68 (19.52)
77.68 (12.85)
82.78 (15.10)

76.08(1 3.82)
76.46 (1 5.92)
76.16(1 1.84)
76.78 (12.41)
74.66 (1 6.09)
76.78 (12.41)
74.84 (1 2.64)

77.30(14.43)
74.76 (1 3.70)
74.46 (1 1.69)
74.98 (1 1.63)
74.56 (1 7.89)
75.72 (12.99)
68.30 (1 14.28)

The effect of suspension stabiliser type and concentration of the shot
weight of porous microsphere suspension formulations in HFA 227.
Data are mean ± s.d. n = 5
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Suspension
Stabiliser Type and
Concentration (%
m/m)
0
0.005 PEG 300
0.075 PEG 300
0.5 PEG 300
0.001 PVP K30
0.0075 PVP K30
0.05 PVP K30

Table 4.4:

Determination of FPF Following APS Testing (%)
(± s.d. n=3 data)
Throat
Actuator/ Can
Collection plates
Filter
(> 4.71 pm)
45.79 (± 2.95)
8.63 (± 2.98)
27.69 (± 2.19)
17.89 (±4.16)
21.14 (±2.63)
17.74 (±0.36)
50.07 (± 1.46)
11.05 (±0.74)
15.29 (±3.52)
46.03 (± 3.03)
33.77 (± 2.94)
4.91 (±1.10)
19.35 (±2.04)
43.80 (± 3.91)
28.53 (± 7,62)
8.36 (± 1.09)
43.87 (±5.96)
13.59 (±3.06)
27.14 (±3.19)
15.395 (±0.36)
39.96 (± 5.96)
28.47 (± 3.06)
16.65 (±3.19)
14.92 (± 0.36)
22.93 (± 1.76)
46.95 (± 2.88)
12,14 (±0.93)
17.98 (±0.75)

MMAD (pm) (± s.d.
n=5 data)

4.807 (±1.122)
4.929 (±2.051)
5.312 (± 1.059)
6.223 (± 2.007)
4.732 (±1.351)
5.70 (± 2.36)
6.01 (±3.12)

The effect of suspension stabiliser type and concentration of the deposition pattern of porous microspheres suspensions in HFA
227. Data are mean ± s.d. n = 3
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4.5.3

Effect of Ethanol Concentration of pMDI Suspension on Aerosolisation
Characteristics

Table 4.5 illustrates the effect of ethanol concentration on the MMAD and GSD
following APS testing. Also included is the DTV values obtained for respective
formulations.

Ethanol
Concentration
(%m/m)
0
2.5
5.0
6.0
6.5
7.0

Table 4.5:

MMAD (pm)
(± s.d. n = 5)

GSD (pm)
(± s.d. n = 5)

DTV (%)
(± s.d. n = 3)

4.807 (±1.12)
5.902 (± 0.97)
6.582 (± 2.82)
6.267 (±2.107)
4.234 (± 3.674)
6.304 (± 1.638.)

2.149 (± 0.88)
2.601 (±0.107)
3.022 (± 0.95)
2.234 (± 1.222)
1.781(± 0.962)
2.001 (± 0.962)

53.113 (± 4.796)
82.570 (±3.317)
94.919 (±2.501)
52.095 (± 2.386)
69.115 (±3.631)
40.219 (±2.843)

The effect of ethanol concentration on DTV at the start of the can.
Data are mean, ± s.d. n = 3

For suspensions prepared with 2.5 and 5.0 %m/m ethanol a more detailed aerosolisation
study was performed. Dose uniformity of suspensions prepared with 2.5 and 5.0 %m/m
ethanol was assessed throughout the life of the can. The results obtained following DTV
testing are shown by Table 4.6. This enables the stability of the porous microsphere
suspensions to be assessed, as changes in DTV are indicative of suspension instability.

Ethanol
Concentration
(%m/m)

DTV (%)
(± s.d. n = 3)
Start

0
2.5
5.0

Table 4.6:

37.39 (±11.17)
80.48 (±0.80)
87.70 (±0.84)

Middle

32.12 (±8.81)
73.27(±0.74)
89.56 (±5.42)

End

5.57 (±1.72)
64.41 (±0.59)
83.78 (±3.13)

Effect of ethanol concentration on DTV throughout the life of the can
of porous microsphere suspensions in HFA 227 employing various
concentrations of ethanol. Data are mean, ± s.d. n = 3
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The valve function of suspension formulations prepared following the inclusion of
ethanol was also investigated throughout the life of the can. The valve function of
formulations following the inclusion is illustrated in Table 4.7, following assessment of
shot weight.

Ethanol
Concentration
(%m/m)

0
2.5
5.0

Table 4.7:

Shot Weights (mg)
(± s.d. n = 5)
Start

Middle

End

76.76 (±10.19)
72.54 (±2.60)
72.02 (±2.12)

73.08(±3.82)
74.12 (±2.95)
70.80 (±1.27)

71.30(±4.43)
72.84(±1.15)
69.28 (±1.37)

Effect of ethanol concentration on valve function of porous
microsphere suspension formulations in HFA 227. Date are mean, ±
s.d. n = 5

Table 4.8 shows the effect of ethanol concentration on the FPF of porous microsphere
suspensions. All particles deposited on the filter can be regarded as the FPF as this
represents the particles that are less than 4.71 pm in size.
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Ethanol
Concentration
(% m/m)

0
2.5 Ethanol
5.0 Ethanol

Table 4.8:

Determination of FPF Following APS Testing (%)
(± s.d. n=3 data)
Throat
Actuator/ Can
Collection
Filter
plates (> 4.71
pm)
45.79 (±2.95)
8.63 (± 2.98)
27.69 (± 2.19)
17.89 (±4.16)
32.02 (±1.17)
27.99 (±3.18)
23.87 (± 3.45)
16.10 (±0.31)
46.27 (± 0.64)
6.10 (±1.20)
36.42 (± 1.67)
11.21 (±1.24)

MMAD (pm)
(± s.d. n=5
data)

4.807 (±1.122)
5.902 (± 0.97)
5.312 (± 1.059)

GSD (pm) (±
s.d. n=5 data)

2.149 (± 0.88)
2.601 (±0.17)
3.022 (± 0.95)

Effect of ethanol concentration on the deposition pattern of porous microsphere suspension formulations in HFA 227. Data are
mean (± s.d. n = 3 data)
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4.6

DISCUSSION OF RESULTS

4.6.1

Effect of Suspension Stabiliser Concentration on Dose Delivered
Through the Valve of Porous Microsphere pMDI Suspensions

Porous m icrospheres w ere successfully delivered through the valve o f the pM D I
follow ing actuation (Figure 4.1). This w as independent o f type and concentration o f
suspension stabiliser em ployed. Figure 4.1a show s the delivery o f porous m icrospheres

via actuation o f the valve for a pM D I suspension w ithout the inclusion o f suspension
stabilisers at the start o f the can. The delivery o f porous m icrospheres via actuation o f
the valve at the start o f the can, w hen em ploying 0.0075 % m /m PV P K 30 in the
suspension is show n by Figure 4.1b.

G enerally higher and m ore consistent D TV w as show n follow ing the inclusion o f
suspension stabilisers in porous m icrosphere pM D I suspensions, Table 4.2.

Acc V : h >o I M.njn
I0 0 K V 4 0 3 8 /»

(a) E xcipient Free

Figure 4.1:

IMI WII
SI
97

-1

(b) 0.0075 % m /m PV P K 30

Delivery of porous microspheres following actuation of the
valve at the start of the can (a) without the inclusion of
suspension stabilisers, (b) with the inclusion of 0.0075
%m/m PVP K30

W ithout the inclusion o f stabilisers, porous m icrosphere suspension form ulations
exhibited low DTV values that decreased throughout the life o f the can. 37.39 (± 11.12)
% o f porous m icrospheres w ere delivered through the valve at the initially (Figure 4.1a).
In com parison the DTV decreased to 5.57 (± 1.72) % w hen assessed at the end o f the
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can (Table 4.2). This effect w as attributed to the fast cream ing rate o f suspensions when
stabilisers w ere not included, due to the inverted orientation o f the valve (B ryon, 1994).

The inclusion o f low concentrations o f stabiliser, 0.005 % m /m PEG 300 and 0.001
% m /m PV P K 30 resulted in increased D TV (T able 4.2). H ow ever, the type o f stabiliser
influenced the D T V throughout the life o f the can. W hen em ploying 0.005 % m /m PEG
300, 42.60 (± 6.68) % o f porous m icrospheres w ere delivered through the valve
initially, com pared to 86.89 (± 7.39) % w hen em ploying 0.001 % m /m PV P K 30 at the
start o f the can. The type o f stabiliser em ployed w ith respect to D T V is significant
follow ing

ANOVA

of

variance

(p

<

0.05).

H ow ever,

w hen

em ploying

the

aforem entioned stabiliser concentrations, the dose delivered through the valve w as not
m aintained throughout the life o f the can (Figure 4.2).
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Figure 4.2:

0.005 %m/m PEG
300

0.001 %m/m PVP
K30

Effect of low suspension stabiliser type and concentration
on DTV throughout the life of the can. Data are mean (±
s.d. n = 3)

As w ith form ulations em ploying ethanol a reduction in D T V can be attributed to the
cream ing o f suspensions on standing. V isual and O S C A R assessm ent previously
reported p oor suspension stability w hen em ploying 0.005 % m /m PEG 300 and 0.001
% m /m PV P K30. Suspensions exhibited cream ing follow ing the cessation o f shaking on
standing, as Figure 3.9a and 3.10 (C hapter 3.6.2) show s. T he findings are in agreem ent
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with those of Brindley, 1999. Brindley reported an increase in DTV throughout the life
o f the can when investigating suspensions which sedimented on storage. The
suspensions in this instance creamed and so a reduction in DTV is exhibited as the
porous microsphere particles egress out of the valve, hence reducing the DTV. This
effect was also illustrated when employing ethanol below 5 %m/m. The work
performed by Brindley, 1999 also shows correlation between DTV and OSCAR data for
assessing physical suspension stability. The above results are in agreement with the
findings of Brindley, 1999 and illustrate the potential for OSCAR analysis to enable
rapid screening o f suspension stability compared to the more time consuming DTV
method.

Changes in DTV were also shown when employing stabilisers above the optimum
concentration described by visual and OSCAR assessment (Table 4.2). When
employing 0.5 %m/m PEG 300 and increase in DTV was exhibited at the start of the
can, 71.97 (± 7.79) % of porous microspheres were delivered compared to 37.39 (±
11.12) % without the inclusion of stabilisers. Consistency was not maintained
throughout the life of can, with DTV decreasing as can life increased. The inclusion of
0.5 %m/m PEG 300 generally resulted in a reduction in DTV throughout the life of the
can. The dose delivered through the valve was reduced at the mid-point of the can life,
54.82 (± 8.77) % of porous microspheres were delivered. At the end of the can a further
reduction was exhibited, with 47.75 (± 4.92) % of porous microspheres delivered. There
was no significant change in DTV from the start to the middle of the can following
ANOV of variance (p < 0.05). However, the Change in DTV from the middle to the end
of the can was statistically significant following ANOVA of variance (p < 0.05).
A similar effect was also shown when employing 0.05 %m/m PVP K30. At the start of
the can life, 58.55 (± 15.93) % of porous microspheres were successfully delivered.
This value was reduced to 41.14 (± 18.52) % when DTV was determined at the end of
the can (Figure 4.3). There was no significant change in DTV throughout the life of the
can following ANOVA o f variance (p < 0.05).
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Effect of high suspension stabiliser type and concentration
on DTV throughout the life of the can. Data are mean (±
s.d. n = 3)

Porous m icrosphere suspension form ulations that exhibited optim um physical and
O S C A R suspension stability also exhibited high and consistent D TV . From O SC A R
and visual assessm ent the optim um PEG 300 concentration w as identified as 0.075
% m /m PEG 300 and 0.0075 % m /m PV P K30 (Figure 4.4). The aforem entioned porous
m icrosphere suspension form ulations exhibited a slow rate o f cream ing follow ing the
cessation o f shaking, w ith a cream ed layer that w as loosely packed. Figure 4.4 describes
the O S C A R profile o f form ulations em ploying 0.075 % m /m PEG 300 and 0.0075
% m /m PV P K30. There are very few changes in light transm ission o f the low er detector
w hen em ploying the aforem entioned stabiliser concentrations. This is indicative o f
physical suspension stability.
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Figure 4.4:

OSCAR profile of porous microsphere pMDI suspension
formulations exhibiting optimum suspension stability

W hen em ploying 0.0075 % m /m PV P K30 or 0.075 % m /m PEG 300, DTV rem ained
consistent and high throughout the life o f the can. 63.86 (± 1.72) % o f porous
m icrospheres w ere delivered at the start o f the can w hen em ploying 0.075 % m /m PEG
300. At the end o f the can the dose delivered through the valve had decreased to 56.84
(± 19.93) % (Figure 4.5). A N O V A o f variance show s the change in D TV is not
significant throughout the life o f the can (p < 0.05).
W hen em ploying the optim um concentration o f PV P K 30, 0.0075 % m /m high DTV
were obtained. 98.11 (± 10.01) % o f porous m icrospheres w ere delivered through the
valve at the start o f the can, w ith the value decreasing to 75.06 (± 7.01) % m idw ay
through the can (Figure 4.5). The changes in D TV w ere not statistically significant
betw een the start and m iddle o f the can and the m iddle to end o f the can follow ing
A N O V A o f variance (p < 0.05). The change in D TV from the start to the end o f the can
w as found to be statistically significant (p < 0.05).
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0 .075 % m/m PEG
300

0 .007 5 %m/m PVP
K30

DTV of porous microsphere suspension formulations
employing 0.075 %w/v PEG 300 and 0.0075 %w/v PVP
K30. Data are mean (± s.d. n = 3)

H igher DTV values were achieved w hen em ploying PV P K 30 com pared to PEG 300.
This m ay be due to the stabilising pow er o f PV P K 30 com pared to PEG 300. A
com parison o f the physical stability o f porous m icrosphere suspension form ulations
em ploying 0.075 % m /m PEG 300 and 0.0075 % m /m PV P K30 show ed stability w as
m aintained over a 3 m onth storage period at 22 °C and 55 % R/H w hen em ploying PV P
K30, Figure 3.13 (C hapter 3.6.2). Thus suggesting that PE G 300 is responsible for
short-term stabilisation o f porous m icrosphere suspensions. This is supported by the
above findings, w hich confirm s this effect.

The m orphology o f porous m icrospheres follow ing actuation o f the valve from the
m iddle to the end o f can life w hen em ploying 0.0075 % m /m PV P K 30 are show n in
Figure 4.6. The m orphology o f porous m icrospheres actuated from the valve at the start
o f the can have been previously show n (Figure 4. lb ).
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(a) M iddle o f can life

Figure 4.6:

4.6.2

(b) End o f can life

Surface morphology of porous microspheres in pMDI
suspension containing 0.0075 %m/m PVP K30 in HFA 227
following actuation of the valve (a) middle of the can, (b)
end of the can

Effect of Suspension Stabiliser Type and Concentration on the
Deposition of Porous Microsphere pMDI Suspensions

T here appears to be no relationship betw een stabiliser concentration and the FPF o f
porous m icrospheres delivered via pM D I (T able 4.4).
A reduction in throat deposition was exhibited follow ing the inclusion o f stabilisers,
how ever, increased actuation deposition w as also show n. W ithout the inclusion o f
stabilisers 45.79 (± 2.95) % o f porous m icrospheres w ere deposited in the throat, and a
further 8.63 (± 2.95) % w ere deposited on the actuator o f the pM D I. Follow ing the
inclusion o f PEG 300 throat deposition w as reduced but at the expense o f increased
actuator deposition, as Figure 4.7 shows.
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The influence of PEG 300 concentration on actuator and
throat deposition of porous microsphere pMDI suspension
formulations in HFA 227. Data are mean (± s.d. n = 3)

Following the inclusion of 0.005 %m/m PEG 300, the deposition of porous
microspheres in the throat was reduced, with 21.14 (± 2.63) % of porous microspheres
detected. However, actuator deposition increased with 17.74 (± 3.64) % of porous
microspheres depositing in the actuator (Figure 4.7). A general reduction in throat
deposition and corresponding increase in actuator deposition was also shown when
employing 0.5 %m/m PEG 300. At this concentration level of PEG 300, 43.80 (± 3.91)
% of porous microspheres were deposited in the throat while 19.35 (± 2.04) % deposited
in the actuator (Figure 4.7).

A similar effect was shown following the inclusion of PVP K30 as a suspension
stabiliser (Figure 4.8).
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The influence of PVP K30 concentration on actuator and
throat deposition of porous microsphere pMDl suspension
formulations in HFA 227. Data are mean (± s.d. n = 3)

An increase in the concentration of PVP K30 resulted in a reduction in throat deposition
but an increase in actuator deposition (Figure 4.8). When employing 0.001 %m/m PVP
K30, 43.87 (± 5.96) % of porous microspheres were deposited on the throat and a
further 13.59 (± 3.06) % deposited on the actuator. As the concentration of PVP K30
was increased 7.5-fold, there was a reduction in throat deposition to 39.96 (± 5.96) %
and actuator deposition was increased to 28.47 (± 3.07) %. A further increase was
demonstrated following a 50-fold increase in PVP K30 concentration to 0.05 %m/m
PVP K30. When adopting this concentration throat deposition was further reduced to
22.93 (± 1.76) % and actuator deposition was increased to 46.95 (± 2.86) % (Figure
4.8).

The reduction in throat deposition may be attributed to a reduction in the percentage of
porous microsphere particles successfully entering the APS test equipment due to an
increase in actuator deposition. High actuator deposition may be attributed to the
inclusion of non-volatile excipients reducing the rate of propellant evaporation. A slow
evaporation rate will produce larger droplets that may fail to pass through the actuator,
resulting in the droplets depositing in the actuator. Alternatively the addition of a high
stabiliser concentration may lead to high cohesiveness of porous microspheres, which
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are not separated when the propellant evaporates. Therefore, resulting in the production
of larger particle sizes (Steckel and Muller, 1999).
The slow rate of propellant evaporation is supported by an increase in detected
collection plate deposition following the inclusion of PEG 300, although no direct
relationship was exhibited. Figure 4.9 describes the effect of PEG 300 concentration on
the deposition pattern of porous microspheres. For example, without the inclusion of
PEG 300, 27.69 (± 2.19) % of porous microspheres were deposited on the collection
plate, compared to 33.77 (± 4.78) % when employing 0.075 %m/m PEG 300.
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Influence of PEG 300 on the deposition pattern of porous
microsphere pMDI suspensions in HFA 227. Data are mean
(± s.d. n = 3)

With an increase in collection plate and actuator deposition an increase in MMAD was
exhibited. Without the inclusion of PEG 300 the MMAD of porous microspheres was
4.807 (± 1.12) pm. The MMAD was increased following the inclusion of 0.075 %m/m
PEG 300. A value of 5.312 (± 1.06) pm was shown when employing 0.075 %m/m PEG
300 and further increased to 6.22 (± 2.01) pm when employing 0.05 %m/m PEG 300.
As expected with an increase in collection plate deposition due to an increase in
MMAD there was a reduction in EPF following the inclusion of PEG 300. The
reduction in FPF can be attributed to the production of larger slower evaporating
droplets due to the inclusion of non-volatile components. It has been well documented
that a slow evaporation rate will result in an increase in particle size of the emitted
225

aerosol (Dalby, et. al, 1996). The above results are in agreement with the findings of
Brambilla, et. ai, 1999 that illustrated the addition of non-volatile excipients including
PEG depressed the fine particle dose emitted from pMDIs and is a concentration
dependant effect.
A reduction in collection plate deposition was exhibited following the inclusion of PVP
K30 in porous microsphere suspension formulations. Collection plate deposition
decreased with increasing PVP K30 concentration, from 0.001 to 0.05 %m/m PVP K30.
When employing 0.001 %m/m PVP K30, 27.14 (± 3.19) % of particles were deposited
on the collection plate. In contrast as PVP K30 was increased to 0.01 %m/m PVP K30,
collection plate deposition was reduced to 12.14 (± 9.32) % (Figure 4.10).
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Figure 4.10: Effect of PVP K30 concentration of the deposition pattern
of porous microsphere pMDI suspension formulations in
HFA 227. Data are mean (± s.d. n = 3)
Although there was a reduction in collection plate deposition following the inclusion of
PVP K30 there was a significant increase in actuator deposition following ANOVA (p <
0.05). Thus suggesting that the MMAD of porous microspheres when employing PVP
K30 in the suspension are larger. As a result low values were exhibited on the collection
plates. For example when employing 0.001 %m/m PVP K30, actuator deposition was
13.59 (± 3.06) % with 27.14 (± 3.19) % of porous microspheres deposited on the
collection plate. As the concentration of PVP K30 was increased to 0.05 %m/m actuator
deposition was increased to 46.95 (± 2.86) % and collection plate deposition was
reduced to 12.14 (±9.32) %.
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There was little change in FPF following the inclusion of PVP K30. The FPF without
the inclusion of stabilisers was determined as 17.89 (± 4.16) %, and was reduced to
15.40 (± 3.64) % following the inclusion of 0.001 %m/m PVP K30.
These finding are in agreement with Gupta, et. al, 1990 and Kulkami, et. al, 1991 who
showed that the suspension stabiliser type did not discemibly affect the FPF of
microspheres. Gupta, et. al, 1990 reported an increase in FPF with an increase in the
concentration of surfactant. The system employed by Gupta, et. al, 1990 varies form
the one employed in this study: CFG 11,12 and 114 were employed as the propellant
blends, and oleic acid or Span 85 were used as surfactants. However, Kulkami e l al,
1991 reported generally higher FPFs were achieved when employing low surfactant
concentrations. The suspension stabiliser employed or the propellant used in the study
was not reported. Although the results suggest that a low stabiliser concentration results
in a higher FPF, as in agreement with Kulkami el al, 1991.
Following the inclusion of PEG 300 a reduction in FPF was also exhibited.

4.6.3

Effect of Suspension Stabiliser Concentration on Valve Function
Throughout the Life of the Can of Porous Microsphere pMDI
Suspensions

Generally consistent and reproducible shot weights were obtained for porous
microsphere suspension formulations following the inclusion of stabilisers. However,
the type of stabiliser employed influences the valve function of the pMDI throughout
the life of the can (Table 4.3). This illustrates the valve lubrication action of the
respective stabiliser.
Porous microsphere suspension formulations employing PEG 300 as a stabiliser
exhibited the most consistent shot weights throughout the life of the can. This effect was
independent o f PEG 300 concentration. When employing 0.075 %m/m PEG 300, the
optimum concentration required to achieve physical suspension stability shot weight
remains constant throughout the life of the can (Figure 4.11).
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Figure 4.11: Average shot weights obtained for formulations with the
inclusion of 0.075 %m/m PEG 300 in HFA 227. Data are
mean (± s.d. n = 5)
The consistent shot weight is illustrated by the low standard deviation between
individual shot weights throughout the life of the can, when employing 0.075 %m/m
PEG 300. For example, at the start of the can the average shot weight is 78.12 (± 1.81)
mg when employing 0.075 %m/m PEG 300 versus 76.76 (± 10.19) mg without the
inclusion of PEG 300 (Figure 4 . 11).

A similar effect is shown following the inclusion of PVP K30 in the porous microsphere
suspension formulations. Consistent shot weights were shown over the PVP K30
concentration ranges adopted throughout the life of the can. However, the standard
deviations were higher than those obtained when employing PEG 300 as a suspension
stabiliser. Individual shot weights differed from the average shot weight by ± 3.52 mg
when employing 0.0075 %m/m PVP K30 at the start of the can. In contrast the variation
in individual shot weights when employing 0.075 %m/m PEG were ±1.81 mg. The
results suggest that PEG 300 has a better valve lubrication action than that of PVP K30
due to the variations in individual shot weights, although it is better than without the
inclusion of suspension stabilisers.

As a result the inclusion of PEG 300 should be considered to ensure the valve function
throughout the life of the can when preparing porous microsphere suspensions. Ideally
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employed in combination with other excipients to ensure high DTV values and physical
suspension stability is achieved.

4.6.4

Effect of Ethanol Concentration on Dose Delivered Through the Valve
of Porous Microsphere pMDI Suspensions

Porous microspheres were successfully delivered via the valve pMDI suspension
formulations containing ethanol (Figure 4.12). Figure 4.12a shows porous microspheres
delivered via actuation of the valve at the start of the can when employing 2.5 %m/m
ethanol. The delivery of porous microspheres via actuation of the valve when
employing 5.0 %m/m ethanol at the start of the can is shown by Figure 4.12b.
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Figure 4.12: Surface morphology of porous microsphere following
actuation of the valve at the start of the can (a) 2.5 %m/m
ethanol, (b) 5.0 %m/m ethanol in HFA 227
229

DTV assessment of porous mierosphere suspensions in HFA 227 at the start of the can
suggest there is an optimum concentration of ethanol required to achieve a high value,
Table 4.5. Without the inclusion of ethanol 53.113 (±4.796) % of porous microspheres
were delivered through the valve. The DTV was increased as the concentration of
ethanol was increased up to a concentration of 5 %w/v ethanol. With the inclusion of
2.5 or 5 %m/m ethanol 82.570 (±3.317) % and 94.919 (±2.501) % of porous
microspheres were successfully delivered through the valve. Above 5 %m/m ethanol the
percentage of porous microspheres delivered through the valve was reduced, Figure
4.13.

%m/m Ethanol

Figure 4.13: Effect of ethanol concentration on DTV of porous
microsphere suspension formulations in HFA 227 at the
start of the can. Data are mean (± s.d. n = 3)
Following the inclusion of 6.0 %m/m ethanol 52.095 (±2.586) % of porous mierosphere
were DTV. This value is lower than that of the excipient free formulation. A similar
effect was also shown following the inclusion of 7.0 %m/m ethanol. A DTV value of
40.219 (±2.843) % was obtained. The results suggest suspension instability when
employing ethanol at a concentration of 6.0 %m/m and above. The reduction in DTV
was not significant following ANOVA of variance (p < 0.05) for suspension
formulations employing 6.0 %m/m ethanol. However, the change in DTV following the
inclusion of 7.0 %m/m ethanol was statistically significant when comparing with the
excipient free suspension formulation (p < 0.05).
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This effect correlates with the previous findings of physical suspension stability when
employing ethanol over various concentrations. From physical stability assessment 5.0
%m/m ethanol produced the greatest stability with respect to the rate of
creaming/sedimentation, Chapter 3.8. This effect was attributed to the density of the
HFA 227/ ethanol mix matching the density of porous microspheres most closely.
Above 5.0 %m/m ethanol there was a reduction in physical suspension stability due to a
reduction in propellant mix density. Above this concentration suspensions exhibited
sedimentation. Large differences in densities are likely to cause nonhomogeneous drug
distribution in the formulation and lead to inconsistent drug dosing (Dalby, et. al,
1996). Therefore, dose uniformity was not maintained. This is in agreement with the
findings o f Williams, et. al, 1998 who reported propellant mixes that most closely
matched the density of triamcinolone acetonide had the least variable dose delivery.

The dose uniformity of porous mierosphere suspensions employing 0, 2.5 and 5.0
%m/m ethanol was investigated throughout the life of the can (Table 4.6). The DTV
was assessed at the start, middle and end of the can to illustrate the effect of ethanol on
dose uniformity following the actuation of 25 shots. The results show inconsistent dose
delivery was exhibited for porous mierosphere suspensions without the inclusion of
ethanol (Table 4.6). The DTV was reduced from 37.39 (±11.12) % to 32.12 (±8.81) %
when comparing the DTV at the start and the middle of the pMDI can life. The DTV
was further reduced towards the end of the can with only 5.57 (±1.72) % porous
microspheres delivered (Figure 4.14). The change in DTV was not statistically different
from the start to the middle of the can following ANOVA of variance (p < 0.05).
However, the reverse was true for the values obtained from the start to the end of the
can and the middle to end of the can, (p < 0.05). Variations in DTV are indicative of
variable drug dosing and can be attributed to creaming of porous mierosphere
suspensions following storage in the inverted position. Due to the density of the porous
microspheres, they will exhibit creaming on storage, as physical stability studies
illustrated in Chapter 3.8.2. As the valve stem was stored downwards this allowed the
egress o f the drug particles out of the metering chamber by creaming, and leaving a
propellant rich suspension in the metering chamber (Bryon, 1994).

As expected a reduction in dose delivered through the valve throughout the life of the
can was also illustrated for porous mierosphere suspensions employing 2.5 %m/m
ethanol. 80.48 (±0.80) % of porous microspheres were delivered through the valve at
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the start of the pMDI. Following assessment of DTV at the end of the can, 64.41 (±
0.59) % of porous microspheres were delivered (Figure 4.14). The change in DTV from
the start to the end of the can was found to be significant following ANOVA (p < 0.05).
This effect can be attributed to the creaming of the suspensions, as the concentration of
ethanol was not significant to prevent the creaming. Creaming of suspensions arises due
to density differences between propellant and porous microspheres. Without the
inclusion of ethanol the density of HFA 227 determined experimentally was 1.407 (±
1.41

X

10'^) g/cm’ at 20 “C. This was reduced to 1.379 (± 4.01 x 10'^) g/cm^ at 20 °C

following the inclusion of 2.5 %m/m ethanol. Porous microspheres have theoretical
density of 1.384 (± 0.105) g/cm^ at 20 °C. Therefore, as supported by the findings of
visual and OSCAR assessment both excipient free and 2.5 %m/m ethanol suspensions
will cream. The rate of creaming decreases with the inclusion of 2.5 %m/m ethanol. A
slower rate of creaming would result in a reduction in the egress of porous mierosphere
particles from the metering valve, hence DTV maintained.
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Figure 4.14: The effect of ethanol concentration on DTV of porous
mierosphere suspension formulations in HFA 227
throughout the life of the can and the overall standard
deviation of average DTV values. Data are mean (± s.d. n =
3)

Porous mierosphere suspension formulations employing 5.0 %m/m ethanol exhibited
the most consistent DTV throughout the life of the can (Figure 4.14). A DTV of 87.70
(±0.84) % was illustrated at the start of the pMDI can life. At the middle and end of the
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can the DTV was 89.56 (±5.42) % and 83.78 (±3.13) % was shown (Table 4.6). The
change in DTV throughout the life of the can was not statistically significant, following
ANOVA (p < 0.05). The consistent DTV is expected due to the matching of density
following the inclusion of 5.0 %m/m ethanol. The experimental density of the
propellant mix when employing 5.0 %/m/m in HFA 227 was 1.357 g/cm^ at 20 °C. The
results suggest that slight sedimentation may be necessary for the stabilisation of porous
mierosphere suspensions in HFA 227 following the inclusion of ethanol and is
supported by previous physical assessment results.

The standard deviation in DTV was determined for porous mierosphere suspension
formulations throughout the life of the can to illustrate the dose uniformity of the
suspension formulations (Figure 4.14). A standard deviation in the percentage delivered
through the valve of 2.95 was found when employing 5.0 %m/m ethanol throughout the
life o f the can. Below this concentration the standard deviation in DTV over the lifespan
of the can was increased. The standard deviation in the dose delivered through the valve
throughout the pMDI can life for 0 %m/m ethanol was 17.05 and 8.05 with the
inclusion of 2.5 %m/m ethanol. Thus illustrating the influence of ethanol on the stability
of suspension formulations employing 5.0 %m/m ethanol (Figure 4.14).

DTV and therefore dose uniformity of formulations was maintained when employing
5.0 %m/m ethanol. This correlates with physical suspension assessment and suggests
propellant composition had a significant effect on the dose delivery characteristics of
pMDI suspension formulations (Williams et. al, 1998). In contrast work completed by
Williams and Liu, 1998® showed no effect of DTV over various ethanol concentration
ranges investigated. However, in this instance ethanol was employed to wet the
lyophilised surfactant/BSA solid complex to facilitate the dispersion of the complex.
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4.6.5

Effect of Ethanol Concentration

on

the

Deposition

of Porous

Mierosphere pMDI Suspensions
The inclusion of ethanol does influence the deposition pattern of porous microspheres
(Table 4.8). Formulations without the inclusion of ethanol in the suspension formulation
exhibit the highest vapour pressure. 45.79 (± 2.95) % of porous microspheres were
deposited in the throat and a FPF of 17.89 (± 4.16) % was obtained (Figure 4.15).
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Figure 4.15: Deposition pattern of porous mierosphere pMDI suspension
formulations in HFA 227 without the inclusion of
excipients. Data are mean (± s.d n = 3)
The inclusion of ethanol resulted in slight changes in both FPF and throat deposition
(Table 4.8). There was an reduction in the FPF following the inclusion of ethanol, with
11.21 (± 1.24) % of porous microspheres deemed respirable following the inclusion of
5.0 %m/m ethanol versus 17.89 (± 4.16) % without the inclusion of ethanol (Figure
4.16). An increase in the deposition of particles on the collection plate was also
exhibited when employing 5.0 %m/m ethanol.

This increase can be attributed to an increase in MMAD. When employing 2.5 %m/m
ethanol, 23.87 (± 3.45) % of porous microspheres showed a MMAD greater than 4.71
pm (Table 4.8). In contrast 27.69 (± 2.19) % of porous microspheres were deposited on
the collection plate when employing an ethanol free suspension formulation (Figure
4.15). In conjunction with an increase in collection plate deposition, an increase in
MMAD was exhibited following the inclusion of ethanol. Without the inclusion of
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ethanol the MMAD of porous microspheres was 4.807 (± 1.122). The MMAD of porous
microspheres was increased to 5.902 (± 0.97) when employing 2.5 %m/m ethanol.

The aforementioned changes may be due to a reduction in the vapour pressure of the
propellant following the inclusion of ethanol. A low vapour pressure results in the
production of larger droplets that deposit high in the respiratory tract (Dalby, et. al,
1996). A further increase in ethanol content to 5.0 %m/m ethanol, with corresponding
reduction in vapour pressure also resulted in increased deposition on the collection plate
(Figure 4.16). When employing 5.0 %m/m ethanol 36.42 (± 1.67) % of porous
microspheres exhibited a particle size of greater than 4.71 pm. This is supported by a
corresponding increase in MMAD; a value of 5.312 (± 1.06) pm was obtained. A
reduction in actuator deposition and FPF was also shown following the inclusion of 5.0
%m/m ethanol. This effect is illustrated by Figure 4.16, showing the influence of
ethanol concentration on deposition of porous microspheres. The above results are in
agreement with the findings of Vervaet and Byron, 1999 that suggest a high vapour
pressure will result in deposition in the mouthpiece actuator due to impaction
tendencies.
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deposition pattern of porous mierosphere pMDI suspension
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The above results are supported by the findings of Williams, et. al, 1998 who
investigated the effect of vapour pressure on the FPF of emitted aerosols employing
HFA 134a and HFA 227 at various molar ratios. A lower vapour pressure resulted in a
reduction in FPF. Work by Hamor, et. al, 1993 illustrated higher throat deposition with
a corresponding reduction in the proportion of actuated dose entering the impactor
compared to the higher vapour pressure formulation. Steckel and Müller, 1998 also
showed a reduced FPF following the inclusion of ethanol in pMDI formulations over a
concentration range of 2.0, 5.0 and 10.0 %m/m ethanol.
Studies investigating the aerosolisation of proteins have shown an increased FPF
following the inclusion of ethanol (Brown, 1996) and (Williams and Liu, 1998®).
However, in both instances ethanol was employed as a dispersing aid to improve
reverse micelle formation. In the case of Williams and Liu, 1998® employed ethanol
concentrations of 3.94, 7.89 and 11.84 % m/m. In contrast Brown, 1996 adopted a
concentration range of 2 to 4 % m/m
The results show the inclusion of ethanol does influence the deposition pattern of
porous mierosphere suspension formulations in HFA 227 following the inclusion of
ethanol. This effect may be attributed to a reduction in vapour pressure or volatility of
the propellant following the inclusion of ethanol. The reduction in vapour pressure will
reduce the driving force of the emitted aerosol, and increase the size of the emitted
droplets. Alternatively the reduction in volatility of HFA 227 following the inclusion of
ethanol may result in increased drying time for the emitted droplets, hence an increase
in resultant particle size.

4.6.6

Effect of Ethanol Concentration on Valve Function Throughout the
Life of the Can of Porous Mierosphere pMDI Suspensions

The inclusion of ethanol in HFA 227 porous mierosphere suspension formulations did
influence the valve fimction (Table 4.7). Without the inclusion of ethanol an initial shot
weight of 76.76 (±10.19) mg was obtained. The large standard deviation in individual
shot weights are indicative of poor valve fimction. In conjunction with a variable shot
weight sticking of the valve was exhibited.
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Figure 4.17: The effect of ethanol concentration on the shot weight of
porous mierosphere suspensions formulations at the start of
the can. Data are mean, ± s.d., n = 5
Valve function was improved following the inclusion of 2.5 %m/m ethanol, with a
consistent shot weight obtained. Following the inclusion of 5.0 %m/m the valve
function was further improved. Figure 4.17 shows the individual shot weights at the
start of the can for suspension formulations employing 0 %m/m, 2.5 %m/m and 5.0
%m/m ethanol.
Poor valve function without the inclusion of ethanol is exhibited throughout the life of
the can compared to suspension formulations employing ethanol (Figure 4.17). A
reduction in shot weight is exhibited without the inclusion of ethanol. At the start of the
can the average shot weight was 76.76 (±10.19) mg. This weight was reduced to 71.30
(±4.43) mg at the end of the can (Figure 4.18). This highlights the poor valve
performance of pMDIs containing porous microspheres without the inclusion of valve
lubricants.
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Figure 4.18: Effect of ethanol concentration on valve performance
throughout the life the can. Data are mean (± s.d. n = 5)
Following the inclusion of 2.5 %m/m ethanol the shot weight was maintained. At the
start of the can the average shot weight was 72.54 (± 2.60) mg, and following firing of
140 shots the weight remained consistent. A value of 72.84 (± 1.15) mg was obtained.
This effect was also shown for formulations employing 5.0 %m/m ethanol (Figure 4.18)
suggesting that ethanol acts as a valve lubricant. This is supported by the findings of
Tiwari, et. ai, 1998.
The results illustrate the importance of valve performance for the patient. Poor valve
performance may lead to inaccurate dosing of the drug to the patient, which may be
detrimental especially when delivering potent active components.
The study concentrated on one valve and so the investigations are not complete. In
addition the effect of ethanol should be investigated with respect to swelling of the
valve components.
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4.6.7

Mass

Median

Aerodynamic

Diameter

of

Porous

M ierosphere

Suspensions

Studies completed show the MMAD is smaller than that of the physical particle size of
the respective porous microspheres. This is in agreement with the findings of Edwards,
et. a l, 1997, Hirst, et. al, 2002 and Vanbever, et. al, 1999®.

The inclusion of excipients does influence the MMAD of emitted porous microspheres.
Generally an increase in MMAD is shown following the inclusion of excipients and
increases as the concentration of the excipient increases (Tables 4.4 and 4.8). An
increase in MMAD following the inclusion of suspension stabilisers: PVP K30 and
PEG 300 can be attributed to the possible coating of the porous microspheres with
suspension stabilisers. The stabilisation of porous mierosphere suspension results due to
steric stabilisation. That is to say the stabiliser coats individual porous microspheres to
prevent them from coming too close together. As a result the individual porous
microspheres will increase in size. Also the rate of HFA 227 evaporation will decrease
following the inclusion of non-volatile excipeints. This will therefore result in the
production of larger droplets, which may deposit high in the respiratory tract. This can
be shown when comparing the MMAD o f porous mierosphere suspension formulations
with and without the inclusion of PEG 300 (Figure 4.19). Following the inclusion of
0.005 %w/v PEG 300 the MMAD increases from 4.81 (± 1.12) pm to 4.93 (± 2.05) pm.
A further increase in MMAD was shown when the concentration of PEG 300 was
further increased. When employing 0.075 %m/m and 0.5 %m/m the MMAD was
increased from 5.31 (± 1.06) pm to 6.22 (± 2.01) pm as the concentration of PEG 300
was increased.
The results obtained in Table 4.4 are represented in Figure 4.19.
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G enerally higher M M A D values w ere obtained w hen em ploying PEG 300 com pared to
PV P K30. This can be attributed to the concentration o f the stabiliser em ployed.
Porous m ierosphere suspension form ulations em ploying ethanol also resulted in an
increase in the M M A D o f em itted aerosols. T his can be attributed to the deposition o f
porous m icrospheres higher in the respiratory tract due to the reduction in vapour
pressure.

The M M A D o f em itted aerosols w as determ ined by em ploying A PS equipm ent.
Extensive research has been perform ed on the use o f the above equipm ent for
determ ination o f M M A D com pared to standard com pendal techniques currently
em ployed (D olovich and Sm alldone, 1999). Lim itations o f the A PS are due prim arily to
the low fraction o f particles sam pled. O nly 0.2 % o f particles em itted from the aerosol
are subject to size analysis. Further lim itations include the low size estim ation o f
particles due to surfactant droplets. This is not a com prehensive list o f lim itations,
further lim itations can be found in D olovich, 1991. H ow ever, size underestim ation a
result o f the inclusion o f suspension stabiliser droplets is avoided due to the use o f a 20
cm throat extension that allow s the droplets to evaporate prior to sizing. This is
supported by w ork com pleted by Stein, 2000 w ho show ed that there w as good
correlation betw een A ndersen cascade im pactor studies and A PS follow ing the addition
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o f a throat extension, V anbever, et. a l, 1999^ have reported variations in the M M A D
obtained follow ing A ndersen im paction studies and tim e-of-flight studies. T hey propose
that the variation can be attributed to the indirect relationship betw een aerodynam ic size
and stage o f the im pactor. It is thought that the relationship m ay be altered for
aerodynam ically light particles.

A lthough the results suggest that som e porous m icrospheres fall w ithin the FPF, the
M M A D is nevertheless large. The M M A D is above the particle size range defined for
both local and system ic drug delivery. A s a result the porous m icrospheres em ployed
throughout this study have lim ited applications for pulm onary drug delivery. T hey do
how ever dem onstrate the potential for large porous m icrospheres com posing o f PLG A
to target the low er regions o f the lungs providing they can be prepared w ith a sm aller
VM D.
Porous m icrospheres have been prepared w ith a sm aller V M D , 9.82 (± 1.13) pm w hen
em ploying PLG A (Figure 4.20). H ow ever, the M M A D o f these sm aller porous
m icrospheres has yet to be determ ined. In this instance the supplier o f the polym er was
M edisorb w ith a

M

r

64,000. These porous m ierosphere should form the basis o f the

further work.

Figure 4.20: Morphology of porous microspheres prepared employing
Medisorb PLGA polymer

The determ ination o f M M A D is lim ited due to the analysis technique em ployed. Ideally
A ndersen im pactor w ork should be com pleted in order to com pare the results.
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4.7

CONCLUSIONS

4.7.1

Effect of Stabiliser Type and Concentration on the Aerosolisation
Characteristics of Porous M ierosphere pMDI Suspensions

1. The inclusion o f stabilisers in porous mierosphere suspensions resulted in a
reduction in the FPF delivered. Following the inclusion of 0.0075 %m/m PVP
K30 the FPF was reduced to 14.92 (± 0.36) % versus 17.89 (± 4.16) % without
the inclusion of excipients. This effect was independent of the type of stabiliser
employed. As the concentration was increased the FPF was reduced.
2. Porous mierosphere suspension formulations that exhibited optimum physical
stability also showed the highest DTV values. The highest and most consistent
values were shown following the inclusion of 0.0075 %m/m PVP K30. This
further confirms the potential for using OSCAR as a rapid screening tool for
suspension suitability.
3. The inclusion o f stabiliser results in more consistent shot weight throughout the
life of the can, thus illustrating the valve lubrication action. PEG 300 appears to
provide better valve lubrication action. Shot weight values of 78.12 (± 1.81) mg,
76.16 (± 1.84) mg and 74.46 (± 1.69) mg were obtained at the start, middle and
end o f the can following the inclusion of 0.075 %m/m PEG 300. In contrast
more variable shot weight values were obtained when employing 0.0075 %m/m
PVP K30 throughout the life of the can. Shot weights of 77.68 (± 2.85) mg,
76.78 (± 2.41) mg and 75.72 (± 2.99) mg were exhibited at the start, middle and
end o f the can.

4.7.2

Effect of Ethanol on the Aerosolisation Characteristics of Porous
Mierosphere pMDI Suspensions

1. The inclusion o f ethanol results in a reduction in the vapour pressure and
volatility of HFA 227. In addition there is a reduction in HFA 227 density. As a
result the FPF decreases as ethanol concentration increases. A reduction in FPF
from 17.89 (± 4.16) % to 11.21 (± 1.24) % following the inclusion of 5.0 %m/m
ethanol.
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2. In addition to a reduction in FPF following the inclusion of ethanol an increase
in MMAD is shown due to the production of larger droplets that evaporate
slowly. Without the inclusion of excipients a MMAD of 4.807 (± 1.112) pm was
obtained versus 5.312 (± 1.059) pm following the inclusion of 5.0 %m/m
ethanol.
3. Physical stability o f suspension formulations correlates with DTV studies. If the
density of the propellant phase matches that of the porous microspheres high
DTV values were obtained. DTV values of 94.919 (± 2.501) % and 40.219 (±
2.843) % were obtained following the inclusion of 5.0 %m/m and 7.0 %m/m
ethanol respectively. However, this was at the expense of a reduction in FPF.
4. Ethanol provides lubricating action of the valve as the concentration is increased
to ensure the valve function is maintained. Following the inclusion of 5.0 %m/m
ethanol the shot weights at the start middle and end of the can are 72.02 (± 2.12)
mg, 70.80 (± 1.27) mg and 69.28 (± 1.37) mg respectively. In contrast without
the inclusion of ethanol variable shot weights were observed throughout the life
o f the can. Shot weight values o f 76.76 (± 10.16) mg, 73.08 (± 3.82) mg and
71.30 (± 4.43) mg were obtained at the start, middle and end of the can.

From the studies completed the optimum concentration of excipients required to
achieve physical suspension stability resulted in the highest and most consistent
doses delivered though the valve. However, the inclusion of excipients
compromised the FPF of porous microspheres delivered. As a result further
investigations should be performed employing all excipients to produce a
suspension formulations that exhibits a high FPF. Ideally using the lowest
concentrations of excipients available.
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5.0

CONCLUSIONS

The following overall conclusions can be derived from the work completed on the
delivery of porous microspheres via pMDI

5.1

Effect of Internal Aqueous Phase Composition on the Preparation of
Microspheres

The work completed in Chapter 3 illustrates the successful preparation of microspheres
when employing PLGA 50:50. The work illustrated the formation of microspheres that
exhibited various morphologies, release characteristics and encapsulation efficiencies
when manipulating various parameters. In summary the work shows that the inclusion
of PVA in the internal aqueous phase results in an increase in EE and reduction in burst
effect following release. This effect was established to be concentration dependant. The
increase in EE was at the expense of VMD, as an increase in size was exhibited. In
contrast internal aqueous phase volume was dependant on the concentration of PLGA
employed. Porous micro spheres were produced at high PLGA concentration as internal
aqueous volume was increased. As with viscosity of the internal aqueous phase, an
increase in volume resulted in an increase in VMD and size distribution and a reduction
in EE. The effect of solvent phase viscosity was also investigated. A viscous solvent
phase employing a high polymer concentration and low solvent volume resulted in the
production of porous microspheres. In contrast employing low PLGA concentrations
resulted in the production of non-porous microspheres. When employing high solvent
phase, viscosity a high EE and reduced burst effect was exhibited. Microspheres were
prepared with two BSA and PLGA loadings. At high PLGA loadings and increase in
VMD and EE was exhibited, with a corresponding reduction in burst effect. However,
with increasing BSA loading an increase in burst effect was shown. The influence of
BSA loading was limited with respect to morphology and EE. Changes in BSA loading
did not result in a change in morphology, and the effect of BSA on EE appeared to be
formulation dependant.
From the results obtained investigating the effect of primary emulsion characteristics on
preparation of microspheres we successfully produced microspheres, adopting a method
that was reproducible. In order to produce porous microspheres the key parameters can
be determined as a high viscosity polymer phase, produced employing a low solvent
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phase volume and high PLGA loading. The effect of the internal phase volume suggests
that a viscous phase was required to produce porous microspheres, employing a low
volume.

5.2

Ability to prepare pMDI suspension Formulations

Porous mierosphere suspension pMDIs were successfully prepared employing porous
microspheres with a VMD ~ 20 pm in HFA 227 with and without the inclusion of
suspension stabilisers. When employing HFA 134a rapid flocculation of porous
microspheres was exhibited. The suspension stabilisers investigated improved the
physical stability of HFA 227 porous mierosphere suspension formulations and
illustrated a concentration effect. An optimum concentration of suspension stabiliser
was required which was identified by visual, OSCAR and DTV assessment.
Aerosolisation studies completed on porous microspheres show a significantly smaller
MMAD compared to the VMD. As a result porous microspheres can be successfully
delivered to the respirable regions of the lungs, although further work must be
performed to maximise the delivery of porous microspheres to the lungs.
The results show that ethanol can be employed to successfully manipulate the density of
HFA 227 to match that of the porous microspheres. Physical stability was achieved
when matching the density. The results also show the correlation between visual,
OSCAR and DTV assessment. Therefore illustrating the suitability of OSCAR for the
rapid screening o f pMDI suspensions. Porous mierosphere suspension formulations
prepared employing an ethanol/HFA 227 were also successfully delivered to the
respirable regions of the lungs. However, further work must be completed to maximise
the respirable fraction of porous microspheres.
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6.0

FURTHER W ORK

The work completed shows the feasibility of the delivery of porous microspheres via
pMDI, although further work must be completed.

1. The continued optimisation o f porous microspheres. To prepare porous
microspheres with a smaller VMD than those employed, to target lower regions
of the lungs. The use of different polymers, such as PLA and PLGA with
differing ratios of Lactide to glycolide. The work should also concentrate on the
use of PLGA with a narrow

M

r

of 64,000, as work completed has shown the

successful preparation of porous microspheres when employing this polymer.

2. The encapsulation of antigens, vaccines and different proteins and peptide in
porous microspheres should be investigated, over various loadings. This will
enable a study of the degradation of peptides and proteins to be investigated in
propellants. Also by increasing the loading a suitable assay may be developed to
compare and contrast the results obtained following APS and Anderson cascade
impaction studies. Ideally the development of a suitable HPLC assay to quantify
microspheres on the collection plates. Alternatively the development of a
suitable assay to detect the quantity of polymer on the plates, as this forms the
bulk of the mierosphere.

3. Comparison of porous and non-porous microspheres should be investigated, as it
has been reported in literature that porous microspheres exhibit increased and
sustained lung deposition.

4. Studies to investigate the preparation of pMDI suspension formulations by
density matching employing excipients that do not alter the vapour pressure of
the propellant, such as HFA 134a/HFA 227 mixes. Also the effect of density
matching using HFA 134a to determine if microspheres can be successfully
suspended.

5. Investigations into the sustained release properties of microspheres once they
reach the lower regions of the lungs. In-vitro work shows porous microspheres
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release BSA over a period of 30 days. The effect of release following the
inclusion of microspheres in pMDIs should be investigated employing a suitable
in-vivo model.

6. In-vivo investigations could also include investigations into the deposition
pattern of the lungs following radiolabelled microspheres. Alternatively FITClabelled peptides or proteins could be employed to investigate the deposition
pattern following confocal microscopy. In-vitro methods are described above,
APS and Anderson cascade testing correlation.

7. Completion of cell work to determine the fate of both porous and non-porous
microspheres, once they reach the respirable regions of the lungs. The aims of
the investigation to determine the mechanism of uptake into the systemic
circulation and clearance mechanisms in the alveoli.
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APPENDIX 1 : BCA Assay

In order to perform a BCA assay ™ reagent

Procedure

must be added to Reagent A™, in a

ratio of 1:50. Figure 2.5 shows the composition of Reagent A, although it is supplied
ready for use.

Reagent AT M

Bicinchoninic Acid (Na^^ salt)
Na2 C 0 3 . H 2 O
Disodium tartrate
NaOH (pellets)
NaHCOs

l.OOg
2.00g
0.16g
0.40g
0.95g

Make up to « 90 ml (d.d H 2 O). The pH is adjusted to 11.25 using solid NaHCOg &
make up to 100ml using double distilled (d.d) water.

Reagent B

TM

CUSO4.5 H2O

4.00g in 100ml dd H 2 O

In order to perform the assay procedure, BSA standards and the microsphere
formulation under study must be plated out in equal aliquots of lOpl. Typically the
standards were added to positions A 1-4 to H I-4, with a water control at position H I-4
(Figure 2.6). The microsphere formulations should also be plated out x 4, with the same
amount of sample added (lOpl), as the assay technique is relative to the colour change
exhibited by the standards. Following the inclusion of lOpl sample on the plate 200pl of
working reagent is added to the plates upon which the plates are incubated at 60°C for
30 minutes (or until the colour has changed on all plates except the water control). The
results are determined using a plate reader at 550nm. Any protein present will result in a
colour change from green to purple this will be detected by the plate reader and an
absorbance value for each sample will be given. Statistical analysis will enable the
standard deviation, mean and concentration to be determined in conjunction with
plotting a calibration graph.
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APPENDIX 2: Determination of Encapsulation Efficiency

Prior to the determination of the EE, the microspheres must initially be dissolved as
outlined in Chapter 2.3.4.
A BCA™ assay was completed in accordance with Appendix 1 and the following result
were obtained for a representative microsphere formulation.

Preparation of standards for BCA assay T M
Standards were prepared in d.d water as follows

Concentration of standard
(pg/ml)
350
250
200
100
75
15
5
0

Volume of BSA stock
(pl)
50
40
25
15
10
5
4
0

Volume of d.d water (pi)
950
960
975
985
990
995
996
1000

Calibration values and graph obtained
Concentration
mg/ml
n=1
n=2
n=3
n=4
average
s.d.

0.35

0.25

0.9 5 2
0.9 7 6
0 .9 8 4
0 .9 8 3

0.7 7 9
0.751
0.7 7 6
0 .7 7 0

0.2
0.1
0.075
Absorption @ 570 nm
0.642
0 .6 7 4
0 .6 9 7
0.672

0.432
0.437
0.465
0.473

0.3 8 3
0.3 5 3
0.3 7 9
0.411

0.015

0.005

0

0.1 7 4
0.181
0 .1 8 5
0.182

0 .1 3 7
0 .1 4 4
0 .1 4 0
0.171

0.129
0.132
0.137
0.167

0.974

0.769

0.671

0.452

0.382

0.181

0.148

0.141

0 .0 1 5

0 .0 1 3

0 .0 2 3

0.020

0 .024

0 .0 0 5

0 .0 1 6

0.017
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BCA Assay Calibration Graph
1.20
1.00

y = 2.4098X + 0.1649
= 0.9698

0.80
0.60
0.40
0.20
0.00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

BSA concentration (m g/m l)

Determination of BSA Concentration at Each Time Point

From calibration graph Y = MX + C
M = 2.4098
C = 0.1649

Concentration of BSA encapsulated was determined from calibration graph, by
substitution of mean absorbance values into above equations as follows:

Concentration (mg/ml) = (mean absorbance - C) 4- M
Coneentration = (0.718 - 0.1649) 4- 2.4098
Concentration (mg/ml) = 0.2296

Absorbance readings of example microspheres

Experimental
measurements
n=l
n=2
n=3
n=4
average
s.d.
concentration
value (mg/ml)

Sample 1
0.692
0.743
0.695
0.742
0.718
(102832

Sample 2
0.679
0.769
0.698
(1788
0.7335
0.053107

Sample 3
(1687
0.759
0.719
(1758
0.73075
0.034606

0.2296

0.2360

0.2349
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The above calculation determines the quantity of BSA in mg/ml for n= 3 samples.
However, a representative sample of microspheres was employed. As a result the
theoretical loading and yield of the microspheres must be determined.

250.00
14.56
264.56
5.824

Weight o f PLGA employed (mg)
Weight o f BSA employed (mg)
Total Weight (mg)
Theoretical BSA loading (%m/m)
Theoretical BSA loading was calculated as follows:
(Weight of BSA 4^Weight of PLGA) x 100

Actual BSA loading was calculated as follows:
(BSA concentration (mg/ml) 4- weight of microspheres employed) x 100
Sample 1 had 4.51 mg of microspheres = (0.2296 4-4.51) x 100 = 5.0910 %m/m
Sample 2 had 4.47 mg o f microspheres = (0.2360 4-4.47) x 100 = 5.2796 %m/m
Sample 3 had 4.55 mg of microspheres = (0.2349 4-4.55) x 100 = 5.1626 %m/m
Average actual BSA loading = 5.1777 %m/m (s.d ± 0.0956)

The yield of microspheres illustrates the weight of microspheres produced
Weight of microspheres produced = 242.77 mg
Weight of PLGA employed = 250 mg

Yield = 242.77 4-250 = 97.11 % Yield

Encapsulation Efficiency was calculated as follows:
Actual BSA loading

x

Theoretical BSA loading

5.177
5.824

X

242.77

Weight of microspheres produced
Weight of PLGA employed

X

100 = 86.33 %

250.00
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APPENDIX 3: Example of in-vitro Release Calculation

A BCA assay™ was performed in order to determine the release profile of microsphere
formulations over a 46 day period using a cumulative release study. Release was
determined by removing 100 pi aliquots of SDS release buffer at each time point. The
release buffer was made up to 1000 pi by adding fresh release buffer. All samples were
stored in the freezer until all time points were collected, following which a BCA assay
was performed in triplicate.

Prior to performing the release study 200 ml SDS release buffer was prepared

Preparation of SDS Release Buffer

Formula:
PBS ( 1 tablet in 200 ml)
5 mM sodium dodecylsulphate (SDS)
0.01 %m/v sodium azide
Working formula for SDS release buffer:
1 PBS tablet
288.38 mg SDS
20.00 mg sodium azide
The release study was completed in triplicate for each microsphere sample subject to
analysis. The samples were plated on individual plates, providing 3 calibration graphs as
shown.
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Plate One/ Sample One

C alibration standards

concentration
me/ml
n=l
n=2
n=3
n=4
average
s.d.

0.25

0.35

0.075
0.2
0.1
Absorption @ 570 nm

0.015

0.005

0

0.222

0.124
0.129
0.155
0.128

0.105
0.131
0.114
0.107

0.105
0.104
0.102
0.109

0.482
0.462
0.626 (153
0.612
0.508
0.617 0.496
0.0062 (10300
0.615
0.615

0.221
0.331

0.409
0.417

0.219

0.252
(126 0.289
0.447 0.271 0.246 0.134 0.114 0.105
(10406 0.0455 (10326 0.0142 0.0118 (10029
0.467

0.271

0.494

C alibration graph obtained for standards

BCA Assay CalibrationGraph

y = 1.4956X + 0.1176

ft 0.50

R = 0.9922

2 0.40

0.1

0.2

0.3

0.4

BSA Concentration (mg/ml)

A bsorbance readings o f sam ple 1 m icrospheres

Experimental
measurements 2 hours 24 hours
0.159
0.182
n=l
0.184
0.177
n=2
0.195
0.173
n=3
0.194
0.1825
n=4
0.179
0.183
average
0.0168
0.0045
s.d.
concentration
value (mg/ml) 0.040803 0.043728

7 days
0.1994
0.1975
0.195
0.1935

0.196
0.0026

14 days
0.234

21 days
0.223

46 days
0.246

0.217
0.199

0.212

0.241

0.234
0.221
0.0167

0.207

0.268

0.215

0.2134

0.214
0.0067

0.242
0.0224

0.052654 0.069136 0.064623 0.083244
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Plate Two/ Sample Two

C alibration Standards

concentration
mg/ml

0.2
0.25
0.1
Absorption (% 570
0.506 0.452 0.309
0.533 0.442 0.282
0.49 0.448 0.285
0.495 0.427 0.287
0.506 0.442 0.291

0.075
nm

0.015

0.005

0

0.277

0.123
0.128

0.244
0.247

0.133
0.216
0.135
0.134

0.112
0.112

0.107
0.103
0.109
0.121

0.252

0.155

0.119

0.110

0.0192 0.0192 0.0110 0.0123 0.0169 0.0411

0.0081

0.0077

0.35
0.634
0.68
0.649
0.653
0.654

n=l
n=2
n=3
n=4
average
s.d.

0.24

C alibration graph obtained for standards
BCA Assay Calibration Graph

0.70
y = 1.5393X + 0.1246

0.60

= 0.9967

g 0.50
™ 0.40
0.30
0.20
0.10

0.00
0

0.1

0.2

0.4

0.3

BSA Concentration (mg/ml)

A bsorbance readings o f sam ple 2 m icrospheres

Experimental
Measurements
n=l
n=2
n=3
n=4
Average
s.d.
Concentration
value (mg/ml)

2 hours 24 hours 7 days 14 days 21 days 46 days
0.214
0.243
0.218
(1288
(1227
0.28
0.257
0.215
0.219
0.277
(1287
(1232
0.211
0.2215
0.22
0.218
(1335
(1169
0.1756
0.219
0.245
(1287
(1187
(1222
0.21865 0.20675 0.222375 0.249 0.22825 0.29175
0.0034
0.0341
0.0565
0.0133
0.0130
0.0322
0.059

0.052

0.061

0.078

0.065

0.105
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Plate Three/ Sample Three

C alibration Standards

concentration
mg/ml
n=l
n=2
n=3
n=4
average
s.d.

0.2
0.1
0.075
A bsorption @ 57C nm

0.35

0.25

0.434
0.432
0.423

0.340

0.336
0.336
0.337
0.337
0.002

0.440

0.432
0.007

0.334
0.292
0.293
0.302
0.305
0.020

0.206
0.198
0.199

0.015

0.005

0

0.108

0.114

0.175
0.179
0.171

0.118
0.110
0.108
0.217

0.178
0.006

0.138
0.053

0.186

0.195

0.200
0.005

0.141
0.129

0.099
0.119
0.019

0.099
0.111
0.102

0.107
0.007

C alibration graph obtained for standards

BCA Assay Calibration Graph
0.50
0.40

y = 0.9113x + 0.1137
= 0.9967

0.30

0.20
0.10
0.00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

BSA Concentration (mg/ml)

A bsorbance readings o f sam ple 3 m icrospheres

Experimental
Measurements 2 hours 24 hours 7 days
0.14
n=l
0.15
0.165
0.142
0.137
n=2
0.145
0.146
0.153
n=3
(1126
n=4
0.161
0.143
(1133
Average
0.142
0.151
0.143
0.0073
s.d.
0.0083 0.0164
Concentration
value (mg/ml) 0.0404 0.0311 0.0319

14 days 21 d ^ s

46 days

0.166
0.163
0.169
0.174

0.172
0.181
0.167
0.171

0.187
0.191
0.175

0.168
0.0047

0.173
0.0059

0.0120

0.0596

0.0648

0.0829

0.204
0.189

The assay determ ined the quantity o f BSA in m g/m l, how ever a representative
m icrosphere sam ple was em ployed in the study. As a result both the w eight o f
m icrospheres em ployed in the sam ple and the actual BSA loading m ust be taken into
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consideration. The actual loading was determined as 0.019487 mg/mg from
encapsulation efficiency calculation (see Appendix 2 for example).

Sample Number
Sample 1
Sample 2
Sample 3

Microsphere Weight Employed
(mg)
5.37
6.23
4.89

Calculation to Determine the Percentage of BSA Released After 2 Hours for
Sample 1

Percentage released = (concentration 4- microsphere weight)/Actual loading x 100
Percentage released = (0.0408 4-5.37)/ 0.019487 x 100
Percentage released = 38.99 %

In order to determine the percentage of BSA released following the initial 2 hour release
the previous time points must be taken into consideration. 10 % of the release media
was removed at the specified time points due to the cumulative nature of the study.
Therefore, at a 24 hour time point, the concentration obtained plus 10 % of the 2 hour
time point concentration was required to determine the percentage released. After 48
hours, 10 % of the 2 hour time point value and 10 % of the 24 hour time point
concentration value is required to determine the percentage released.

Calculation to determine the percentage of BSA released after 24 hours for sample
1

Concentration of BSA released = 10 % o f 2 hour concentration + 24 hour value
after 24 hours (mg/ml)

Concentration of BSA released (mg/ml) = 0.0040803 + 0.043728
Concentration BSA released (mg/ml) = 0.0478083

Percentage released = (concentration 4- microsphere weight)/Actual loading x 100
Percentage released = (0.0478083 4-5.37)/ 0.019487 x 100
Percentage released = 45.69 %
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Calculation to determine the percentage of BSA released after 168 hours for
sample 1

C oncentration o f BSA released = 10 % o f 2 hour concentration + 10 % o f 24 hour
after 168 hours (m g/m l)

value + 168 hour concentration value

C oncentration o f BSA released (m g/m l) = 0.0040803 + 0.0043728 + 0.052654
C oncentration B SA released (m g/m l) = 0.0611071

Percentage released = (concentration 4- m icrosphere w eight)/A ctual loading x 100
Percentage released = (0.0611071 4-5.37)/ 0.019487 x 100

Percentage released = 58.39 %

The above calculation w as perform ed for all tim e points for all sam ples, therefore
giving an average percentage released and s.d. T his is sum m arised below by the release
graph.

Cummulatlve Release of Microspheres in Appendix 3
120
100
80
60
40

20
Ü

0
0

2

24

168

336

504

1104

Time (hours)
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APPENDIX 4: ANOVA of Variance for Density of Ethanol / HFA 227 Mixes

The theoretical density was determined using the following calculation. It is a deviation
from Raoults Law.

Density = (% Ethanol x 0.790) + (% HFA 227 x 1.409)
(% Ethanol x 0.2416) +100

The actual density o f ethanol / HFA 227 propellant mixes was determined using a Paar
density meter (Chapter 3.4.2). The individual experimental data is summarised below.

Experimental Density (g/cm3)
Ethanol
Concentration
(%m/m)
Run 1
0.0
1.407
1.401
0.5
1.0
1.396
2.5
1.38
1.377
3.0
1.366
3.5
4.0
1.366
4.5
1.354
1.358
5.0
1.336
6.0
6.5
1.328
1.334
7.5
1.315
10.0
15.0
1.272

Run 2
1.407
1.401
1.395
1.379
1.376
1.365
1.359
1.353
1.357
1.336
1.328
1.334
1.315
1.271

Run 3
1.407
1.401
1.395
1.379
1.378
1.365
1.365
1.354
1.357
1.336
1.328
1.334
1.315
1.271

Mean
Experimental
Density (g/cm3)
1.407
1.401
1.395
1.379
1.377
1.365
1.363
1.354
1.357
1.336
1.328
1.334
1.315
1.271

s.d. n=3
O.OOE+00
O.OOE+00
5.77E-04
5.77E-04
1.00E-03
5.77E-04
3.79E-03
5.77E-04
5.77E-04
2.98E-08
2.11 E-08
O.OOE+00
O.OOE+00
5.77E-04
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APPENDIX 5: Determination of the Total BSA Contained in the Formulation

In order to determine the total BSA contained in each pMDI porous microsphere
suspension formulation a micro-BCA assay ™ was performed for n=3 samples. The
encapsulation efficiency of BSA for the batch of microspheres was also required
(Appendix 2).
An extraction method was adopted for the removal of the BSA from the microspheres
was employed as described in the method (Chapter 4.1.2.1).
The calculation required for the determination of total BSA is summarised below.

Preparation of BSA Standards for Micro-BCA Assay

TM

Standards were prepared as with previous BCA assay ™ technique. The following
standards were adopted for the micro-BCA assay, from a stock BSA solution, 1 mg/ml.
The standards were prepared in 1.5 ml eppendorfs, following which they were
vigorously shaken for 30 seconds to ensure mixing of standards was complete.

Concentration of standard
(pg/ml)
50
40
25
15
10
5
2
0

Volume of BSA stock

Volume of d.d water (pi)

w
50
40
25
15
10
5
2
0

950
960
975
985
990
995
998
1000

Prior to completion o f the assay a calibration check was completed on the standards to
ensure a suitable calibration graph could be obtained.

Micro-BCA Assay

TM

As with standard BCA assay ™ the reagent was freshly prepared for use in accordance
with the manufacturers instructions (Pierce, Rockford, USA). The micro-BCA™
employs 3 reagents that were mixed in the following ratios: 25 parts Reagent MA™, 24
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parts reagent MB™ and 1 part Reagent MC™ to produce the working reagent. The
table below summarises the working reagent employed.

Working Micro-BCA Reagent

Reagent type
Reagent MA™
Reagent MB™
Reagent MC'“

Ratio of reagent
employed
25
24
1

Actual volume of
ratio employed (ml)
50
48
2

Method of BCA Assay

In order to perform the assay procedure, BSA standards and the microsphere
formulation under study were plated out in equal aliquots of 150 pi. Typically the
standards were added to positions A 1-4 to H I-4, with a water control at position H I-4
on a 300 pi flat bottomed micro-well plate. The microsphere samples were also plated
out X 4, with the same volume of sample added (150 pi), as the assay technique is
relative to the colour change exhibited by the standards. Following the inclusion of 150
pi sample in the plates, 150 pi of working reagent was added to the plates, using a
multi-channel pipette. The plate was then incubated at 37 °C for 2 hours. The results
were determined using a plate reader at 562 nm. Any protein present will result in a
colour change from green to purple, with an absorbance value given. A total of n=3
plates were prepared for determination of the total BSA concentration for all
formulations subject to the study.

Micro-BCA^^ Calibration Data and Results

A total of n=3 samples were completed for each pMDI microsphere suspension
formulation. The calibration data below illustrates the data obtained from plate 3, for
formulations containing various excipients. As with standard BCA assay the
concentration of BSA contained within the microspheres was determined via the
calibration graph, using the equation Y = Mx + C.
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Standard Standard Standard Standard Standard Standard Standard

Water

1

2

3

4

5

6

7

Control

50

40

25

15

10

5

2

0

n=1

1.483

1.22

0.217

0.121

n=2

1.481

1.159

0.75

0.645

0.505

0.331

0.184

0.124

n=3

1.459

1.155

0.77

0.663

0.505

0.332

0.192

0.128

n=4

1.45

1.561

0.761

0.679

0.531

0.343

0.199

0.129

1.468

1.2745

0.760

0.646

0.481

0.330

0.198

0.126

0.0163

0.1938

0 .0082

0.0355

0.0675

0.0120

0.0141

0.0037

Concentration
of Standard
(Hg/ml)

A verage
s.d.. (n=4)

A b s o rp tio n @ 5 6 2 n m
0.314
0.597
0.76
0.381

Calibration Graph of Micro-BCA A ssay for Plate 3

1.6

y = 0.0264x + 0.1746

1.4

= 0.9885

1.2
1

0.8
0.6
0.4

0.2
0
0

10

20

30

40

50

BSA Concentration (microgram/ml)
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0.001 %m/m 0.0025%m/ 0.005% m/m 0.001 %m/m 0.005 %m/m 0.03 %m/m 2.5 %m/m
PVP K30

m PVP K30 PVP K30

PEG 300

PEG 300

PEG 300

Ethanol

2.5 %m/m

Excipient

Ethanol

Free

n=l

0.509

0.622

0.43

0.477

0.482

0.438

0.468

0.435

0.521

n=2

0.486

0.611

0.47

0.474

0.511

0.482

0.484

0.429

0.513

n=3

0.486

0.573

0.47

0.473

0.512

0.492

0.497

0.444

0.531

n=4

0.465

0.664

0.48

0.484

0.531

0.504

0.518

0.448

0.523

Average

0.4865

0.6175

0.4625

0.477

0.509

0.479

0.49175

0.439

0.522

s.d. (n=4)

0.0180

0.0374

0.0222

0.0050

0.0202

0.0288

0.0211

0.0086

0.0074

11.951

16.894

11.045

11.592

12.800

11.668

12.149

10.158

13.291

191.215

253.415

165.679

173.887

192.000

175.019

182.236

152.377

199.358

Concentration
(^g/ml)

Concentration
in 16 ml (pg)
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Calculation for Determination of Total BSA in the pMDI Porous Microsphere
Suspension Formulation

Details of pMDIs Employed

The pMDI suspensions employed contained different volumes of propellant and
different weights of microspheres. The calculations below show the method by which
the volume o f HFA 227 and concentration of porous microspheres in mg/ml was
calculated for a pMDI suspension formulation employing 0.001 %m/m PVP K30.

Weight of HFA 227 employed = 11.959 g
Weight of microspheres added = 0.0164 g
Density of HFA 227 = 1.409 g/cm^

In order to determine the mg/ml concentration porous microspheres in the formulation
the calculation described below was employed

Volume of HFA 227 employed = 11.0397 -f- 1.409 = 8.48757984 ml
Microsphere concentration in can (mg/ml) = 16.4

8.48757984 = 1.93224 mg/ml

This calculation was repeated for all formulations and is summarised in the table below.

Stabilising
Agent

None
PVP K30
PVPK30
PVP K30
PEG 300
PEG 300
PEG 300
Ethanol
Ethanol

Stabilising
Agent
Concentration
(%w/w)
-

0.001
0.0025
0.005
0.001
0.005
0.03
2.5
5.0

Weight of
Microspheres
Employed (g)

0.0169
0.0164
0.018
0.0153
0.0157
0.018
0.0166
0.0174
0.0157

Weight of
HFA 277
(mix)
employed
(g)
10.8269
11.9590
11.9642
11.385
11.2675
12.2828
11.3846
12.6826
8.6146

Volume of
HFA 227
(mix)
employed
(ml)
7.684
8.488
8.491
8.080
8.000
8.717
8.080
9.001
6.114

Microsphere
Concentration
(mg/ml)

2.199
1.932
2.120
1.894
1.963
2.065
2.054
1.933
2.568
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Details o f Porous Microspheres Employed

Porous microspheres were prepared with 6.22 mg BSA in 245.95 mg PLGA. The
aforementioned microspheres had an average encapsulation efficiency of 48.056 %.

Maximum BSA in 1 mg microspheres = 6.22 4-252.17 = 0.02467 mg BSA
But encapsulation efficiency = 48.056 %, therefore the maximum quantity of BSA is

BSA in 1 mg microspheres = (0.02467 4- 100)x 48.056 = 0.01185344 mg BSA
1 mg Microspheres = 0.01185344 mg BSA

Details of Total BSA Determination Method

For a porous microsphere pMDI suspension containing 0.001 %m/m PVP K30 the
weight of microspheres added to the can was 16.4 mg.
However, 1 mg Microspheres = 0.01185344 mg BSA

Weight of BSA contained in the can = 0.01185344 x 16.4 = 0.194396416 mg BSA
Weight of BSA in the can = 194.396416 pg

From the micro-BCA assay ™ the levels of BSA detected were 12.140, 11.949 and
11.951 pg/ml respectively. However, 16 ml of d.d water was employed to extract the
BSA from the microspheres.

BSA in samples (pg) = 12.140 (pg/ml )x 16 (ml)= 194.24 (pg)
11.949 (pg/ml )x 16 (ml)= 191.184 (pg)
11.951 (pg/ml )x 16 (ml)= 191.215 (pg)

% Total BSA = (Actual BSA detected 4- Theoretical BSA) x 100
% Total BSA = (194.24 4- 194.396416) x 100 = 99.92 %
% Total BSA = (191.184 4- 194.396416) x 100 = 98.35 %
% Total BSA = (191.215 4- 194.396416) x 100 = 98.36 %
Mean average total BSA (n=3) = 98.88 % (s.d. ± 0.90)
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This was repeated for all pMDI suspensions and is summarised in the table below:

Stabilising
Agent
None

Stabilising Agent
Concentration (%w/w)

% Total BSA
Recovered (± s.d. n = 3)

-

82.547 (± 2.56)

PVP K30

0.001

98.88 (± 0.60)

PVP K30

0.0025

94.067 (±3.79)

PVP K30

0.005

88.767 (±1.05)

PEG 300

0.001

85.347 (±1.60)

PEG 300

0.005

79.160 (±2.10)

PEG 300

0.03

84.125 (±1.22)

Ethanol

2.5

91.358 (± 1.22).

Ethanol

5.0

82.547 (± 0.89)

This calculation is to be employed to adjust the DTV values for all formulation.
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APPENIDX 6: DTV of pMDI Suspensions

In order to determine the DTV for pMDI microsphere suspension formulations a microBCA assay ™ was performed for n= 3 samples. The actual BSA content contained
within the batch of microspheres employed in the study was also required. This was
previously determined employing a BCA assay to determine the encapsulation
efficiency (Appendix 2) and the total BSA able to recover from the cans (Appendix 5).
An extraction method was adopted for removal of the BSA from the microspheres as
described in the method (Chapter 4.1.3). The DTV calculation is summarised below.

Preparation of BSA standards for Micro-BCA Assay

TM

Standards were prepared as with previous BCA assay technique. The following
standards were adopted for the micro-BCA assay

from a stock BSA solution, 1

mg/ml. The standards were prepared in 1.5 ml eppendorfs, following which they were
vigorously shaken for 30 seconds to ensure mixing of standards was complete.

Concentration of
standard (pg/ml)
40
25
15
10
5
4
2
0

Volume of BSA
stock (pi)
40
25
15
10
5
4
2
0

Volume of d.d water
(pl)
960
975
985
990
995
996
998
1000

Prior to completion of the assay a calibration check was completed on the standards to
ensure a suitable calibration graph could be obtained.
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Micro-BCA Assay

TM

As with standard BCA assay ™ the reagent was freshly prepared for use in accordance
with the manufacturers instructions (Pierce, Rockford, USA). The micro-BCA employs
3 reagents that were mixed in the following ratios: 25 parts Reagent MA ™, 24 parts
reagent MB ™ and 1 part Reagent MC ™ to produce the working reagent.

Method of BCA Assay

In order to perform the assay procedure, BSA standards and the microsphere
formulation under study were plated out in equal aliquots of 150 pl. Typically the
standards were added to positions A 1-4 to H I-4, with a water control at position H I-4
on a 300 pl flat bottomed micro-well plate. The microsphere samples were also plated
out X 4, with the same volume of sample added (150 pl), as the assay technique is
relative to the colour change exhibited by the standards. Following the inclusion of 150
pl sample in the plates, 150 pl of working reagent was added to the plates, using a
multi-channel pipette. The plate was then incubated at 37 °C for 2 hours. The results
were determined using a plate reader at 562 nm. Any protein present will result in a
colour change from green to purple, with an absorbance value given.

Micro-BCA Calibration Data and Results

A total of n=3 samples were completed for each pMDI microsphere suspension
formulation. The calibration data below illustrates the data obtained for a 5 %m/m
ethanol pMDI microsphere suspension formulation for a representative sample. As with
standard BCA assay the concentration of BSA contained within the microspheres was
determined via the calibration graph, using the equation Y = Mx + C.
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Standard Standard Standard Standard Standard Standard Standard Water
1

2

3

4

5

6

7

Control

40

25

15

10

5

4

2

0

Concentration
of Standard
(^ig/ml)

Absorption @ 562 nm
RUN 1

1 .0 8 6

0 .7 2

0 .5 3 7

0 .4 3 5

0 .3 1 6

&238

0 .2 0 8

0 .1 1 2

RUN 2

1 .0 9 6

0 .7 5 7

0.555

0 .4 2 9

0 .3 0 7

02 8 3

0 .2 0 7

0 .1 1 4

RUN 3

1 .0 8 6

0 .7 7 2

0 .5 4 7

0 .4 2 9

0 .3 0 2

0 .2 7 1

0 .2 1 7

0 .1 1 6

RUN 4

1 .0 6 6

0 .7 6 3

0 .5 5 4

0 .4 2 9

0 .3 1 2

02 8 7

0 .2 1 4

0 .1 1 1

AVERAGE

1.0835

0.753

0.54825

0.4305

0.30925

0.26975

0.2115

0.11325

S.D. (n=4)

0 .0 1 3

0 .0 2 3

0 .0 0 8

0.003

0 .0 0 6

0 .0 2 2

0 .0 0 5

0.002

Calibration G ra p h o f Micro-BCA A ssay

1.2

y = 0.0233x + 0.1704
= 0.9921

1.0

0.8
0.6
0.4

0.2
0.0
0

10

20

30

40

50

BSA Concentration (m icrogram s/m l)

n=l
n=2
n=3
n=4
Average

Microsphere sample M icrosphere Sample M icrosphere Sample
1
2
3
0.409
0385
0396
0.391
0372
0393
039
0399
0398
0.344
0.4
0396
0.37275
0.39975
0.39575

concentration
(pg/ml))

9.843347639

9.67167382

8.684549356

Concentration in
4 m l(pg)

3937339056

38.68669528

34.73819742
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Calculation for Determination of DTV

Details of pMDI Employed
A pMDI suspension formulation employing 5 %m/m ethanol in HFA 227 with porous
microspheres

Weight of HFA 227 employed = 11.0397 g
Weight of microspheres added = 0.0175 g
Density of ethanol/ HFA 227 mix = 1.356 g/cm^

In order to determine the mg/ml concentration porous microspheres in the formulation
the calculation described below was employed

Volume of HFA 227 employed = 11.0397 -r 1.356 = 8.141372 ml
Microsphere concentration in can (mg/ml) = 17.5 -î-8.141372 = 2.149515 mg/ml

Details of Porous Microspheres Employed
Porous microspheres were prepared with 6.20 mg BSA in 278.65 mg PLGA. The
aforementioned microspheres had an average encapsulation efficiency of 67.74 %.

Maximum BSA in 1 mg microspheres = 6.20 4-278.65 = 0.022250135 mg BSA
But encapsulation efficiency = 67.74 %, therefore the maximum quantity o f BSA is

BSA in 1 mg microspheres = (0.022250135 4- 100)x 67.74 = 0.015072 mg BSA
1 mg Microspheres = 0.015072 mg BSA
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Details o f DTV

A total of 25 shots were fired from the pMDI in order to determine the DTV. Therefore
the weight and the volume of the microspheres fired from the can was calculated.

Weight of microspheres added to the pMDI (g)
Weight of pMDI at the start (g)
Weight of pMDI at the end (g)
Weight of microspheres fired (g)

0.0175
19.7843
17.9695
1.8148

The volume fired from the can was calculated as follows:

Density of 5 m/m% ethanol/ HFA 227 mix = 1.356 g/cm^
Weight of 25 shots = 1.8148 g
Volume fired from the can = 1.8148 4- 1.356 = 1.338 ml

The microsphere concentration in the can was found to be 2.149515 mg/ml, therefore,
the concentration of microspheres fired for the DTV study can be determined:

Weight of microspheres fired (mg) = concentration of microspheres (mg/ml) x
volume of HFA 277 fired (ml)

Weight of microspheres fired (mg) = 2.149515 mg/mlx 1.338348083 = 2.877 mg

The BCA assay determines the quantity of BSA contained within the microspheres.
From the encapsulation efficiency data the concentration of BSA was determined per
mg of microspheres. This value was substituted into the equations in order to determine
the DTV.

1 mg M icrospheres s 0.015072 mg BSA
We have 2.8767993 mg microspheres
Therefore:
BSA fired = 0.015120861x 2.8767993 = 0.04335987 mg
M aximum BSA detectable in DTV assay = 43.356 pg
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However, the total BSA was also considered to adjust the DTV values.
The total BSA recovered for the pMDI suspension formulation employing 5.0 %m/m
ethanol was found to be 91.358 % (s.d. ± 8.86).
Maximum BSA detectable in DTV assay with total BSA recovery adjustment:

Maximum BSA detectable in DTV assay = (43.35987 -r 100) x 91.358

Maximum BSA detectable in DTV assay = 39.613 pg

From the assay the levels of BSA detected were 9.843, 9.672 and 8.685 pg/ml.
However, 4 ml of d.d water was employed to extract the BSA from the microspheres.

BSA in samples (pg) = 9.843 (pg/ml )x 4 (ml)= 39.372 (pg)
9.672 (pg/ml )x 4 (ml)= 38.688 (pg)
8.685 (pg/ml )x 4 (ml)= 34.740 (pg)

% DTV = (Actual BSA detected 4- Theoretical BSA) x 100
% DTV = (39.372 4- 39.613) x 100 = 99.39 %
% DTV = (38.688 4- 39.613) x 100 = 97.66 %
% DTV = (34.7404- 39.613) x 100 = 87.70 %
Mean average DTV (n=3) = 94.93 % (s.d. ± 2.50)

290

APPENDIX 7: Determination of the Respirable Fraction of Porous Microspheres

The respirable fraction refers to the percentage of microspheres that are below 4.71 pm
in size. This corresponds to the filter component of the APS instrument.
Prior to determining the RF of the porous microsphere pMDI suspension the EE and the
total BSA recovery from the can was determined (Appendix 2 and 5).

A micro-BCA assay was employed to determine the quantity of BSA detected on the
various components of the APS, for example, throat, collection plate and filter. In
addition the actuator and stem o f the pMDI unit was assayed to quantify the presence of
BSA. Following the quantification of BSA on the APS, the quantity o f microspheres
was calculated.

The RF is calculated adopting the equation shown in Chapter 4.1.5 (Equation 4.1). Prior
to the determination of the RF the following calculations were employed.
1. Encapsulation efficiency of porous microspheres employed
2. Weight of microspheres fired
3. Total BSA within the can

The example below describes the respirable fraction obtained for 0.0075 %m/m PVP
K30 in HFA 227.

Preparation of BSA standards for Micro-BCA Assay
The following standards were prepared as with previous BCA assay technique.
Concentration of
standard (pg/ml)
100.0
50.0
25.0
20.0
10.0
5.0
2.5
0.0

Volume of BSA
stock (pl)
100.0
50.0
25.0
20.0
10.0
5.0
2.5
0.0

Volume of d.d water
w
900.0
950.0
975.0
980.0
990.0
995.0
997.5
1000.0

Prior to completion of the assay a calibration check was completed on the standards to
ensure a suitable calibration graph could be obtained.
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The working reagent and the plates were prepared as for previous micro-BCA assay
technique procedures shown (Appendix 4).

Micro-BCA Calibration Data and Results

A total of n=3 samples were completed for each pMDI microsphere suspension
formulation. The calibration data below illustrates the data obtained for a 0.0075 %m/m
PVP K30 pMDI microsphere suspension formulation for a representative sample. As
with standard BCA assay the concentration of BSA contained within the microspheres
was determined via the calibration graph.

Standard Standard Standard Standard Standard Standard Standard Water
7
Control
4
5
6
2
1
3
Standard
(pg/ml)
RUN 1
RUN 2

100

50

25

20
Absorbtion

1 .6 4 4

0 .9 7 4

0 .6 1 1

0 .5 4 3

L852

1 .8 6 1
1 .9 6 9

1 .0 3 2
1 .1 0 9
1 .1 3 8

0.638
0.687

0 .5 5 1

RUN 3
RUN 4

0 .6 9 7

0 .6 1 2

AVERAGE
s.d. (n=4)

1.8315

1.0633

0.6583

0 .1 3 6

0 .0 7 4

0 .0 4 1

0.5745
0XB3

0.592

5

2.5

0

0 .2 8 4

0 .1 8 5

0 .1 3 9

0 .1 0 5

0 .2 7 5
0 .3 1 2
0 .3 2 1

0 .1 8 5
0 .1 9 2
0 .1 8 9

0 .1 4
0 .1 4 5
0 .1 4 7

0 .1 0 3
0 .1 0 6
0 .1 0 9

0.2980

0.1878

0.1428

0.1058

0 .0 2 2

0 .0 0 3

0 .0 0 4

0 .0 0 3

100

120

10
562 nm

Micro-BCA Calibration Graph of Plate 1

E

2

y = 0 .0 1 7 4 x + 0 .1 4 5 6
= 0 .9 9 0 2

c

CM

s

1 .5
1

C

I

0 .5

<

0

I

0

20

40

60

80

Concentration of BSA Standards (micrograms/ml)
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Experimental data for Plate 1

Throat
n=1
n=2
n=3
n=4
Average

concentration
(pg/ml)

0.275

Actuator/stem 4.71 pm plate

Collection
plate

Filter

0.228

0.163

0.161

0.176

0.276

0.236

0.160

0.168

0.175

0.292

0.245

0.189

0.160

0.182

0.272

0.257

0.157

0.167

0.173

0.2788

0.2415

0.1673

0.1640

0.1765

7.6523

5.5115

1.2443

1.0575

1.7759

Concentration in
5 ml (pg)
38.2615

27.5575

6.2213

5.2874

8.8793

Calculation for Determination of Respirable Fraction

Details of pMDI Employed

Details refer to a pMDI suspension formulation employing 0.0075 %m/m PVP K30 in
HFA 227 with porous microspheres

Weight of HFA 227 employed = 12.0592 g
Weight of microspheres added = 0.079 g
Density of PVP K30/ HFA 227 mix = 1.409 g/cm^

In order to determine the mg/ml concentration porous microspheres in the formulation
the calculation described on the next page was employed

Volume of HFA 227 employed = 12.0592 4-1.409 = 8.5587 ml
Microsphere concentration in can (mg/ml) = 79 4-8.55869 = 9.230380125 mg/ml
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Details o f Porous Microspheres Employed

Porous microspheres were prepared with 6.22 mg BSA in 245.95 mg PLGA. The
aforementioned microspheres had an average encapsulation efficiency of 48.056 %.

Maximum BSA in 1 mg microspheres = 6.22 4-252.17 = 0.024665899 mg BSA
But encapsulation efficiency = 48.056 %, therefore the maximum quantity of BSA is

BSA in 1 mg microspheres = (0.024665899 -r 100)x 48.056 = 0.011853445 mg BSA
1 mg Microspheres s 0.01185 mg BSA

Details of Respirable Fraction Experiment
A total of 25 shots were fired from the pMDI in order to determine the R/F. Therefore
the weight and the volume of the microspheres fired from the can was calculated.

Weight of microspheres added to the pMDI (g)
Weight of pMDI at the start (g)
Weight of pMDI at the end (g)
Weight of microspheres fired (g)

0.079
15.48206
13.06108
2.42098

The volume fired from the can was calculated as follows:

Density of PVP K30/ HFA 227 mix = 1.409 g/cm^
Weight of 25 shots = 2.42098 g
Volume fired from the can = 2.42098

1.409 = 1.718226 ml

The microsphere concentration in the can was found to be 9.230380125 mg/ml,
therefore, the concentration of microspheres fired for the respirable fraction study can
be determined:

Weight of microspheres fired (mg) = concentration of microspheres (mg/ml) x
volume of HFA 277 fired (ml)

Weight of microspheres fired (mg) = 9.230380125 mg/ml x 1.718226 = 15.85988 mg
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The BCA assay determines the quantity of BSA contained within the microspheres.
From the encapsulation efficiency data the concentration of BSA was determined per
mg of microspheres. However, the total BSA must also be considered, as 100 %
recovery was not shown. These values were substituted into the equations in order to
determine the respirable fraction.

From EE
1 mg Microspheres = 0.01185 mg BSA
We have 15.85988 mg microspheres
Therefore:
BSA fired = 0.01185 x 15.85988 = 0.18799417 mg
Maximum BSA detectable in assay = 187.99417 pg

However, the total BSA was also considered to adjust the respirable fraction values.
The total BSA recovered for the pMDI suspension formulation employing 0.0075
%m/m PVP K30 was found to be 94.067 % (s.d. ± 3.79).

Maximum BSA detectable with total BSA recovery adjustment:
Maximum BSA detectable = (187.99417 -f- 100) x 94.067
Maximum BSA detectable in DTV assay = 176.841 pg

In order to calculate the R/F, n=2 plates were employed. The BSA was extracted into 2
X 2.5 ml d.d water, hence a dilution factor of 5.0 ml. The concentration of BSA detected
following the Micro-BCA assay were as follows:
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LOCATION
Throat
Actuator/Ste
m
4.71 um plate
Collection
plate
Filter

PLATE 1
VALUES
(pg/ml)
7.652

PLATE 2
VALUES
(pg/ml)
6.923

AVERAGE DILUTION
VALUES
FACTOR
5
7.288

DOSE (pg)
36.43824713

s.d. (n=2)
2.58

5.511
1.244

4.868
3.403

5.190
2.324

5
5

25.94873563
11.61813218

2.26
7.63

1.057
1.776

0.37
3.656

0.714
2.716

5
5
TOTAL:
RECOVERY
%

3.568678161
13.57965517
91.15344828

2.43
6.65

51.55%

Calculation for the Determination of the Percentage Recovery Following Micro-BCA
Assay

% Recovery = (Total BSA detected

Maximum BSA Detectable) x 100

% Recovery = (91.154 -r 176.841) x 100
% Recovery = 51.55 %

Calculation for Determination of Respirable Fraction

The RF was determined using Equation 4.1. In this instance the RF refers to the BSA
detected on the filter. Both the 4.71 pm plate and thecollection platewere grouped
together as they no not serve to segregate porous microspheres by size.Thecalculations
below show the percentage of microspheres on the throat, actuator/stem, collection
plates and also the filter.

The Throat
From the table above, 36.438 pg (± s.d. 2.58) of BSA was detected. The individual
values were: 38.262 and 34.615 pg respectively.

Therefore % of BSA on throat = (Amount Detected 4- Total on plates) x 100
% on Throat = (38.262 4- 91.153) x 100 = 41.975 %
% on Throat = (34.615 4- 91.153) x 100 = 37.974 %
Average % on throat = 39.975 % (± s.d. 2.83)
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The Actuator and Stem
From the table above, 25.949 |ig (± s.d. 2.26) of BSA was detected. The individual
values were: 27.557 and 24.340 p,g respectively.

Therefore % of BSA on actuator/stem = (Amount Detected -r Total on plates) x 100
% on actuator/stem = (27.557 -r 91.153) x 100 = 30.232 %
% on actuator/stem = (24.340 -r 91.153) x 100 = 26.702 %
Average % on actuator/stem = 28.467 % (± s.d. 2.50)

Collection plates (combined)
The average total BSA detected on the collection plates was 18.812603 pg (± s.d. 9.96).
The individual values were: 11.509 and 18.865 pg respectively.

Therefore % of BSA on collection plates = (Amount Detected h- Total on plates) x 100
% on collection plates = (11.509 -r 91.153) x 100 = 12.626 %
% on collection plates = (18.865 4- 91.153) x 100 = 20.696 %
Average % on collection plates = 16.661 % (± s.d. 5.71)

The Filter
From the table above, 13.580 pg (± s.d. 6.65) of BSA was detected. The individual
values were: 8.879 and 18.280 pg respectively.

Therefore % of BSA on filter = (Amount Detected 4- Total on plates) x 100

% on filter = (8.879-91.153) X 100 = 9.741 %
% on filter = (18.280 - 91.153) x 100 = 20.054 %
Average % on filter = 14.898 % (± s.d. 7.29)
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