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Abstract

The mechanism(s) by which fines improve the performance of ternary dry powder inhalation
(DPI) formulations is unclear. It is evident, however, that the addition of fines to a
formulation modulates the balance between interparticulate adhesions and the forces acting to
overcome them during inhalation. This study, therefore, investigated the relationship between
ternary formulation interparticulate forces and performance, with the aim of further
elucidating the mechanism(s) responsible for the dispersion of these systems.
This was achieved through the use of four drugs (budesonide, fluticasone propionate,
formoterol fumarate dihydrate and salmeterol xinafoate), four fines materials (erythritol, αlactose monohydrate, D-mannitol and α,α-trehalose dihydrate) and an α-lactose monohydrate
carrier. The interparticulate forces between these materials were quantified, using the
cohesive-adhesive balance (CAB) approach to atomic force microscopy, and compared to the
in-vitro performance of the respective ternary formulations. When the drug-fines CAB ratio
was adhesive, formulation performance increased significantly as the CAB ratio decreased
(significant negative linear correlation, p<0.001), but when it was cohesive, formulation
performance did not vary significantly. In addition, a significant linear correlation (p=0.002)
was found between decreasing adhesive drug-fines CAB ratio and increasing drug-fines
agglomerate size in aerosolised formulations.
This suggested that when the drug-fines CAB ratio was adhesive, formulation performance
was increased by the formation of drug-fines agglomerates, with stronger drug-fines adhesion
producing greater performance via the formation of larger agglomerates. This apparently
counter-intuitive finding was explained by reference to a recent theory of deagglomeration,
which suggested that larger agglomerates are subjected to greater deagglomeration forces
during aerosolisation (principally the drag force), resulting in the formation of more respirable
particles.
The mechanism responsible for improving the performance of formulations with a cohesive
drug-fines CAB ratio could not be determined. A study of the interaction between ternary
formulation blending order and drug-fines CAB ratio was, therefore, undertaken. It was found
that blending the drug and carrier before the addition of fines could produce formulations
with equal or significantly (p<0.05) greater or lesser performance than formulations produced
9

by first blending the carrier and fines, a finding not previously reported. These varying effects
could not with certainty be attributed to any of the intrinsic properties of the materials
involved or the drug-fines CAB ratio, thus highlighting the complexity of the effects of
blending order.
Finally, a study was undertaken to examine the relationship between drug-carrier CAB ratio
and binary DPI formulation performance. Significant differences (p≤0.001) were found
between the performance of the different drugs formulated with 63-90 µm sieved carriers
produced from each of the four excipients. Comparison of these performance data with the
relevant drug-carrier CAB ratios suggested that binary formulation performance was
maximised when the CAB ratio was slightly cohesive, a novel finding that could be explained
by the agglomeration hypothesis outlined for ternary formulations.
Taken together, the findings of these various studies suggest that the formation of
agglomerates containing drug particles (either with or without fine excipient particles) may
dominate other influences on the performance of DPI formulations. Although
counterintuitive, in certain situations formulation performance may be increased by
strengthening specific interparticulate interactions (e.g. drug-fines or drug-drug) to increase
the formation of agglomerates. This highlights the importance of considering dispersion
mechanisms during the development of DPI formulations and suggests that further research
in this area is required.
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Chapter 1:

1.1

Introduction

Respiratory Drug Delivery

Respiratory diseases such as asthma, chronic obstructive pulmonary disease (COPD) and
cystic fibrosis are a major cause of mortality and morbidity in the United Kingdom (UK)1 The
inhalation of an aerosolised drug and its subsequent delivery to the respiratory tract is a vital
component of modern pharmacotherapy for such illnesses, with over 36 million prescriptions
for inhaled bronchodilators and corticosteroids issued in the UK in 19991. As a route of
administration, it offers several advantages over the alternatives. By avoiding degradation in
the gastrointestinal tract and first-pass metabolism, a lower dose of drug can be administered
via inhalation than by the oral route, causing fewer side effects whilst having a rapid and
predictable onset of action2. In recent years, these factors, combined with their large surface
area, have led to the lungs being considered a suitable portal of entry to the systemic
circulation for the treatment of non-respiratory diseases, especially for polypeptide drugs2,3.
Indeed, the first systemic therapy to be delivered via the lungs (ergotamine for the treatment
of migraine) was marketed for over 30 years from the early 1960s4 and the first inhalable
formulation of insulin was approved for use in Europe and the United States in early 20065.
As shown in Figure 1.1, the respiratory tract consists of a series of branching airways. The
trachea is the first passageway dedicated solely to respiration and is connected to the oral and
nasal cavities by the pharynx and larynx. It bifurcates over 17 times, to first form the bronchi
and then the bronchioles, which together with the trachea are known as the conducting
airways3. The bronchioles continue to bifurcate and lead to the very deepest part of the lung,
the respiratory bronchioles and alveoli, which are the site of gas exchange and so have an
excellent blood supply3.
The target site for drugs delivered by inhalation depends on the condition being treated. Due
to their excellent blood supply, the alveoli are the principle site of drug absorption into the
systemic circulation3 and so should be targeted by formulations designed for the treatment of
non-respiratory diseases. Respiratory diseases currently treated by inhalation therapy (e.g.
asthma) are principally diseases of the conducting airways6, so drugs for these conditions
should be targeted to this region of the lungs, although alveolar deposition and systemic
absorption are also thought to be important2.
17

Trachea
Bronchi

Bronchioles

Alveoli
Diaphragm

Figure 1.1: Structure of the human lung.
Adapted from http://www.cchs.co.uk/subjects/science/biology/ks3/resources.htm (accessed August 2004).
1.2

Particle Deposition in the Lungs

In order to exert a pharmacological effect, an inhaled drug particle must deposit on the
respiratory surface at its site of action or absorption in the lungs. Deposition may occur by a
number of mechanisms dependant upon a variety of variables2,7, so control of the site of
deposition to ensure the drug reaches its target is a complicated process.
1.2.1

Inertial Impaction

Inertial impaction is the dominant mechanism of particle deposition in the lungs and occurs
mainly in the conducting airways2,7. It occurs as the inhaled airstream changes direction on
passing through the repeated bifurcations and bends of the respiratory tract. At each
bifurcation or bend, particles of a certain mass travelling in the airstream at a certain velocity
will not lose momentum sufficiently quickly to be able to relax into the new direction of the
airflow and so will impact on the respiratory surface7. The probability of impaction for a
particle travelling in an airway is related to its Stokes’ number (Stk), a dimensionless parameter
that can be calculated using Equation 1.17. The greater a particle’s Stokes’ number, the more
likely is its deposition by impaction.

18

Stk=

ρ p d 2V
18ηR

Equation 1.1

where ρp is the particle density, d is the particle diameter, V is the air velocity, η is the air
viscosity and R is the airway radius.
1.2.2

Sedimentation

Sedimentation occurs as particles suspended in the respiratory tract settle under the influence
of gravity. For particles between 1 and 40 µm diameter in a laminar airstream, the terminal
velocity (Vt) at which this settling occurs is described by the following form of Stokes’ law7:

Vt =

( ρ p - ρa )d 2 g
18η

Equation 1.2

where ρp is the particle density, ρa is the density of air, d is the particle diameter, g is
acceleration due to gravity and η is the air viscosity. Particles >40 µm diameter tend to settle at
a slower terminal velocity than that predicted by Equation 1.2, whilst particles <1 µm tend to
settle with a faster terminal velocity7.
Sedimentation is a time dependant process, as particles must have a sufficient residence time
in the airway to settle from their initial position to deposit on the respiratory surface. It is
therefore the dominant mechanism of deposition in the smaller airways and alveoli, due to the
small airway dimensions and low air flow velocities found in these regions
1.2.3

Brownian Motion

As the diameter of a suspended particle falls below 1 µm, the influence of gravity on its
motion decreases, whilst the influence of Brownian motion (which is caused by the random
bombardment of the particle by gas molecules) becomes ever greater7. By its very nature,
Brownian motion results in particles following a random and variable path, but for those <0.5
µm diameter, Brownian motion will tend to cause greater displacement than sedimentation
and so be the primary mechanism of deposition. Nevertheless, due to the relative magnitudes
of the displacement caused by sedimentation and Brownian motion, particles >2µm diameter
are more likely to deposit in the airways than those <0.5 µm diameter7.
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1.2.4

Interception

Deposition by interception occurs when an extremity of a particle travelling within the
airstream in an airway makes contact with the respiratory surface7. This is most likely to occur
with elongated particles, but as the typical size of drug particles used in respiratory drug
delivery is much smaller than that of the airways, this mechanism of deposition is relatively
unimportant in most cases.
1.2.5

Electrostatic Precipitation

Drug particles may become electrostatically charged during aerosolisation, which, in theory,
might influence deposition, either through the induction of an image charge on the respiratory
surface and subsequent electrostatic attraction or via the repulsion between like charged
aerosol particles directing them towards the airway walls7. The number of studies in this area is
limited however and more investigation is required.
1.2.6

The Effect of Particle Size on Deposition in the Respiratory Tract

From the above discussion, especially Equations 1.1 and 1.2, it is clear that particle size is one
of the major variables controlling deposition in the lung. Inhalation formulations must
therefore produce an aerosol of appropriately sized drug particles, to prevent their deposition
before they reach their target site2. This is by no means easy however, as the structure of the
lung has evolved in such a way as to encourage the impaction of particles high in the
respiratory tract. Before a particle can even enter the trachea, it must first negotiate the 90º
bend between the oral cavity and pharynx without impacting on the back of the throat8. At
each bifurcation, the cross-sectional area of an individual airway decreases, providing an ever
more convoluted path for a particle to negotiate without impaction3,8. Drug particles with an
aerodynamic diameter larger than 10 µm will tend to impact in the throat and upper airways,
whereas particles with an aerodynamic diameter less than 0.5 µm will tend to be exhaled2. The
majority of particles with aerodynamic diameters between 2.5 µm and 6 µm will deposit in the
conducting airways, whereas particles with an aerodynamic diameter less than 2.5 µm will tend
to deposit in the alveoli6. It is therefore generally accepted that the target drug aerosol
aerodynamic particle diameter for an inhalation formulations is between 1 µm and 5 µm,
depending on the desired target site7,9.
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1.3

Current Respiratory Drug Delivery Devices

There are currently three types of device that are widely employed to deliver drugs to the
respiratory tract, although others are in development.
1.3.1

Nebulisers

Nebulisers employ either compressed gas or ultrasonic energy to aerosolise an aqueous
solution or suspension of drug, which is then inhaled by the patient10. Unlike other devices,
they do not require the use of a complex breathing manoeuvre and by extending the time of
operation they can be used to deliver large doses (up to 1 g)7,10. The use of nebulisers is
limited, however, by the length of time taken to deliver the required dose (typically 10 to 15
minutes), their bulky size and high cost, which usually limits their use to hospitals and nonambulatory patients7,10. Recent developments in nebuliser technology are beginning to
overcome some of these problems, however10.
1.3.2

Pressurised Metered Dose Inhalers

Ever since its introduction in 1956, the pressurised metered dose inhaler (pMDI) has been the
drug delivery system of choice for respiratory diseases, a result of their cheap, robust and
convenient characteristics11. Traditionally, these devices consist of a solution or suspension of
fine drug particles in a chlorofluorocarbon (CFC) propellant sealed in a canister at high
pressure11. Actuation of the inhaler results in the release of a metered volume of this solution
or suspension, which, driven by the pressure within the canister, emerges at high speed
through a narrow orifice. This process, combined with evaporation of the propellant, results
in an aerosol of drug particles in the inhalable size range11,12.
In 1974, it was discovered that CFCs were catalysing the depletion of stratospheric ozone13, a
discovery that eventually led to the signing of the 1987 Montreal Protocol, which agreed the
gradual phase out of CFC use14. This led to the reformulation of pMDI products using
hydrofluoroalkanes (HFAs) as alternative propellants, a process so difficult and expensive that
some companies have chosen not to launch new drugs as pMDI formulations14. In addition to
this problem, however, the high speed aerosol plume generated by a pMDI requires the
patient to use a complicated inhalation procedure in order to reduce unwanted oropharyngeal
drug deposition, something which the majority of patients fail to achieve11. Finally, it is now
known that HFAs are greenhouse gases with a potency approximately 2000 times that of
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carbon dioxide, so it seems inevitable that their use will also be subject to controls in the
future11.
1.3.3

Dry Powder Inhalers

The problems with nebuliser and pMDI technology outlined above have led to ever increasing
interest in the use of dry powder inhalers (DPIs) for the delivery of drug to the lungs.
Traditionally, these systems utilise a patient’s inspiration to aerosolise drug particles from a
metered quantity of powder formulation contained within a plastic inhaler device15. Such
devices can be termed “passive” and are the subject of this thesis, but it should be noted that a
number of “active” devices (which employ mechanical or electrical systems to aid powder
aerosolisation) are also in development or on the market5,9.
The drug particles in a DPI formulation must, of course, be of the appropriate size to reach
their target site in the lungs. Respirable particles are, however, intrinsically cohesive, due to
their large surface area compared to mass, irregular morphology, disordered surface chemistry
induced by the processes by which they are manufactured and the fact that gravitational forces
acting on particles of this size are not as dominant as other physical forces8,16. This
cohesiveness leads to poor flow properties, making powders of respirable particles
problematic to handle during inhaler manufacture and difficult to fluidise and disperse from
an inhaler device8,16.
The most common solution to this problem is to blend fine respirable drug particles with
coarser particles of an inert excipient (typically α-lactose monohydrate), known as the carrier8.
This blend forms an ordered mixture17, with the fine drug particles adhered over the surface of
the coarse carrier particles (Figure 1.2), and is known as a binary or carrier-based dry powder
inhalation formulation. Such blends exhibit the necessary improvement in flow properties to
allow manufacture, fluidisation and dispersion.
Although carrier-based DPI formulations are the focus of this thesis, it should also be noted
that an alternative approach to improving micronised drug powder flow properties is to form
loose aggregates or pellets of drug particles by spheronisation18. These have improved flow
properties compared to micronised powder, due to their shape and larger particle size.

22

Figure 1.2: Scanning electron micrograph of a carrier-based dry powder inhalation formulation, showing fine
budesonide particles adhered to the surface of coarse lactose carrier particles to form an ordered mix.
In order for the drug particles in a carrier-based DPI formulation to reach their site of action,
they must detach from the surface of the carrier during the process of aerosolisation,
otherwise they will exhibit the behaviour of larger particles and impact in the upper airways8,16.
This process is key to governing the performance (i.e. how much drug reaches the site of
action) of the formulation and is dependant upon the balance between the adhesive and
cohesive forces between drug and carrier particles and the aerodynamic forces acting to
overcome them during aerosolisation9,16.
These aerodynamic forces are created by the interaction of the patient’s inspiratory manoeuvre
(which can vary in speed, depth, force and profile from time to time and patient to patient)
and the design of the inhaler device (which will influence the amount of turbulence created in
the air flow)9,19. The adhesive forces between drug and carrier particles are known to be
dependant upon the interplay of a myriad of factors, for example, the size, shape, roughness,
density and surface properties of the particles, the ratio in which they are blended, the
presence of other excipients or electrostatic charging, the relative humidity and the process by
which the blend is produced2,8,15,16,19.
1.4

Fine Excipients in Carrier-Based Dry Powder Inhalation Formulations

As discussed above, three factors govern the amount of inhalable drug delivered by a DPI –
the patient’s inspiratory manoeuvre, the design of the inhaler device and the formulation it
contains19. Carrier-based dry powder formulations can be modified in many different ways in
order to optimise drug delivery19. One such method that has been researched extensively in
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the last 10 to 15 years is the inclusion of a small amount of fine particle excipient (“fines”)
within the powder blend, in addition to the coarse carrier and fine drug particles, to produce
what is known as a ternary formulation. The effects this produces are so pronounced that
several authors have speculated that fines are one of the most dominant influences on the
performance of carrier-based DPI formulations20-22. The following sections discuss this work,
comparing and contrasting the findings of the different workers who have investigated various
facets of the area.
One of the challenges in reviewing DPI research is the diverse methodology employed by
different workers. Different materials, mixing processes, inhaler devices and aerosolisation
conditions are all known to have a dramatic effect on formulation performance9 and no two
research groups employ methods in which all such factors are standardised. The details of
many of these variables, as used in the cited research, are therefore tabulated, to enable the
reader to consider such effects. It is striking, however, that many of the effects of fines are
found to be consistent across a variety of research methodologies.
1.4.1

Removing Intrinsic Fine Particles from a Lactose Carrier

In order to allow a more accurate quantification of the effects of adding fines to a
formulation, a number of studies have incorporated pre-treatment of a coarse lactose carrier
to remove any pre-existing (“intrinsic”) fine particles, by either air-jet sieving23-27, air washing
lactose held on a sieve28-30, wet decantation with lactose saturated ethanol22,31 or submersion in
water:ethanol mixtures32. In all cases, such treatment was found to decrease the performance
of formulations containing a variety of different drugs, which were blended by different
techniques and aerosolised from different inhalers. Such results are in accordance with the
findings of a number of studies which, when using various grades of carrier material, found
that those containing the highest proportion of intrinsic fines gave the greatest
performance26,27,33-35, although this effect may be dependent upon the type of inhaler used35.
Islam et al. examined binary blends of salmeterol xinafoate with various grades of carrier
lactose22,31. As the proportion of lactose particles <5 µm diameter in the carrier material
increased, there was a concomitant increase in the fine particle fraction (FPF) of the
formulation, to a maximum when the intrinsic fine lactose proportion was ~15%; further
increases did not produce improved performance22. Wet decantation was then employed to
remove the fines from two grades of carrier, which resulted in a decrease in the FPF22,31. A
significant correlation was established between the FPF of salmeterol xinafoate and the
proportion of fine lactose particles in the carrier material. A similar relationship was seen for
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all the various grades of lactose used and treatments applied to them, suggesting that the
proportion of fine lactose in the formulations was the key factor controlling performance and
that carrier lactose particle size and surface characteristics were less important22.
When considering the results of these studies, the possibility that the removal of intrinsic fines
might have induced other changes in the carrier material should be borne in mind. For
example, air-jet sieving or air washing might lead to triboelectric charging of the lactose, which
has been shown to decrease DPI performance36. Although lactose is practically insoluble in
ethanol37, wet decantation or submersion might have induced surface changes in the coarse
particles, for example the recrystallisation of amorphous regions or micro-scale morphological
changes. These possible confounding factors were not investigated or discussed by the original
authors. The consistent finding that the removal of fines, by whatever mechanism, resulted in
decreased performance lends credence to the hypothesis that this was caused by the reduced
proportion of intrinsic fines, however.
1.4.2

Carrier Milling to Create Intrinsic Fines

Another approach to the modification of carrier intrinsic fines content is the use of milling of
varying intensities. Two studies have adopted this approach to modify the particle size
distribution of a lactose carrier, both finding that increased milling intensity produced an
increased proportion of fines in the material38,39. One study noted that such fines were so
strongly associated with the coarser particles that they were not removed during particle size
analysis and so could only be observed by scanning electron microscopy (SEM) or surface area
analysis39. Both studies found that increased milling intensity was associated with an increased
FPF of either beclometasone dipropionate39, salbutamol sulphate39 or nedocromil sodium
trihydrate38, although excessive milling was found to produce a tail-off of FPF38. Both studies
attributed these effects to the increased proportion of fines with more intensive mixing,
although other milling-induced changes in the physicochemical properties of the carrier may
also be an explanation.
1.4.3

Adding Lactose Fines to a Formulation

The majority of research in this area has focused on the addition of lactose fines to blends of
coarse lactose (typically a 63-90 µm size fraction) and drug20-26,28-31,40-57. The fine lactose used in
these investigations typically had a median diameter of 4-7 µm and the proportion added was
typically in the range 1.5% to 10%, but proportions as high as 95% have been investigated43,4749

. Further details of these studies are given in Table 1.1. Although salbutamol sulphate has
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been the most frequently investigated drug, a number of other drugs have also used:
beclomethasone dipropionate25,50, bovine serum albumin23,24, budesonide45, fusafungine41,
glucagon54,

liposomal

amikacin51,

liposomal

amphotericin

B52,53,

salmeterol

xinafoate21,22,31,43,49,56,57 and a candidate NK1 receptor antagonist (FK888)48.
Most of this research has made use of in-vitro measurements of formulation performance and
the vast majority of this found that the addition of lactose fines increased (by varying
magnitudes) either the fine particle dose (FPD) or FPF of the drug20-26,28-31,40,41,45-54,56 (see Table
1.1). The evidence from these in-vitro studies is supported by data from one in-vivo study, which
found that the inclusion of lactose fines in a salbutamol sulphate carrier-based formulation
increased both the urinary excretion of the drug and the post-administration forced expiratory
volume in one second (FEV1)44. Increases in both of these parameters suggest increased
pulmonary delivery of the drug.
Two of these studies should not be mentioned without a caveat relating to the types of lactose
used as carrier (Sorbolac 400, Meggle, Germany) and fines (25 µm sieved Pharmatose 325M,
DMV International, The Netherlands)52,53,58. Sorbolac 400 is more usually used as fines and is
described by its manufacturer as a fine milled lactose with ≥90% of particles <32 µm
diameter59. Pharmatose 325M, however, is usually used as a coarse carrier and has a typical
particle size distribution of d10 = 5.0 µm, d50 = 54.3 µm and d90 = 95.9 µm47. This suggests,
therefore, that even when sieved through a 25 µm sieve, the Pharmatose 325M used as fines in
this work52,53 would have had a similar, if not larger, particle size than the Sorbolac 400 used as
carrier. Unfortunately, no particle size data was provided in either study to clarify this issue
and so the comparability of these studies with the majority of research in this field is
questionable.
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Table 1.1: Details of investigations into the effects of lactose fines on the performance of carrier-based DPI formulations. Abbreviations: ACI – Andersen cascade impactor; AJS – air jet
sieved; BSA – bovine serum albumin; FEV1 – forced expiratory volume in one second; FPD – fine particle dose; FPF – fine particle fraction; N/A – not applicable; NGI – Next
Generation Impactor; RF – respirable fraction; TSI – twin stage impinger.
Reference

Drug

Zeng et al.
(1996)40
Lord et al.
(1996)42
Zeng et al.
(1996)28

Salbutamol sulphate
1.5%
Salbutamol sulphate
0.8%
Salbutamol sulphate
1.5%
BSA 2.0% or
salbutamol sulphate
2.0%
Salbutamol sulphate
1.5%

Lucas et al.
(1998)23

Coarse Carrier

Fine lactose
median diameter
(µm)

% fines
added

Performance
assessed by

Inhaler
used

Flow rate
used
(l.min-1)

Control
formulation

Influence of additional
lactose fines

Lactose 63-90 µm

4.96

6.0

TSI

Rotahaler®

60

Carrier + drug

FPF ↑ by up to 116%

Lactose (VMD = 65.6
µm)

12.6

Centrifugal
adhesion force

N/A

N/A

Carrier + drug

↓ adhesion force

Lactose 63-90 µm

4.96 & 15.93

1, 2, 4, 8 &
16
1.5, 3.0,
6.0 & 9.0

TSI

Rotahaler®

60 & 90

Air-jet treated
carrier + drug

FPF ↑ by up to 161%

Lactose 63-90 µm

5.4

2.5, 5.0,
7.5 & 10.0

TSI

Diskhaler®

60

AJS carrier +
drug

FPD ↑ by up to 101%

Lactose 63-90 µm

5.0 & 15.9

1.5%

TSI

Rotahaler®

60

Air-jet treated
carrier + drug
AJS carrier +
drug

FPD ↑ by up to 148%

Carrier + drug

↑ adhesion force

Air-jet treated
carrier + drug
AJS carrier +
drug
AJS carrier &
drug

FPD ↑ by up to 104%
FPD ↑ by up to 1781%

Zeng et al.
(1998)29
Lucas et al.
(1998)24
Podczeck
(1998)43
Zeng et al.
(1999)30
Zeng et al.
(2000)25
Tee et al.
(2000)26

BSA 2.0%

Lactose 63-90 µm

5.4

Salmeterol xinafoate
0.2%
Salbutamol sulphate
1.5%
Beclomethasone
dipropionate 1.5%
Salbutamol sulphate
1.5%

Lactose 20-70 µm
and/or ≥70 µm

3.1, 6.1 & 2.6

Lactose 63-90 µm

Tee et al.
(2001)44

Salbutamol sulphate
1.5%

Zeng et al.
(2001)20
Harjunen et al.
(2002)45
Louey &
Stewart (2002)46

Salbutamol sulphate
1.5%
Budesonide 6.2%
Salbutamol sulphate 110%

2.5, 5.0,
7.5 & 10.0
10, 20 &
30

TSI

Diskhaler®

60

Centrifugal
adhesion force

N/A

N/A

5 & 15.9

1.5

TSI & ACI

Rotahaler®

60 & 90

Lactose 63-90 µm

7

2.5 & 5

TSI

Rotahaler®

60

Lactose, mannitol or
sorbitol 63-90 µm

7.10

1.5 & 4.4

TSI

Rotahaler®

60

Lactose

?

4.4

In vivo

Cyclohaler®

N/A

Carrier + drug

Urinary salbutamol
excretion ↑ 228%. ↑
FEV1.

5 & 5.9

5

ACI

Rotahaler®

60

Carrier+ drug

FPD ↑ by up to 51%

?

4.8

ACI

Taifun®

28.3

Carrier + drug

FPF ↑ by up to 244%

4.0

1, 5 & 10

TSI

Rotahaler®

60

Carrier + drug

FPF ↑ by up to 250%

Lactose <63 µm & 6390 µm
Spray dried lactose
(VMD = 122 µm)
Lactose

FPD ↑ by up to 60%

FPD ↑ by up to 150%
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Reference

Drug

Louey &
Stewart (2003)47
Stewart et al.
(2003)21
Nakate et al.
(2004)48
Adi et al.
(2004)49
Islam et al.
(2004)22
Islam et al.
(2004)31
Gilani et al.
(2004)50
Hartmann &
Steckel (2004)55
Shah & Misra
(2004)51
Shah & Misra
(2004)52
Shah & Misra
(2004)53
Endo et al.
(2005)54

Salbutamol sulphate
2.5% & 5%
Salmeterol xinafoate
2.5%
FK888 12.5%
Salmeterol xinafoate
2.5%
Salmeterol xinafoate
2.5%
Salmeterol xinafoate
2.5%
Beclomethasone
dipropionate 1.5%
Salbutamol sulphate
0.1% & 0.9%
Liposomal amikacin
17%
Liposomal
amphotericin B 14%
Liposomal
amphotericin B 14%

Coarse Carrier

Fine lactose
median diameter
(µm)

% fines
added

Performance
assessed by

Inhaler
used

Flow rate
used
(l.min-1)

Control
formulation

Influence of additional
lactose fines

Lactose

4.0

5 - 95

TSI

Rotahaler®

60

Carrier + drug

FPF ↑ by up to 92%

Lactose

N/A

N/A

TSI

Rotahaler®

60

N/A

N/A

Pharmatose 325M

6.7

12.562.5%

TSI

Spinhaler®

60

Carrier + drug

FPF ↑ by up to176%

Inhalac 120

4 sizes. Best 5.5µm

1-20%

TSI

Rotahaler®

Carrier + drug

FPF ↑

Lactose

4.0

To original

TSI

Rotahaler®

60

Lactose

<5

To original

TSI

Rotahaler®

60

Pharmatose 325M

4.9

2.5

TSI

Spinhaler®

60

Carrier + drug

FPF ↑ by 40% (not
significant)

Respitose SV003

?

2

NGI

FlowCaps®

31

Carrier + drug

FPF ↑ by up to 34%

63-90 µm Pharmatose
325M

?

5, 10 & 15

TSI

Rotahaler®

60

Carrier + drug

FPF ↑ by up to 126%

5, 10 & 15

TSI

Rotahaler®

60

5, 10 & 15

TSI

Rotahaler®

60

Sorbolac 400
Sorbolac 400

25 µm sieved
Pharmatose 325M
25 µm sieved
Pharmatose 325M

Carrier minus
fines + drug
Carrier minus
fines + drug

Sorbolac 400 +
drug
Sorbolac 400 +
drug

FPF ↑ to original level
FPF ↑ to original level

FPF ↑ by up to 29%
FPF ↑ by up to 48%

Glucagon 1:100

Lactose or erythritol

2.5

9, ~17 &
33

ACI

Jethaler®

28.3

None

-

Adi et al.
(2005)56

Salmeterol xinafoate
2.5%

Glucose, lactose,
mannitol or sorbitol
106-180 µm

?

10

TSI

Rotahaler®

60

Carrier + drug

FPF ↑

Adi et al.
(2005)57

Salmeterol xinafoate

Inhalac 120

3.0, 7.9, 17.7 &
33.3

Varying

TSI

Rotahaler®

60

?

FPF ↑

Giry et al.
(2006)41

Fusafungine 1:15 &
1:60

Lactose (various
grades) & mannitol

90% < 10 µm

9.4 & 9.8

TSI

Spinhaler®

60

Carrier + drug

RF ↑ by up to 197%
when drug & fines comicronised.
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1.4.4

Non-Lactose Fines

The effect of non-lactose fine excipients on the performance of ternary formulations has also
been investigated. Fines of erythritol54, glucose46,56,60, mannitol26,56,61, polyethylene glycol 600024,
and sorbitol26,56 have all been found to increase either the FPD or FPF of a variety of drugs
when added to a binary formulation (see Tables 1.2 and 1.3 for further details). Steckel and
Bolzen found, however, that for certain carriers, addition of mannitol fines to a mannitol
carrier produced no change in performance, whilst addition of sorbitol fines to a sorbitol
carrier decreased the FPF61. When directly compared, fines of different materials have
produced varying increases in formulation performance compared to each other and to lactose
fines, with lactose fines producing poorer, equal and better performance in various studies (see
Table 1.2).
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Table 1.2: Details of investigations into the effects of non-lactose fines on the performance of carrier-based DPI formulations. Abbreviations: ACI – Andersen cascade impactor; BSA –
bovine serum albumin; FPD – fine particle dose; FPF – fine particle fraction; NGI – Next Generation Impactor; PEG – polyethylene glycol; TSI – twin stage impinger.
Reference

Drug

Coarse Carrier

Fine material
& median
diameter

% fines
added

Performance
assessed by

Inhaler used

Flow rate
used
(l.min-1)

Control
formulation

Influence of nonlactose fines
FPD ↑ by up to
115%
FPD ↑ by up to
154%

Effect
compared to
lactose fines

Arnold et al.
(1995)60
Arnold et al.
(1995)60
Lucas et al.
(1998)24

Fenoterol 2%

Glucose

Glucose 5 µm

4 & 16

?

?

?

Carrier + drug

Ipratropium
bromide 0.8%

Glucose

Glucose 8 µm

5, 10,
25 & 50

?

?

?

Carrier + drug

BSA 2.0%

Lactose 63-90 µm

5.0

TSI

Rotahaler®

60

Carrier + drug

FPD ↑ by 47%

=

Tee et al.
(2000)26

Salbutamol
sulphate 1.5%

Lactose, mannitol
or sorbitol 63-90
µm

1.5 &
4.4

TSI

Rotahaler®

60

Carrier + drug

See Table 1.3

↑ or ↓
depending on
carrier

Louey &
Stewart
(2002)46

Salbutamol
sulphate 5%

Pharmatose 325M

Glucose 4.4
µm

1, 5 &
10

TSI

Rotahaler®

60

Carrier + drug

FPF ↑ by up to
~75%

↑ FPF

Steckel and
Bolzen
(2004)61

Budesonide
1%

Mannitol or
sorbitol 32-125 µm

Mannitol or
sorbitol <32
µm

MSLI

Laboratory
steel
applicator

Carrier + drug

Mannitol fines ↑
FPF by up to 47%.
Sorbitol fines ↓ FPF
by 28%

-

Adi et al.
(2005)56

Salmeterol
xinafoate 2.5%

Endo et al.
(2005)54

Glucagon
1:100

Lactose, glucose,
mannitol or
sorbitol 106-180
µm
Lactose or
erythritol

Lactose,
glucose,
mannitol or
sorbitol
Erythritol 2.5
µm

PEG 6000 4.0
µm
Mannitol 4.31
µm or sorbitol
6.17 µm

10

80

10

TSI

Rotahaler®

60

Carrier + drug

FPF ↑

9, ~17
& 33

ACI

Jethaler®

28.3

-

-

-

Glucose >
lactose >
mannitol >
sorbitol
↑ FPF with
either carrier

30

Table 1.3: Mean FPD (µg ± SD) of formulations containing lactose, mannitol and sorbitol carriers and fine
particles, as reported by Tee et al.26.
Binary
formulation

Fine material
Lactose
33.7 ± 6.9

Lactose

Carrier
material

29.7 ± 4.3

58.6 ±
16.5
57.7 ± 4.6

Mannitol

40.9 ± 4.4
73.1 ± 9.1
53.8 ± 5.9

Sorbitol

30.5 ± 3.0
76.3 ± 9.3

Mannitol

Sorbitol

51.3 ±
6.3
63.0 ±
4.2
45.8 ±
5.9
36.1 ±
8.1
43.8 ±
1.5
43.4 ±
2.6

49.6 ±
3.7
63.6 ±
4.1
50.0 ±
6.3
61.0 ±
4.8
45.1 ±
3.7
50.0 ±
3.2

%
fines
1.5
4.4
1.5
4.4
1.5
4.4

One of these studies also examined the deposition of lactose and glucose from formulations
containing fines of one of these sugars, salbutamol sulphate and a coarse lactose carrier46.
Unsurprisingly, addition of increasing quantities of lactose fines was found to increase the
FPD of lactose and addition of increasing quantities of glucose fines produced an increased
glucose FPD. Addition of glucose fines also increased the coarse lactose FPD however, whilst
binary blends of micronised salbutamol sulphate and coarse lactose produced a higher lactose
FPD than aerosolisation of the coarse lactose carrier alone. The authors attributed these latter
unexpected effects to destabilisation of the interaction between coarse and intrinsic fine
lactose particles by the addition of fine particles of another material.
Such findings are in accordance with work published by Zeng et al.30, who were unable to
detect any lactose with an aerodynamic diameter <6.18 µm upon aerosolisation of a
formulation of air washed coarse lactose and salbutamol sulphate, even though 8% of the
carrier consisted of particles in this size range. The authors suggested that as the coarse lactose
had undergone air washing, the remaining fines were strongly adhered to larger particles and
thus would not have detached upon aerosolisation. When 1.5% lactose fines (volume median
diameter (VMD) = 5µm) were included in the formulation however, up to 1.7% of the
recovered lactose had an aerodynamic diameter <6.18 µm.
Such findings are a cause for concern given that the long term implications of the inhalation
of fine excipient particles are currently unclear and may produce concern amongst clinicians
and regulatory authorities62.
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1.4.5

Varying the Amount of Fines Added to a Formulation

A number of studies have investigated the effects of varying the concentration of fines added
to a formulation. Over the range 1.5% to 10%, the addition of greater proportions of fines
was found to increase the FPD or FPF of the drug23,24,26,28,44,46,47,60. Estimates of the optimum
concentration of fines have varied from 9% or 10%47,51-54 via 16%60, 20%49,63 and 37.5%48 to
50%60, with concentrations as high as 95% having been investigated47. Such variation can
presumably be attributed to the different materials and methods used in these studies. Work
by Stewart et al. with lactose-based salmeterol xinafoate binary formulations22 and by Islam et
al. with similar ternary formulations21 suggested that the optimum FPF occurred when the
ratio of drug particles to fine excipient particles was 1. As the ratio increased, FPF decreased.
1.4.6

Fine Lactose Preparation Technique

In a study published in 2001, Zeng et al. investigated the effect of the method used to produce
lactose fines on the performance of ternary formulations20. Both micronised and recrystallised
lactose fines (VMD = 5.0 and 5.9 µm, respectively) were found to increase the FPD of
salbutamol sulphate compared to a binary formulation, with recrystallised fines producing a
greater increase (51%) than micronised fines (35%).
The authors speculated that this difference could be due to two factors: the presumed
presence of amorphous material in the micronised fines (to which drug particles would be
expected to bind more strongly) and the needle-like particle shape of the recrystallised fines.
Consequently, it was speculated, upon aerosolisation, a greater number of salbutamol sulphate
particles might have detached from the recrystallised fines than from the micronised fines and
that any drug which did not detach from the recrystallised fines might have penetrated further
into the lung, due to their shape.
These authors also concluded that the effects of lactose fines (particles <10 µm diameter) on
formulation performance dominated any influence that coarse carrier particle size or surface
roughness may have had. Similar conclusions have been drawn by Stewart et al.21.
1.4.7

Particle Size of Fine Lactose

Zeng et al. investigated the influence of the size of lactose fines on the performance of ternary
formulations and found that fines with a VMD of 5.0 µm produced a greater increase in the
FPD of salbutamol sulphate than those with a VMD of 15.9 µm28-30. Similar work by Adi et al.
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employed fines of four different particle size ranges (<5, 5-10, 10-20 and 20-45 µm) and
found that those with a median diameter of 5.5 µm gave the greatest FPF of salmeterol
xinafoate49.
In another study, Adi et al. examined the effects of lactose fines with four different median
diameters on the performance of formulations of salmeterol xinafoate57,63. It was found that
fines with a VMD of 7.9 µm gave greater performance than fines with VMDs of 3.0, 17.7 and
33.3 µm. Analysis of SEMs of these formulations suggested that 7.9 µm fines gave the greatest
degree of drug particle detachment from the carrier, whilst 3.0 µm fines led to the formation
of multilayers and agglomerates covering the carrier and the two larger fractions acted as
secondary carriers, with drug particles adhered to their surface.
1.4.8

The Effect of Fines on Drug Retention on the Inhaler Device

In addition to their effects on FPD or FPF, fines have also been found to both
increase20,26,29,30,64-66, decrease26 or not effect23-25,46 the proportion of drug retained in the inhaler
after aerosolisation. It is therefore apparent that this effect is dependant upon both the
materials and methods used. Where the addition of fines to a formulation has been found to
increase the amount of drug retained in the device, the effect has been attributed to either the
decreased flowability of powders containing a higher proportion of fine particles26,66 (such an
effect on flowability has been observed by other workers24) or to the increased adhesiveness of
fine particles, due to their increased true contact area64. As the increased adhesiveness of fine
particles is thought to cause their poor flowability7, these two explanations can be considered
to describe the same phenomenon.
1.4.9

The Effects of Lactose Fines on Drug-Carrier Adhesion

In 1998, Podczeck described the use of a centrifuge technique to assess the adhesion between
salmeterol xinafoate and various lactose carriers produced by blending fine, medium and
coarse grades of lactose to give differing particle size distributions43. An increasing proportion
of fines in the carrier was found to produce large increases in the adhesion force. Podczeck
concluded that this was related to the large increase in the total surface area of the carrier (and
thus contact area between drug and excipient) caused by increasing the proportion of fines.
The findings of this work are very different to those of Lord and Staniforth42, however. Using
a different centrifuge technique, these workers found that inclusion of increasing
concentrations of lactose fines (VMD = 12.6 µm) in a blend of 0.8% salbutamol sulphate and
coarse lactose resulted in decreasing adhesion between the drug and carrier. Clearly more work
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is required to fully characterise the variables that influence the effect that fine particles have on
the adhesion between drug and carrier.
1.4.10 The Mechanism by which Fines Improve Formulation Performance
There is disagreement in the literature as to the mechanism by which fines improve the
performance of carrier-based DPI formulations. Broadly speaking, two different mechanisms
have been proposed, each with some supporting empirical evidence, but they remain
speculative. In the following two sections, each hypothesis and its supporting evidence, as
described by its proponents, are reported.
1.4.10.1

Hypothesis 1: The Occupation of Areas of High Adhesion by Fine Excipient Particles

Early work in this area19,28,42,67 explained the effects of fines by reference to the work of Hersey
on the interactions between coarse and fine particles in the formation of ordered mixtures17. It
was proposed that fine excipient particles preferentially bind to the areas on the surface of the
coarse carrier with the strongest binding characteristics (“active sites”), thus forcing drug
particles to bind to areas with weaker binding characteristics (see Figure 1.3). On inspiration,
drug particles are therefore more easily liberated from the surface of carrier particles,
increasing the proportion of drug available for inhalation.
Fines

Drug

Blending

Carrier with strong binding sites

Fines force drug onto weak binding
sites
Figure 1.3: Under hypothetical mechanism 1, drug particles are more easily liberated from the surface of carrier
particles when fines are present, as the fines adhere to the active sites on the carrier surface, forcing the drug onto
weaker binding sites.
Zeng et al. have speculated that their studies of the effect on formulation performance of the
order in which carrier, drug and fines are blended provide evidence to support this
hypothesis25,28,30,40. These found that formulations produced by blending the coarse carrier and
fines before adding the drug (thus giving the fines the first opportunity to bind to the active
sites on the carrier, see Figure 1.4a) gave greater performance than formulations produced by
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blending the coarse carrier and drug first (thus giving the drug particles the first opportunity to
bind to the active sites on the carrier, see Figure 1.4b). The magnitude of this effect ranged
between a 60% and 70% increase in FPD, although this was reduced when aerosolisation
occurred at higher flow rates28,30. The other possible blending order (drug and fine excipient
particles before addition of coarse carrier) tended to yield an intermediate FPD. An identical
interpretation of similar data is also found in the work of Shah and Misra51,53.
A

B

Fines

Drug

1st blend

2nd blend

Drug

Fines

1st blend

2nd blend

Figure 1.4: Speculated effect of blending order on final blend structure. (A) When fines are blended with the
carrier first, they have the first opportunity to adhere to the active sites, forcing the drug onto weaker binding
sites. (B) When the drug is blended with the carrier first, it has the first opportunity to adhere to the active sites,
forcing the fines onto weaker binding sites.
Zeng et al. also examined the effect of blending order on the FPD of lactose produced by
ternary formulations30. The formulation produced by first blending salbutamol sulphate and
coarse lactose (where fine lactose might be unable to adhere to the active sites as they are
occupied by drug particles, see Figure 1.4b) produced double the lactose FPD of the
formulation produced by blending coarse and fine lactose first (where fine lactose might be
expected to adhere to the active sites, see Figure 1.4a). The authors concluded that this
provides further evidence in support of the passivation of active sites hypothesis.
Zeng et al. have also found that addition of sufficient lactose fines to, in theory, produce a
complete mono-layer over the carrier produced a larger increase in the FPD of salbutamol
sulphate than that produced by the further addition of up to six times more fines29. They
therefore speculated that the greatest contribution to the improved performance of ternary
DPI formulations is from lactose bound to the carrier and thus the dominant mechanism by
which improved performance is produced is the passivation of the strongest binding sites.
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Zeng et al. note, however, that under this hypothesis, a certain amount of redistribution of
fines and drug particles between different binding sites must occur, as whatever blending
order was used, formulations containing additional fine excipient particles produced greater
FPDs than those without additional fines25,30. To further illustrate this point, one investigation
found that when blending time was increased from 15 minutes to 60 minutes, the order in
which the components were blended had no significant effect on formulation performance, a
phenomenon attributed to equilibrium being reached in the redistribution of fine lactose and
drug particles between active sites during the longer mixing time25. The dependence of the
effects of blending order on blending technique (and drug concentration) are further
illustrated by the work of Hartmann and Steckel55, suggesting that the interpretation of the
results of such studies is extremely complicated and without further work to examine the
factors that affect the outcome of blending order studies, the conclusions drawn from them
are only speculative.
A number of other studies have proposed the passivation of strong binding sites as the
mechanism by which fines improve formulation performance20,26,29,34,39,52,68. They provided little
or no experimental data of their own to support this hypothesis, however, simply citing the
studies discussed above and also suggested a number of other, even more speculative,
mechanisms to explain this phenomenon. These included the filling in of crevices in the
surface of the coarse carrier (from which drug particles would be difficult to aerosolise) by
fines20,28,29,61, although it is difficult to see how this mechanism differs from the passivation of
the strongest binding sites, since surface crevices in the coarse carrier are, presumably, active
sites.
It should be noted that a recent study by Young et al. claimed to provide evidence for the
existence of areas of high adhesion on the surface of lactose carrier particles, although the
formulations used in this work did not include additional fine excipient particles69. Another
study that used atomic force microscopy (AFM) to measure the adhesive force between a 10
µm silica sphere and various sites on the surface of a lactose carrier found a log-normal
distribution of forces however, suggesting that that division of a carrier surface into areas of
strong and weak adhesion may be too simplistic70. The relevance of this study is limited,
however, by the choice of a silica (i.e. non-drug) probe71.
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1.4.10.2

Hypothesis 2: The Formation of Agglomerates of Drug and Fine Excipient Particles

Lucas et al. found that the FPD of salbutamol sulphate and bovine serum albumin from
ternary blends with coarse and fine lactose was independent of the blending order used to
produce the formulation23,24. They therefore suggested that it was unlikely that the addition of
fines improved formulation performance by preventing adhesion of drug particles to the
active sites. Instead, they speculated that during the blending process, drug particles were
distributed between the surface of the carrier and multiplets formed by the aggregation of
fines and drug particles (see Figure 1.5). The experimental evidence to support this was limited
to SEMs of the formulations that showed the presence of both drug-coarse carrier adhesion
units and fine particle multiplets, although it had been described previously for other ternary
powder blends by Soebagyo and Stewart72. Lucas et al. further speculated that upon
aerosolisation, drug particles were more easily liberated from fine particle multiplets than from
the surface of coarse carrier particles, as fine lactose was thought to have a smoother surface
than coarse lactose, giving a reduced force of adhesion between drug and fines23,24. They also
suggested that certain fine particle multiplets might also be small enough to form part of the
FPD without detachment of drug particles23,24, a premise supported by the work of Srichana et
al., whose work on the deposition of salbutamol sulphate and lactose found that these two
components can travel together to the lower regions of the lung68.

A

B

Figure 1.5: Representation of the distribution of drug particles between the surface of the coarse carrier (A) and
multiplets or agglomerates of drug and fines (B) as proposed by Lucas et al.23,24.
In 1999, Zeng et al.30 compared their own work (which had found significant blending order
effects) with that of Lucas et al. discussed above. They suggested that the effect of blending
order is dependant upon the particle size of the fines, the device from which the formulation
is aerosolised and the flow rate used. In particular, they suggested that blending order
becomes significant when formulations are tested at low flow rates through low resistance
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devices. Lucas et al. used a Diskhaler® in their work, whilst Zeng et al. used a Rotahaler®, a
device with less than half the resistance of a Diskhaler®9, causing Zeng et al. to suggest that
this was the reason for the lack of significant effects attributable to blending order in the work
of Lucas et al.30.
Such an explanation cannot be used to explain the results of Louey and Stewart, who used a
Rotahaler® at the same flow rate as Zeng et al. and yet did not find any significant effects of
blending order46. Louey and Stewart also found that the addition of salbutamol sulphate to
coarse lactose increased the FPD of lactose produced upon aerosolisation, suggesting that
salbutamol sulphate particles can displace intrinsic fine lactose particles from their coarse
carrier binding sites46. The authors suggested that this phenomenon could not occur to any
great extent if fines improved formulation performance by preventing drug particle adhesion
to the active sites.
Given these observations, Louey and Stewart extended the hypothesis of multiplet formation.
They speculated that when contained in such structures, drug particles were more easily
liberated from the surface of coarse carrier particles during aerosolisation, as such
agglomerates have a greater detachment mass46. Such a theory is supported by the observation
of drug-fine excipient multiplets adhered to the surface of coarse carrier particles24,46 and is
also mentioned in the work of Larhrib et al.34. In 2003 and 2004, Stewart et al.21 and Islam et
al.22 presented data showing that the optimum salmeterol xinafoate FPF obtained from
lactose-based formulations occurred when the ratio of drug particles to fine excipient particles
was 1. As the ratio increased, the FPF decreased. These authors considered this to be
consistent with the hypothetical multiplet mechanism outlined above. They speculated that at
a high ratio (more drug particles than lactose particles), FPF was low because multiplets were
formed mainly from drug particles and were thus held together by strong cohesive
interactions. As the ratio decreased and there were relatively more lactose particles in the
formulation, it was speculated that the FPF increased because multiplets were formed of both
salmeterol xinafoate and fine lactose particles, which weakened the cohesive interactions
between drug particles. No explanation was provided as to why the cohesion between drug
particles should be stronger than the adhesion between drug and lactose particles, however.
Islam et al. have also published work that showed that the VMD of various lactose carriers did
not affect the FPF produced by binary blends with salmeterol xinafoate31. They suggested that
as a smaller carrier would have had a greater specific surface area, under the passivation of
active sites hypothesis, a smaller carrier should have more areas with strong binding
characteristics and therefore a reduction in carrier size would have produced a decrease in
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formulation performance. The authors pointed out that their results did not show this effect
and were not incompatible with the hypothesis of mixed multiplet formation. Agglomerate
formation was also mentioned by Adi et al. as being important for drug aerosolisation, as it
was thought to lead to the detachment of drug particles from the surface of the carrier56,57,63.
1.4.10.3

Comparing the Hypothetical Mechanisms

It seems, then, that no definitive conclusion can yet be reached as to the mechanism by which
fine excipient particles improve the performance of DPI formulations, especially as the
aerosolisation of the only drug investigated more than once (salbutamol sulphate) has been
found to be both affected28,30,40 and unaffected23,24,46 by its blending order with coarse and fine
lactose. It is interesting to compare these studies of blending order in the light of the
concentration of drug used in the formulation (Table 1.4).
Table 1.4: Drug concentration used in studies of the effect of carrier, fines and drug blending order on
formulation performance. Given the doubts discussed above about the particle size of the carrier and fines
employed by Shah and Misra51,53, data from these studies are excluded from the table.
Studies finding effect of blending
order on performance

Studies finding no effect of blending
order on performance

Reference

Drug
concentration

Reference

Zeng et al. (1996)28

1.5%

Lucas et al. (1998)23

2.0%

40

Zeng et al. (1996)

1.5%

24

Lucas et al. (1998)

2.0%

Zeng et al. (1999)30

1.5%

Louey and Stewart (2002)46

5.0%

Drug concentration

From the data presented in Table 1.4, it is clear that those studies which found no effect of
blending order on formulation performance used a higher drug concentration than those
studies which did find an effect. In addition, Hartmann and Steckel examined the effect of the
blending order using two different drug concentrations (0.1% and 0.9%), but the same
blending technique55. It was found that blending order only had an effect on formulation
performance when the lower drug concentration was used. Young et al. have presented data
suggesting that active sites on carrier lactose may become saturated by higher concentrations
of drug (>0.27%), reducing their effects on formulation performance69. This may, therefore,
explain why blending order only appears to affect the performance of low drug concentration
formulations, as these are the formulations in which active sites are not saturated. Obviously,
the drug concentration at which active sites become saturated will depend on the
physicochemical properties of the drug and carrier, so the active site saturation concentration
39

found by Young et al. cannot be extrapolated to the various studies of blending order
presented in Table 1.4.
It is therefore possible that both proposed mechanisms are at work, the precise importance of
each depending on the formulation in question and aerosolisation conditions. It may also be
helpful to consider the different proposed mechanisms as a continuous spectrum, rather than
a discrete series, as it is unclear precisely where the dividing line them lies.
In truth, however, the evidence in support of either mechanism is limited, being restricted to
the presence or absence of an effect of blending order (which, as discussed, is affected by
many other variables), images showing the presence of mixed multiplets in unaerosolised
formulations and calculations based upon the effects of adding different proportions of fines,
which have been used in support of both mechanisms.
1.4.11 General Conclusions Regarding the Effects of Fines on Carrier-Based DPI Formulations
The inclusion of fines in carrier-based DPI systems is an extensively researched and useful
technique for the improvement of formulation performance. Carriers containing greater
proportions of intrinsic fines give better performance, which can be decreased by their
removal. The addition of fine particles of lactose or one of many other excipients to a
formulation increases performance, although this may be at the cost of decreased emission of
drug from the device. The optimum median particle size for additional fines appears to be
approximately 5-10 µm.
Both the optimum fines material and concentration remain unclear, due to apparently
conflicting findings. In all probability, there are not single answers to these questions, the
optimum in each case depending on the interplay of the other materials in the formulation, the
processing techniques and aerosolisation conditions. The solution to these issues may
therefore lie in further research into the vexed question of the mechanism by which fines
improve formulation performance. From the above discussion, it is clear that the
interparticulate interactions between the various types of particle present in a ternary DPI
formulation will be critical to determining how it behaves, for example, whether drug particles
and fines adhere to each other to form agglomerates or whether the fines adhere to the carrier
to block active sites. It is clear, therefore, that future research into the effects of fines should
concentrate on examining the relationship between interparticulate interactions and
formulation behaviour and performance.
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1.5

Interparticulate Forces

Given the importance of interparticulate interactions in determining the behaviour and
performance of ternary DPI formulations, the following two sections review their origins and
the factors which can affect their magnitude.
The solid particles forming a powder interact with each other through a number of different
types of force7. Although such forces are relatively weak, with energies of bonding typically
<40 kJ.mol-1 (covalent bonds typically have energies of bonding the region 300-700 kJ.mol-1),
their effects on powder behaviour become significant when particle diameter falls below
approximately 10 µm, as the force of gravity becomes relatively insignificant at this point7.
Such interactions may be subdivided into cohesion (interactions between particles with the
same chemical structure and similar particle size) and adhesion (interactions between particles
with different chemical structures or sizes)7.
1.5.1

Van der Waals Forces

Van der Waals forces are the major forces between uncharged particles in a dry environment
and arise in the main from the summation of the attractions between molecules that are
temporarily dipolar, due random fluctuations in their surrounding electron cloud, which may
also induce the corresponding polarity in another molecule in close proximity7,73.
The equations by which van der Waals forces can be determined in various circumstances
were first derived by Hamaker in 193774. The van der Waals forces (FVDW) between two ideally
smooth spheres in a vacuum were described as:

FVDW =

H
12 s 2

⎛ d 1d 2
⎜⎜
⎝ d1 + d 2

⎞
⎟⎟
⎠

Equation 1.3

where H is the Hamaker constant (Equation 1.4), s is the separation distance between the
spheres and d1 and d2 are the diameters of the two spheres. The Hamaker constant is given by:

H = π 2 v 1v 2 λd1, 2

Equation 1.4

where v1 and v2 are the number of atoms per unit volume of particle 1 and 2 and λd1,2 is the
constant of dispersion:
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3
λd1, 2 = - hfa 2
4

Equation 1.5

where h is Planck’s constant, f is the vibration frequency of the interacting electronic
oscillators and a is the polarisability of the molecules.
The adhesive force between a sphere (diameter d1) and a plane composed of the same material
and separated by distance s was expressed as:
FVDW =

H 11d 1
6s 2

Equation 1.6

whereas the adhesion between a sphere (diameter d1) and a plane composed of different
materials and separated by distance s was expressed by:
FVDW =

H 11 H 22
6s 2

d1

Equation 1.7

where H11 and H22 are the Hamaker constants for the particle and the plane respectively.
Equations 1.3, 1.6 and 1.7 demonstrate the importance of the separation distance, s, in
determining the van der Waals forces between two solid objects. It is clear that these will
retard rapidly with increasing separation distance, so it is not surprising that van der Waals
forces exert their influence only over a range of approximately 10 nm7.
1.5.2

Capillary Forces

At high relative humidities (above approximately 50-60% RH), water may condense on
particle surfaces and form liquid bridges between adjacent particles7,73. Such structures result in
an increased force of adhesion between the particles, due to the surface tension of water. The
magnitude of this capillary force (FC) between two identical smooth spheres (radius r) may be
simply calculated as:

FC = 2πγ L r cos α

Equation 1.8

where γL is the surface tension of water and α is contact angle between water and the spheres.
In the case of a sphere (radius r) adhering to a surface, the capillary force resulting from the
condensation of water in the interface can be calculated as:
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FC = 2 πγ L r (cos α + cos β )

Equation 1.9

where α and β are the contact angles between water and the sphere or surface, respectively7.
Various other models have been developed to describe capillary forces under conditions more
akin to those found in reality, where, for example, rough particles are found and the amount
of water condensed on their surface can vary73. Above a relative humidity of 65-75%, capillary
forces become the dominant force responsible for adhesion73,75.
1.5.3

Electrostatic Forces

Particles may become charged during powder handling by contact or friction with other
particles or surfaces (triboelectrification)76. If two charged particles are brought together they
will experience an electrostatic force (either attractive or repulsive, depending whether the
particles are like or oppositely charged) which can be described by Coulomb’s law7:

FEL =

q 1q 2
4 πε s 2

Equation 1.10

Where FEL is the electrostatic force, q1 and q2 are the electrical charge on the two particles, ε is
the permitivity and s is the separation distance between the particles.
An uncharged particle may become charged if an image charge is induced upon it by the
approach of a charged particle. The resultant electrostatic force may be described by7:

FEL

⎛
s
q 2 ⎜⎜ 1- 2 2
r +s
= ⎝
16πεs 2

⎞
⎟⎟
⎠

Equation 1.11

where q is the charge on the charged particle and r is the radius of the uncharged particle. This
equation may modified to describe the adhesion of a charged particle to a flat earthed
conducted surface via the formation of an image charge by making the assumption that r →
∞:
FEL =

q2
16 πε s 2

Equation 1.12
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Contact between two uncharged particles with different work functions will result in the flow
of electrons from the particle with the lower work function to the particle with the higher
work function until equilibrium is established, a process known as contact electrification. The
resultant force of attraction (FW) can be expressed as7:
FW = πεr

(∆U )2
s

Equation 1.13

where r is the radius of the particles and ∆U is the potential difference arising from the
difference in work functions.
From Equations 1.10 to 1.13, it is clear that electrostatic forces are largely dependent on the
electrical properties of the particles involved and the separation distance between them. Under
normal conditions, van der Waals forces are at least ten times greater than electrostatic
forces73. It is therefore thought that the latter are only significant during the initial attraction
and adhesion of particles, resulting in an increase in the contact area between them. This leads
to increased van der Waals forces, which are thereafter largely responsible for the strength of
the adhesion, especially if the electrostatic charge is dissipated73.
1.5.4

Mechanical Interlocking

The typical pharmaceutical particle has a rough surface, so adhesion between two such
particles can result in the interlocking of asperities and thus an increase in interparticulate
interactions7. In addition, if roughness causes particle-particle contact to only occur over a
small surface area, the interparticulate forces acting on this small area will produce an
extremely high pressure. This may exceed the yield value of the material, causing it to flow and
resulting in increased mechanical interlocking and van der Waals forces7.
1.6

Factors Affecting Interparticulate Forces

It is clear from the above discussion that a plethora of variables can affect the magnitude of
the adhesion between particles. These relate to characteristics of the particles themselves, their
process history and the conditions under which they are stored7. The following sections briefly
review some of the more important of these factors.
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1.6.1

Particle Size

It is clear from the equations presented in Section 1.5 that van der Waals, capillary and
electrostatic forces all increase with increasing particle size. What is more important for
determining the behaviour of a powder, however, is the relative magnitude of the forces of
interparticulate adhesion and gravity7. Van der Waals forces, which under most conditions are
the major force responsible for adhesion, are directly proportional to the particle diameter (d),
whilst gravitational forces are proportional to diameter cubed (d3). Thus as particle size is
reduced, the adhesion forces experienced by a particle become more and more significant
when compared to the gravitational forces to which it is exposed7,77. For particles smaller than
approximately 10 µm, adhesive forces dominate gravitational forces, which explains the
cohesiveness and poor flowability of fine respirable powders.
1.6.2

Particle Shape

The effects of particle shape on adhesion are extremely difficult to quantify and control. The
equations presented in Section 1.5 make the assumption that the adhering particles are perfect
spheres, which is clearly a situation rarely encountered in reality.
Van der Waals and electrostatic forces both decrease as a function of the square of the
separation distance between particles (Equations 1.3, 1.6, 1.7 and 1.10 to 1.12), indeed, the
range over which the former exert an influence is only ~10 nm7. Any effect of particle shape
on interparticulate distance will therefore have a large effect on interparticulate forces. For
example, small, non-interlocking surface asperities which increase the distance between
particles will reduce the forces between them7; separation of the order of 1 µm will decrease
van der Waals forces to almost zero77. Alternatively, flat elongated particles which pack as
shown in Figure 1.6a will experience increased interparticulate adhesion, due to their reduced
separation distance and increased interparticulate contact area7. The packing of such particles
is highly dependent on their process history, however, and in the absence of handling they
tend to pack together with a looser structure (Figure 1.6b), giving a larger interparticulate
distance and thus reduced adhesion forces7
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A

B

Figure 1.6: Possible packing arrangements for flat elongated particles7. (A) Closely packed orientation,
typically found after powder handling. (B) Loosely packed orientation.
1.6.3

Surface Roughness of Particles

Just as with particle shape, the effects of surface roughness on interparticulate interactions are
complex. Once again, the equations described in Section 1.5 make the assumption that the
adhering particles are smooth, whilst in reality, particles with dramatically varying surface
roughness are found. Broadly speaking, the effects of roughness on adhesion depend on the
relative size of the roughness and the adhering particle(s)7. As shown in Figure 1.7a, if the
roughness is of a smaller scale than the adhering particle, the contact area between the particle
and the surface will be decreased and the separation distance increased when compared to
adhesion to a flat surface (Figure 1.7b), resulting in decreased interparticulate forces. When the
roughness occurs on a larger scale than the adhering particle however (Figure 1.7c), the
situation is reversed and, in addition, mechanical interlocking can occur, resulting in increased
interparticulate forces.

A

B

C

Figure 1.7: The effects of roughness on particle-surface adhesion. (A) Surface roughness on a smaller scale the
particle size. (B) A smooth surface. (C) Surface roughness on a larger scale than particle size.
It should be noted that with most pharmaceutical powders, adhesion occurs between two
rough particles or a rough particle and a rough surface, so the examples shown in Figure 1.7
(where the particle is smooth) are a simplification of the actual situation.
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1.6.4

Particle Deformation

Interparticulate forces can produce deformation of the adhering surfaces, which increases the
contact area and thus the van der Waals forces between them7 . The extent of any deformation
is dependent on the elastic properties of the particles, the magnitude of the interparticulate
forces and the magnitude and duration of any external forces applied to the particles7. For
certain materials (especially polymer-like materials), the duration of contact is also important,
as deformation will increase with time, resulting in increased adhesion, a phenomenon known
as ageing7.
1.6.5

Surface Free Energy

The surface free energy of a solid material can be defined as the energy required to produce a
unit area of surface and is analogous to the surface tension of a liquid7,73,78. Unlike liquids,
however, the molecules of a solid are not free to move, so surface free energy is not uniform
over a surface and depends on the history of the material7. The amount of work required to
separate two surfaces is termed the work of adhesion (Wa) and is related to the surface free
energy of the surfaces by the following equation7:
W a = A (γ 1 + γ 2 − γ 12 )

Equation 1.14

Where A is the area of surface produced by the separation, γ1 and γ2 are the surface free
energies of the two surfaces and γ12 is the free energy of the 1-2 interface per unit area7. It
therefore follows that the work of cohesion (Wc) (i.e. the work required to separate two
surfaces of the same material) is given by7:
Wc = 2 Aγ 1

Equation 1.15

It is therefore clear that interparticulate cohesion and adhesion will, in part, be determined by
the surface free energies of the interacting particles.
1.6.6

Relative Humidity

Interparticulate forces are affected by relative humidity via two opposing mechanisms. As
described above (Section 1.5.2), at high relative humidity, water can condensate at the contact
points between particles, resulting in the formation of liquid bridges and an increase in
capillary forces7,73. The presence of humidity also allows the dissipation of electrostatic charge
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from particles, by increasing the conductivity of both the atmosphere and the materials
themselves, thus decreasing electrostatic forces7.
1.7

Aims of This Study

It is clear from the above discussions that a great many factors can affect the levels of
adhesion and cohesion between particles in a DPI formulation, especially given that such
materials typically have highly variable physicochemical properties. It is also clear that
investigation of the relationship between such variations in interparticulate forces and the
performance of ternary DPI formulations may be useful to further elucidate the mechanism(s)
by which fines improve formulation performance. A better understanding of these
mechanisms is important to allow an easier identification of the combination of parameters
(e.g. concentration of fines, material from which they are made) which will give the optimum
performance of a ternary DPI formulation, which in turn will promote faster formulation
development.
The primary aim of this study was therefore to investigate the relationship between the various
interparticulate interactions in a ternary DPI formulation and its in-vitro performance. As
shown in Figure 1.8, there are three different types of adhesive interaction and three different
types of cohesive interaction between particles within a ternary DPI formulation. By
employing different materials as fines and drug, formulations with varying adhesive and
cohesive interactions were produced, enabling the quantification of the relative levels of
adhesion and cohesion and exploration of their relationship to in-vitro formulation
performance, which suggested a mechanism to explain the effects of fines under certain
conditions (see Chapters 3 and 4).
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Fine excipient particle

Figure 1.8: The various types of adhesion and cohesion between particles within a ternary DPI formulation.
A number of other techniques were also employed to investigate this mechanism and to
investigate the mechanism at work under other conditions (see Chapters 5 and 6). The
influence of drug-carrier adhesion on the performance of binary formulations was also
investigated, as it was thought that a similar mechanism may be involved in the aerosolisation
of these systems (see Chapter 7). A chance observation during the general physicochemical
characterisation of the study materials led to the investigation of the dehydration of trehalose
dihydrate at ambient temperature and low humidity (see Appendix 1). Finally, the relationship
between interparticulate forces and particle surface energy was investigated, in an attempt to
produce a simple preformulation tool able to predict the performance of binary or ternary
DPI formulations from simple physicochemical measurements (see Appendix 2).
1.8

Selection of Formulation Components

Four different drugs and four different fine excipients were employed in this study, enabling
the production of sixteen different ternary formulations, each with a unique combination of
the various adhesive and cohesive interactions described in Figure 1.8. All ternary
formulations contained the same coarse lactose carrier, which had been subjected to a
temperature controlled dissolution process in order to reduce its intrinsic fines content79. This
process was undertaken because, as described above (Sections 1.4.1 and 1.4.2), intrinsic fines
are known to affect the behaviour of carrier-based DPI formulations whilst the design of this
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study required that only the fines deliberately added to the ternary formulations be active in
improving performance.
Two corticosteroids (budesonide and fluticasone propionate (FP)) and two long acting β2agonists (formoterol fumarate dihydrate (FFD) and salmeterol xinafoate (SX)) were chosen as
the drugs for use in this study, as these classes of drug are commonly combined in the same
formulation for the treatment of asthma and COPD80. It was thought that the measurement of
the adhesion between each corticosteroid and each long acting β-agonist could be used to
investigate the performance of such combined formulations, although this work was not
carried out. In addition, data available in the literature indicated that budesonide, FFD and SX
possess significantly different surface energies, suggesting they would give rise to a variety of
different adhesions to different materials (see Table 1.5).
The four materials chosen for use as fine excipients were erythritol, α-lactose monohydrate,
D-mannitol and α,α-trehalose dihydrate. α-lactose monohydrate was chosen as it is the
standard excipient used in commercial DPIs9 and, as described above (Section 1.4), its effects
when added as fines to a ternary formulation have been extensively investigated. The
remaining fine excipients were chosen as they are materials in which there is current interest
for DPI formulation26,54,56,61,81-83 and, once again, they possess a range of surface energies (see
Table 1.5).
Table 1.5: Literature surface energy values for drugs and fine excipients used in this study.
Material

Dispersive
surface energy
(mJ.m-2 ± SD)

Acidic parameter of
surface energy
(± SD)

Basic parameter of
surface energy
(± SD)

Micronised
budesonide84

62.9 ± 1.7

0.113 ± 0.002

0.013 ± 0.001

Micronised FFD84

51.2 ± 0.7

0.93 ± 0.002

0.026 ± 0.001

Micronised SX85

38.285 ± 0.907

0.172 ± 0.001

0.298 ± 0.021

Milled α-lactose
monohydrate86

41.50 ± 0.77

0.33 ± 0.01

0.86 ± 0.02

D-mannitol87

73.3 ± 2.7

-

-

α,α-trehalose
dihydrate81

42.9 ± 0.52

-

-
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Chapter 2:

General Physical Characterisation

As the discussions in Chapter 1 make clear, the physical properties of the components of a
DPI formulation can have a dramatic effect on their interparticulate interactions and thus on
formulation performance. This chapter therefore describes the comprehensive physical
characterisation of the materials used throughout this study.
2.1

Materials

Details of materials used throughout this study are given in Table 2.1. All solvents were
supplied by Fisher Scientific UK (Loughborough, UK) and were of at least analytical grade.
Water was prepared by reverse osmosis (MilliQ, Molsheim, France).
Table 2.1: Sources of materials used throughout this study
Material

Manufacturer

Micronised budesonide

AstraZeneca, Loughborough, UK

Micronised fluticasone propionate

GlaxoSmithKline Research and Development,
Ware, UK

Micronised and conditioned formoterol
fumarate dihydrate

AstraZeneca, Loughborough, UK

Micronised salmeterol xinafoate

GlaxoSmithKline Research and Development,
Ware, UK

Erythritol - Eridex

Cerestar, Castelmassa (Ro), Italy

Coarse carrier α-lactose monohydrate –
Lactohale

Friesland Foods Domo - Pharma, Zwolle, The
Netherlands

Milled α-lactose monohydrate – Sorbolac 400

Meggle GmbH, Wasserburg, Germany

D-mannitol

Sigma-Aldrich, Gillingham, UK

α,α-trehalose dihydrate

British Sugar, Peterborough, UK

It should be noted that, unless otherwise specified, for the remainder of this thesis α-lactose
monohydrate, D-mannitol and α,α-trehalose dihydrate will be referred to as lactose, mannitol
and trehalose, respectively. Fluticasone propionate, formoterol fumarate dihydrate and
salmeterol xinafoate will be referred to by the abbreviations specified in Chapter 1 (FP, FFD
and SX, respectively). Budesonide is occasionally abbreviated to Bud.
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2.2

Temperature Controlled Dissolution of Carrier Lactose

As discussed in Chapter 1, the carrier lactose used in this study was subjected to a temperature
controlled dissolution process (known as etching) in order to reduce the proportion of
intrinsic fines it contained1. This process is described in detail elsewhere1, but will be briefly
described here.
The as received carrier lactose (Lactohale) was sieved to obtain the 63-90 µm size fraction using
stainless steel sieves (Endecotts Limited, London, UK) and an Analysette 3 PRO vibratory
sieve shaker (Fritsch GmbH, Idar-Oberstein, Germany) set to an amplitude of 0.8 mm.
400 ml of saturated aqueous lactose solution was prepared and continuously stirred at a
constant temperature of 25ºC in a water jacketed vessel. The temperature within the vessel
could be controlled to within 0.1ºC by a refrigerated controlled water bath (Haake DC5,
Fisons Scientific Equipment, Loughborough, UK). 250 g of 63-90 µm Lactohale was added to
the saturated lactose solution and etched by increasing the temperature to 35.1ºC at a rate of
0.5ºC.min-1. From knowledge of the solubility versus temperature profile of lactose, this
combination of variables was calculated to dissolve 10% of the initial mass of lactose1.
After 2 hours of stirring at 35.1ºC, the etched lactose was removed by filtration and washed
several times with lactose saturated ethanol. Finally, it was spread out and allowed to air dry
under ambient laboratory conditions (20-25ºC and 30-40% RH) for 7 days before sieving
(following the method described above) to obtain the 63-90 µm fraction. The dissolution
procedure was repeated so that 500 g Lactohale was etched in total.
2.3

Micronisation to Produce Fine Excipients

Considerable efforts were made to micronise each of the fine excipients under investigation
(erythritol, lactose, mannitol and trehalose) in such a way as to produce powders with very
similar particle size distributions. The target particle size was a median diameter in the range 510 µm because, as discussed in Chapter 1, this has been shown to be the size of fines that
produces the greatest increase in DPI performance.
Initially, Hosokawa Micron Ltd (Runcorn, UK) were contracted to use air-jet milling to
produce micronised powders meeting these specifications, but this comminution technique
proved to be too energetic, as whatever parameters were used, powders with a median
diameter in the range 1-2 µm were produced.
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Extensive trials were therefore undertaken using an ultracentrifuge mill (model ZM 100,
Retsch GmbH and Co. KG, Haan, Germany) cooled with dry ice and perfused with dry
nitrogen to prevent internal water condensation (where necessary). Using a variety of sieve
fractions (obtained as described in Section 2.2), screen mesh sizes, rotor speeds, cooling
methods and passes through the mill (as specified in Table 2.2), it was possible to produce
micronised excipients with reasonably similar particle size distributions.
Table 2.2: Micronisation conditions used to produce erythritol, lactose, mannitol and trehalose fines.
Material

Starting
Material

Cooling

First Pass Through
Mill

Second Pass Through
Mill

Screen
Mesh Size

Rotor
Speed
(rpm)

Screen
Mesh Size

Rotor
Speed
(rpm)

Erythritol

<180 µm
sieve fraction

No

1.0

18,000

-

-

Lactose

Sorbolac 400

Powder
and mill

0.08

18,000

-

-

Mannitol

As supplied

Mill only

1.0

14,000

0.08

14,000

Trehalose

>90 µm sieve
fraction

Powder
and mill

0.08

18,000

-

-

The micronised powders were stored in a desiccator with dried silica gel.
2.4

Particle Size Analysis

2.4.1

Introduction

From the discussions in Chapter 1, it is clear that a knowledge of the particle size distribution
of the components of a DPI formulation is vital, as this can affect both deposition in the lung
and interparticulate interactions. Many different techniques for the determination of particle
size are available, for example sieving, microscopy, impaction and time of flight analysis2, but
the technique chosen for use in this study was laser diffraction (low angle laser light
scattering), as the ability of this method to rapidly and accurately measure the particle size of
an ensemble of particles has led to its widespread use within the field of inhalation science3,4.
Particle size analysis by laser diffraction is based on the principle that light is scattered by
particles in its path, with smaller particles scattering light at larger angles4. A beam of coherent,
monochromatic laser light is directed at the particles to be sized and the pattern and intensity
of the scattered light detected. When a sample with a polydisperse particle size distribution is
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analysed, the resultant scattering pattern is achieved by integration of the scattering patterns of
each individual particle. This pattern can then be used to derive a volume-weighted
distribution of volume equivalent diameters by applying one of several mathematical models
which describe the scattering of light by particles and the comparison of experimental and
theoretical diffractograms4.
Four separate phenomena account for the scattering of light by a particle4:


Diffraction at the contour of the particle



Internal and external reflection at its surface



Refraction at the interface with the surrounding medium as the light enters and
leaves the particle



Absorption inside the particle

These phenomena are fully described by Mie theory, which requires knowledge of the
refractive index of the particles and makes the assumption that they are smooth spheres4. It
can therefore be difficult to accurately apply Mie theory for the derivation of the particle size
distribution of pharmaceutical materials, due their variable shape and roughness and unknown
refractive index. In these situations and when particle size is significantly greater than the
wavelength of the light, it can therefore be considered more appropriate to apply the
Fraunhofer approximation to derive the particle size distribution3. This technique only
describes the diffraction of light at the contour of the particle and makes the assumptions that
only forward light scattering occurs and that the particle size is much larger than the
wavelength of the light4. In this study, the Fraunhofer approximation was applied to derive
particle size distributions.
2.4.2

Method

Particle size analysis was carried out in the dry state. Powders were dispersed with compressed
air at 3 bar through a RODOS dry disperser fed by an ASPIROS micro-dosing unit before
sizing with a HELOS laser diffraction sensor (all from Sympatec GmbH, Clausthal-Zellerfeld
Germany). The particle size analysis was performed using WINDOX 4.0 software (Sympatec
GmbH, Clausthal-Zellerfeld Germany). Size distributions and values presented are the average
of 3 determinations.
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2.4.3

Results and Discussion

2.4.3.1 Micronised Drugs
Inspection of the particle size distributions of the micronised drugs (Figure 2.1) reveals that
each approximately followed a log-normal distribution, as is usual for pharmaceutical
materials. The data were therefore summarised using the d10, d50 and d90 values and the
proportion of particles smaller than 5 µm diameter (shown in Table 2.3). Comparison of these
data shows that the four drugs had very similar particle size distributions with the vast
majority of particles smaller than 5 µm diameter, which as discussed in Chapter 1, made them
suitable for formulation in a DPI2,5.
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Figure 2.1(continued on next page): Particle size distributions of the micronised drugs.
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Figure 2.1(continued from previous page): Particle size distributions of the micronised drugs.
Table 2.3: Summary particle size statistics of the micronised drugs.
d10
d50
d90
(µm ± SD) (µm ± SD) (µm ± SD)

% <5 µm
(± SD)

Micronised budesonide 0.46 ± 0.02 1.44 ± 0.01 3.62 ± 0.03 97.6 ± 0.17
Micronised FP

0.51 ± 0.05 1.79 ± 0.13 3.95 ± 0.26 96.7 ± 1.45

Micronised FFD

0.64 ± 0.01 1.70 ± 0.00 3.30 ± 0.02 99.2 ± 0.04

Micronised SX

0.53 ± 0.01 1.52 ± 0.02 3.54 ± 0.02 97.8 ± 0.06
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2.4.3.2 Carrier Lactose
Once again, inspection of the particle size distributions of the carrier lactose before and after
etching (Figure 2.2) reveals that they followed a negatively skewed log-normal distribution,
caused by the presence of intrinsic fines. Further inspection reveals that, as expected1, the
etching process decreased the proportion of intrinsic fines. This is reflected in the summary
particle size statistics shown in Table 2.4. Although the d50 and d90 values of the carrier before
and after etching were similar, the d10 value was more than doubled by the etching process,
demonstrating that this procedure preferentially dissolved smaller particles. This is further
demonstrated by the proportion of particles in the carrier <10 µm diameter, which was
reduced by ~60% by etching.
Table 2.4: Summary particle size statistics of 63-90 µm Lactohale before and after etching.
d10
(µm ± SD)
63-90 µm Lactohale

d50
(µm ± SD)

d90
(µm ± SD)

% <10 µm
(± SD)

22.42 ± 1.77 87.01 ± 1.68 141.29 ± 3.08 5.7 ± 0.55

Etched 63-90 µm Lactohale 49.32 ± 1.07 89.40 ± 0.94 140.15 ± 2.76 2.3 ± 0.22
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Figure 2.2: Particle size distributions of 63-90 µm Lactohale before and after etching.
2.4.3.3 Micronised Fines
Inspection of the particle size distributions of the micronised fines (Figure 2.3) reveals that
although they were not identical, they were similar, as was the aim of the micronisation
process (Section 2.3). This is reflected by the summary particle size statistics (Table 2.5), which
also show that the aim of a median diameter in the range 5-10 µm (see Section 2.3) was also
achieved.
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Figure 2.3 (continued from previous page): Particle size distributions of the micronised fines.
Table 2.5: Summary particle size statistics of the micronised fines.
d10 (µm ± SD) d50 (µm ± SD) d90 (µm ± SD) % <10 µm (+ SD)
Erythritol

1.72 ± 0.03

5.99 ± 0.15

21.27 ± 0.99

73.3 ± 1.58

Lactose

2.06 ± 0.06

9.35 ± 0.26

24.95 ± 0.78

53.2 ± 1.32

Mannitol

1.08 ± 0.01

6.99 ± 0.02

21.71 ± 0.54

63.5 ± 0.27

Trehalose

1.10 ± 0.02

5.41 ± 0.04

16.06 ± 0.20

75.6 ± 0.24

2.5

Scanning Electron Microscopy

2.5.1

Introduction

Scanning electron microscopy (SEM) was used to make a qualitative analysis of the particle
shape and size of the various materials used, as these variables are known to affect
formulation behaviour and performance. SEM generates high resolution images by raster
scanning a collimated beam of electrons across the sample in question. This process releases
so called secondary electrons from the sample, which are detected and the data processed to
produce an image. Given the large amount of electrical energy involved, analysis is usually
carried out in a vacuum and samples must be conductive. Non-conductive samples are
rendered so by coating with a thin layer of a conducting material, usually gold.
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2.5.2

Method

Samples were fixed to sticky carbon tabs mounted on aluminium stubs and excess powder
removed with a puff of air. They were then coated with gold using a sputter coater (model
S150B, Edwards High Vacuum, Sussex, UK) and examined using a scanning electron
microscope (model JSM6310 or JSM6480LV, Japanese Electron Optics Ltd., Tokyo, Japan) at
10 or 15 KeV.
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2.5.3

Results and Discussion

2.5.3.1 Micronised Drugs
Inspection of SEM images of the four micronised drugs (Figure 2.4) confirms the particle size
data presented in Section 2.4, with the majority of particles <5 µm diameter. FP, FFD and SX
particles shared a similar plate-like shape, whereas budesonide particles were more rounded.
Whatever the shape, particles had an irregular morphology bearing no relationship to the drug
crystal habits (see Figure 3.8), the result of the highly energetic micronisation process. Most
particles of FP and SX were present in the form of agglomerates of many particles, whereas
budesonide and FFD particles tended to be present individually, suggesting that the FP and
SX powders were more cohesive. This may be attributable to post-micronisation conditioning
of the budesonide and FFD, during which they may have been exposed to organic and/or
water vapours to induce recrystallisation of surface amorphous domains, thus reducing
powder cohesiveness6,7.

Budesonide

FP

FFD

SX

Figure 2.4: Representative SEMs of the four micronised drugs (all ×5000 magnification).
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2.5.3.2 Carrier Lactose
As shown by the representative SEMs presented in Figure 2.5, both before and after etching,
the larger carrier particles exhibited the tomahawk shape typical of α-lactose monohydrate8,9,
whilst the intrinsic fines had a more rounded, irregular morphology. This suggests that
intrinsic fines may be formed by breakage from larger tomahawk shaped crystals during
powder processing, rather than during the crystallisation of the material.
Further examination of Figure 2.5 reveals that the etched Lactohale contained fewer fine
particles, both adhered and unadhered to the surface of the coarser particles (the reduction in
the former is especially striking). This confirms the findings of the particle size analysis
discussed in Section 2.4. It is unclear from the SEMs whether the etching process also led to a
smoothing of the surface of the coarse particles (as has been seen previously1), as the large
number of intrinsic fines in the unetched material obscured the underlying surface roughness
from view.

Lactohale

Etched Lactohale

Lactohale

Etched Lactohale

Figure 2.5: Representative SEMs of carrier lactose before and after etching process (×250 and ×750
magnification).
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2.5.3.3 Micronised Fines
Inspection of the SEM images of the four micronised fines (Figure 2.6) confirms the
polydisperse particle size distribution found by particle size analysis (Section 2.4), with many
particles in both the <5 µm and 20-40 µm size ranges. Particles of micronised erythritol had a
flattened and rounded shape, whilst micronised lactose and trehalose particles exhibited a
more angular and less flattened morphology. None of these morphologies bore any
relationship to the crystal habit of the material in question (see Figure 3.8), due to the highly
energetic micronisation process. Micronised mannitol particles, however, were rod-like,
reflecting the habit of the crystalline material10.

Erythritol

Lactose

Mannitol

Trehalose

Figure 2.6: Representative SEMs of the four micronised fines (all ×1000 magnification).
2.6

Surface Area Analysis

2.6.1

Introduction

The surface areas of the various materials used in this study were determined as another
parameter which can be used to compare particle size, shape and surface morphology2. They
were measured by gas adsorption, a technique in which the amount of an inert gas (in this case
nitrogen) adsorbed over the powder surface to give complete monolayer coverage is
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determined. Given the cross-sectional area of the adsorbent, it is then possible to calculate to
surface area of the sample.
The adsorption of a gas to a solid is described by the Brunauer, Emmett and Teller (BET)
equation, which takes account of both monolayer and multimolecular layer adsorption11:

(C − 1)P
P
1
=
+
V P (P0 − P ) V m C
V m CP0

Equation 2.1

where VP is the volume of gas adsorbed at pressure P (the partial pressure of the adsorbate),
Vm is the volume of gas adsorbed as a monolayer, P0 is the saturation pressure of the
adsorbate at the experimental temperature and C is a constant exponentially relating the heats
of adsorption and condensation of the adsorbate. By measuring VP at various concentrations
of adsorbate (P) and plotting the straight line graph of P/VP(P0 – P) against P/P0, Vm, the
volume of gas adsorbed as a monolayer can be calculated. The surface area of the sample can
then be calculated using the following equation2:

St =

V m N 0 ACS
MW

Equation 2.2

where St is the total surface area of the sample, N0 is Avogadro’s number, ACS is the crosssectional area of the adsorbent molecule (0.162 nm2 for nitrogen12) and MW is the molecular
weight of the adsorbent. Finally, the specific surface area of the sample can be calculated by
dividing its total surface area by its mass.
Measurements of Vm at five different values of P were undertaken using a twin-tube surface
area analyser, in which the volume of gas adsorbed to the powder surface is determined by
measuring the nitrogen pressure drop caused by surface adsorption relative to a blank12. Both
the sample and the blank were submerged in liquid nitrogen during analysis, to improve the
condensation of nitrogen onto the surface and give thermal stability.
2.6.2

Method

Surface area was determined in triplicate by 5-point BET nitrogen adsorption analysis at 77 K
using a Gemini 2360 surface area analyser (Micromeritics Instrument Corporation, Norcross,
USA). Prior to analysis, samples were accurately weighed into glass tubes (micronised
materials) or bulbs (carrier lactose) and degassed at 40ºC under a stream of dry nitrogen for at
least 20 hours, using a FlowPrep 060 degasser (Micromeritics Instrument Corporation,
Norcross, USA). The degassing process removes surface contaminants to allow a more
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accurate determination of surface area. Due to the discovery that trehalose dihydrate
dehydrates on exposure to dry nitrogen at 25ºC, resulting in a change in surface morphology
(see Appendix 1), micronised trehalose was not degassed.
2.6.3

Results and Discussion

The measured specific surface areas of the study materials are shown in Table 2.6 and Figure
2.7.
Table 2.6: Specific surface areas of the study materials as measured by multipoint BET nitrogen adsorption
(n=3).

Material

Mean Specific Surface Area (m2.g-1 ± SD)

Micronised budesonide

5.32 ± 0.10

Micronised FP

7.09 ± 0.01

Micronised FFD

5.66 ± 0.06

Micronised SX

11.47 ± 0.06

63-90 µm Lactohale

0.19 ± 0.00

Etched 63-90 µm Lactohale

0.10 ± 0.00

Micronised erythritol

0.94 ± 0.01

Micronised lactose

0.98 ± 0.01

Micronised mannitol

1.48 ± 0.01

Micronised trehalose

1.32 ± 0.01
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Figure 2.7: Specific surface areas of the study materials as measured by multipoint BET nitrogen adsorption
(n=3).
Inspection of these data reveals that the specific surface area of the four micronised drugs
varies by varies by a factor of 2.2, although the results for budesonide and FFD are
comparable. The specific surface areas of the four micronised excipients are more comparable
to each other, however, confirming the success of the micronisation procedure in producing
materials with a similar particle size distribution. The specific surface area of the etched
Lactohale is almost half that of the unetched material, providing a further indication that the
dissolution process reduced the proportion of intrinsic fine particles. Relative to their mass,
fine particles have a larger surface area than coarse particles, thus their removal would be
expected to decrease the specific surface area of a powder.
As discussed above, the specific surface area of a powder is determined by its particle size,
shape and surface morphology. In order to distinguish between particle size effects and
particle shape and surface morphology effects on surface area, the relationship between
particle size and specific surface area for smooth spheres with a monodisperse particle size
distribution was determined. Having made such assumptions, the number of particles per unit
mass (Np) can be calculated using the following equation13:
Np =

6
:d 3 ρ p

Equation 2.3
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where d is particle diameter and ρp is particle density. The surface area of a sphere (SSp) can be
calculated by:

S Sp = :d 2

Equation 2.4

The theoretical relationship between particle diameter and specific surface area (S) can
therefore be calculated by multiplying equations 2.3 and 2.4 together, which yields:

S=

6
dρ p

Equation 2.5

Measurement of d in metres and ρp in g.m-3 yields S in units of m2.g-1.
Figure 2.8 shows a plot of actual specific surface area versus d50 particle size (see Section 2.4)
and a plot of Equation 2.5, showing the theoretical relationship between specific surface area
and particle size. It is clear from this figure that as the particle size decreased, the measured
specific surface area deviated more from the theoretical value. The specific surface areas of the
two carrier lactoses were very similar to those predicted by Equation 2.5 and the data for the
micronised fines showed only a small deviation from theory. The specific surface areas of the
four micronised drugs, however, were significantly greater than that predicted by Equation
2.5. This suggests that factors other than their small particle size were responsible for the large
specific surface area of these materials. SEM images of the micronised drugs (Section 2.5)
showed that they had a plate-like particle shape, which would be expected to yield a larger
specific surface area than spheres (which is the particle shape assumed by Equation 2.5).
Further inspection of Figure 2.4 suggests that FP and SX had the most flattened particle shape
of the four drugs, which corresponds with their having the largest specific surface areas. Thus,
analysis of the specific surface area data in this way may confirm the SEM observation that the
micronised drugs had a flatter particle shape than either the micronised fines or carrier
lactoses. It should be noted, however, that the deviations of the measured specific surface area
from theory may also be attributable, at least in part, to the polydisperse particle size, assumed
surface roughness and varying density of the materials.
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Figure 2.8: The measured and theoretical relationship between specific surface area and d50 particle size. The
theoretical relationship is calculated using equation 2.5, assuming a particle density of 1.41 g.cm-3, which is the
mean true density of the materials under investigation (SD = 0.12 g.cm-3, see Section 2.11).

2.7

X-Ray Powder Diffraction

2.7.1

Introduction

X-ray powder diffraction (XRPD) was used to confirm the identity and crystallinity of the
study materials. This is necessary as amorphous materials are thermodynamically unstable and
have a propensity to recrystallise during storage14 which would undoubtedly lead to variation
in interparticulate forces and might have a detrimental effect on DPI formulation
performance2,15.
A parallel and monochromatic X-ray beam incident on a crystalline solid will be scattered in all
directions. At certain angles, the scattered radiation will be in phase with itself and so be
reinforced. This phenomenon occurs whenever Bragg’s law is satisfied2:

nλ = 2d p sin θ

Equation 2.6

where n is an integer (the order of reflection), λ is the wavelength of the X-rays, dp is the
distance between the planes of the crystal and θ is the angle between the incident X-rays and
the crystal surface.
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Every crystalline solid therefore causes the diffraction of X-rays at a unique combination of
angles, enabling identification of the material and its polymorph. In addition, amorphous
materials do not lead to scattering at well defined angles, enabling them to be distinguished
from crystalline samples. The lower limit of detection of amorphous content by XRPD is
approximately 10%w/w16.
2.7.2

Method

XRPD spectra were obtained using a Phillips analytical X-ray powder diffractometer
(Cambridge, UK) with a CuKα source (λ = 1.5418Å) operated at 40 kV and 25 mA. A single
sweep between diffraction angles (2θ) 5º and 60º with a step size of 0.02º and step time of 13
seconds was employed for each measurement.
2.7.3

Results and Discussion

2.7.3.1 Micronised Drugs
As discussed, the presence of distinct peaks in the XRPD spectra of the four micronised drugs
(Figure 2.9) suggests that they had a predominately crystalline structure. In addition, the
spectra are comparable with previously published data for these materials, confirming their
identity as budesonide17, fluticasone propionate form I18, formoterol fumarate dihydrate19,20
and salmeterol xinafoate form I21-23.
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Figure 2.9 (continued on next page): XRPD spectra of the four micronised drugs employed in this study.
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Figure 2.9 (continued from previous page): XRPD spectra of the four micronised drugs employed in this study.
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2.7.3.2 Carrier Lactose
As shown in Figure 2.10, the XRPD spectrum of the Lactohale carrier was unchanged by the
dissolution process, confirming that this procedure did not bring about any change in the
lactose crystal structure. Once again, the presence of distinct peaks confirms the material to be
largely crystalline and comparison with previously published spectra confirms its identity as αlactose monohydrate1,14,24,25.
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Figure 2.10: XRPD spectra of Lactohale carrier before and after dissolution process.
2.7.3.3 Micronised Fines
The presence of distinct peaks in the XRPD spectra (Figure 2.11) of the fines material (before
and after micronisation) confirms them to be predominately crystalline. Each micronised
spectrum, however, shows a slight peak broadening, suggesting that micronisation had
introduced crystal lattice imperfections into the fines23. Peak positions were unchanged
between the starting material and micronised spectra, indicated that micronisation did not alter
the polymorphic form of the materials. Variations in peak intensity between the spectra of the
starting materials and micronised fines can be attributed to variations in particle size and
shape. Finally, comparison of the spectra with those found in the literature confirms the
identity of the materials as α-lactose monohydrate1,14,24,25, D-mannitol β-form10,26 and α,αtrehalose dihydrate27-29. No previously published XRPD spectrum of erythritol could be found.

Figure 2.11 (next two pages): XRPD spectra of fines materials before and after micronisation.
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Figure 2.11 (continued from previous page): XRPD spectra of fines materials before and after micronisation.

2.8

Differential Scanning Calorimetry

2.8.1

Introduction

Differential scanning calorimetry (DSC) was used to further investigate the identity and
crystallinity of the study materials. As with XRPD, conventional DSC is able to detect
amorphous content down to a lower limit of approximately 10%w/w16. DSC measures the heat
flow associated with chemical or physical changes in the sample (for example, decomposition,
melting or crystallisation) in relation to changing temperature30. This is achieved by measuring
the heat flow required to maintain the sample and a reference at the same temperature during
heating or cooling30.
2.8.2

Methods

Study material thermal properties were investigated using a differential scanning calorimeter
(DSC 2910, TA Instruments, Surrey, UK) calibrated with indium and tin standards. For most
materials, approximately 1-6 mg of sample was accurately weighed into an aluminium pan and
crimped with a lid to form a hermetic seal. The sample and reference (identical, but empty,
hermetically sealed pan) were heated at a rate of 10ºC.min-1 from 30ºC to 350ºC. The
calorimeter head was flushed with dry nitrogen gas at 25 ml.min-1 during all measurements.
The thermal properties of trehalose are extremely sensitive to experimental conditions31,32 (see
also Appendix 1), so trehalose was analysed in open aluminium pans from 30 to 230ºC at
5ºC.min-1; other conditions were identical to those described above.
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2.8.3

Results and Discussion

2.8.3.1 Micronised Drugs
The DSC thermogram of budesonide (Figure 2.12) showed an endothermic response at
~256ºC, which is typical of the melt with decomposition seen for crystalline budesonide33.
The FP thermogram is similar (as might be expected for another corticosteroid), with an
exothermic peak followed by an endothermic melt with decomposition response at ~290ºC.
The only previously published DSC thermogram for FP only covers the range 30 to 220ºC18,
so this melt temperature cannot be confirmed. An exothermic amorphous recrystallisation
event between 100 and 120ºC was observed in these previous data, a feature absent in the FP
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Figure 2.12 (continued on next page): DSC thermograms of the four micronised drugs.
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Figure 2.12 (continued from previous page): DSC thermograms of the four micronised drugs.
The thermogram relating to FFD (Figure 2.12) is more complex, with three endothermic
peaks at ~112ºC, ~146ºC and ~165ºC. The literature does not contain a FFD thermogram for
comparison, but it is known that FFD may be thermally dehydrated and that formoterol
anhydrous polymorph B melts at ~150ºC19, so the first two endothermic peaks may represent
dehydration and the subsequent melting of anhydrous polymorph B.
The SX thermogram (Figure 2.12) is similarly complex, with endothermic peaks at ~124ºC,
~141ºC and ~170ºC and an exothermic peak at ~130ºC. This is typical of micronised SX. The
peak at ~124ºC represents the melting of SX form I, which recrystallises to SX form II at
~130ºC before melting again at ~141ºC21. Micronisation of SX form I is thought to induce the
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formation of trace seeds of SX form II, which enables this recrystallisation to occur21,22. The
proportion of such SX form II in a batch of micronised material supplied by
GlaxoSmithKline has previously been shown to be 0.62%w/w34. The peak at ~170ºC does not
appear in previously published thermograms as these did not investigate temperatures higher
than 160ºC, so it cannot be definitively assigned, although it may well relate to the
decomposition of the material.
None of the thermograms shown in Figure 2.12 shows any evidence of the presence of
amorphous material above a level of approximately 10%w/w16.
2.8.3.2 Carrier Lactose
The thermograms of the Lactohale carrier before and after the dissolution process are very
similar (Figure 2.13), confirming that this process did not bring about any changes in the
lactose crystal structure. Comparison with literature thermograms also confirms the material
to be α-lactose monohydrate35. The endothermic peaks at ~140ºC represent the dehydration
of α-lactose monohydrate and the endotherms between 210 and 215ºC the melting of αlactose35. The small peak at 224ºC seen with unetched Lactohale only might relate to the
melting β-lactose, which can be formed by mutarotation during heating35. Amorphous lactose
is known to exothermically recrystallise at ~127ºC14; the absence of such a peak in both
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Figure 2.13: DSC thermograms of the Lactohale before and after etching.
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2.8.3.3 Micronised Fines
The thermograms for all the micronised fines are not substantively different from those of
their respective starting materials (Figure 2.14), confirming that micronisation did not alter
their polymorphic form. The erythritol thermograms each show an endotherm at ~121ºC,
corresponding to its melting point36. Although no thermograms could be found in the
literature for comparison, the presence of a single peak at the melting point of the erythritol
suggests the material is indeed erythritol with an amorphous content <10%w/w16. The
thermograms for lactose are very similar to those discussed in Section 2.8.3.2 and can be
assigned in the same way, confirming the identity of the material as α-lactose monohydrate
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Figure 2.14 (continued on next page): DSC thermograms of the fines before and after micronisation.
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Figure 2.14 (continued from previous page): DSC thermograms of the fines before and after micronisation.
The mannitol thermograms (Figure 2.14) both showed a single endothermic peak at ~168ºC,
corresponding to the melting of the material10. Comparison with previously published
thermograms confirms the material to be either the α or β polymorph of D-mannitol, which
both share the same melting point and so cannot be distinguished by DSC10. The presence of
only a melting peak confirms the material to be >90%w/w crystalline both before and after
micronisation16.
Comparison of both trehalose thermograms with literature data obtained under the same
conditions confirms the material to be α,α-trehalose dihydrate31,32. For an assignment of the
peaks shown in these thermograms, see Appendix 1.
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2.9

Dynamic Vapour Sorption

2.9.1

Introduction

Dynamic vapour sorption (DVS) was used to investigate the effect of humidity on the water
sorption and desorption of the study materials. As well as providing information about the
hygroscopicity of the materials, which, as discussed in Chapter 1, can affect interparticulate
forces, such studies can also be used to investigate the crystallinity of a material.
In summary, a DVS instrument consists of a Cahn microbalance (resolution 1 part in 10
million) housed within a temperature controlled incubator. The twin pans of the microbalance
(one for the sample, one as a reference) are contained within glass cells perfused with
nitrogen, the humidity of which is controlled by a mass flow controller that mixes dry and
water saturated gas37.
The instrument can therefore be used to measure changes in sample mass upon exposure to
varying humidity. Amorphous materials are thermodynamically unstable, which enables their
detection by DVS, as they absorb water molecules from the atmosphere during the
experiment16. This results in plasticisation of the amorphous phase, progressively lowering its
glass transition temperature until it falls below the experimental temperature. At this point,
molecules in the amorphous phase have sufficient mobility to align and so recrystallise,
resulting in the expulsion of the absorbed vapour, which can be seen as a rapid loss of mass
on the DVS trace16. The presence of amorphous materials can therefore be deduced from
DVS traces showing >1% mass increase or rapid mass loss with increasing humidity16. The
lower limit of detection for such experiments can be <0.5% amorphous content16.
2.9.2

Methods

DVS experiments were performed with a DVS-1 instrument (Surface Measurement Systems
Ltd., London, UK). An appropriate amount of sample (see Table 2.7) was weighed into the
sample pan and its mass continually recorded during exposure to two humidity cycles of 090% RH in 10% RH steps at 25ºC. Equilibrium mass, as defined by a specific change in mass
to time ratio (dm/dt, see Table 2.7), was achieved for 10 minutes before progression to the
next step of the cycle. Trehalose dihydrate was analysed using two humidity cycles of 10-90%
RH in 10% RH steps, as it was found that complete dehydration occurred at 0% RH, resulting
in ~9.5% mass loss (see Appendix 1).
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Table 2.7: DVS sample masses and equilibrium conditions for various materials.

Material

Approximate Sample Mass (mg)

Equilibrium dm/dt (%)

Micronised drugs

50

0.0002

Lactose carrier

150

0.0001

Etched lactose carrier

500
(500mg counterweight in reference pan)

0.00004

Micronised erythritol

200
(200mg counterweight in reference pan)

0.0001

Other micronised fines

100

0.0002

2.9.3

Results and Discussion

2.9.3.1 Micronised Drugs
None of the DVS moisture sorption isotherms of the micronised drugs (Figure 2.15) showed
>1%w/w mass increase or a mass loss during the first sorption cycle, so no amorphous
material was detected. Budesonide, FP and SX each had a mass increase of ~0.1%w/w at 90%
RH, but have dramatically different specific surface areas (Section 2.6). To determine the
relative hygroscopicity of these materials, therefore, the %w/w mass increase at 90% RH in the
first cycle was divided by their specific surface area (Section 2.6) to yield the % mass increase
in terms of g per 100 m2 surface area. This gave a rank order of hygroscopicity of budesonide
(0.020%w/SA) > FP (0.013 %w/SA) > SX (0.011%w/SA).
FFD showed a rapid increase in mass by ~0.18%w/w at 10% RH followed by only ~0.15%w/w
mass increase between 10% and 90% RH. This suggests that reversible partial dehydration of
the formoterol fumarate dihydrate may occur at very low humidities, but once rehydrated, the
material showed similar hygroscopicity to the other drugs, although it is thought that FFD is
stable at low humidities and ambient temperatures19.

Figure 2.15 (next two pages): DVS moisture sorption isotherms at 25ºC for the four micronised drugs.
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Figure 2.15 (continued from previous page): DVS moisture sorption isotherms at 25ºC for the four micronised
drugs.
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2.9.3.2 Carrier Lactose
The DVS moisture sorption isotherms for the lactose carrier (Figure 2.16), both before and
after etching, did not show >1%w/w mass increase or a mass loss during the first sorption
cycle, so no amorphous material was detected. The etched sample showed less mass gain than
the unetched sample, which can be attributed to its reduced surface area (Section 2.6).
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Figure 2.16: DVS moisture sorption isotherms at 25ºC for the carrier lactose before and after etching.

91

2.9.3.3 Micronised Fines
None of the DVS moisture sorption isotherms of the micronised fines (Figure 2.17) showed
>1%w/w mass increase or a mass loss during the first sorption cycle, so no amorphous
material was detected. Micronised mannitol and trehalose showed the greatest mass increase at
90% RH (~0.23%w/w), followed by micronised lactose (~0.13%w/w) and finally micronised
erythritol (~0.03%w/w). Once again, relative hygroscopicity was determined by calculation of
the % mass increase at 90% RH in terms of g per 100 m2 surface area. This gave a rank order
of hygroscopicity of trehalose (0.178%w/SA) > mannitol (0.144 %w/SA) > lactose (0.0130%w/SA)
> erythritol (0.031%w/SA), confirming previous reports of the relative non-hygroscopicity of
erythritol, especially when compared to lactose and mannitol36,38.
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Figure 2.17 (continued on next page): DVS moisture sorption isotherms at 25ºC for the four micronised fines.
92

Equilibrium Change in Mass (%)

0.25

Micronised Mannitol
Cycle 1 Sorption
Cycle 1 Desorption
Cycle 2 Sorption
Cycle 2 Desorption

0.20

0.15

0.10

0.05

0.00
0

10

20

30

40

50

60

70

80

90

70

80

90

Target Relative Humidity (%)

Equilibrium Change in Mass (%)

0.25

Micronised Trehalose
Cycle 1 Sorption
Cycle 1 Desorption
Cycle 2 Sorption
Cycle 2 Desorption

0.20

0.15

0.10

0.05

0.00
0

10

20

30

40

50

60

Target Relative Humidity (%)

Figure 2.17 (continued from previous page): DVS moisture sorption isotherms at 25ºC for the four micronised
fines.

2.10

Karl Fischer Moisture Titration

2.10.1 Introduction
The total water content of the study materials was determined using coulometric Karl Fischer
moisture titration. This is a chemical technique, in which water is reacted with iodine and
sulphur dioxide in the presence of a base (R’N) and an alcohol (ROH). The alcohol reacts
with sulphur dioxide and the base to form an alkylsulphite salt, which is then oxidised by
iodine to an alkylsulphate salt, consuming one molecule of water39:
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ROH + SO2 + R’N → [R’NH]SO3R + H2O + I2 + 2R’N→ 2[R’NH]I + [R’NH]SO4R
By carrying out the reaction in a non-aqueous system in the presence of excess sulphur
dioxide, its extent is limited by the amount of water added to the system from the material
under investigation. In coulometric Karl Fischer moisture titration, the iodine for the reaction
is generated electrochemically during the titration, until the presence of excess iodine is
detected voltametrically by an indicator electrode, indicating the complete consumption of the
water39. The amount of water consumed during the reaction can then be quantified from the
total charge passed in order to generate the iodine, 1 mg of water being equivalent to 10.72
Coulombs of charge39,40.
2.10.2 Method
10-20 mg of sample was accurately weighed into the titration cell of a MKC-510 Karl Fischer
coulometric moisture titrator (Kyoto Electronics, Tokyo, Japan) and analysed to determine the
%w/w water content of the sample. The total water content of three aliquots of each sample
was determined in this way and the mean and standard deviation (SD) calculated. Analysis and
previous sample storage was at ambient laboratory conditions (30-40% RH and 22 ± 3ºC).
2.10.3 Results and Discussion
As can be seen from Table 2.8, the water content of most materials was <1%, which can be
attributed to a small amount of atmospheric water adsorbed to their surfaces16. As expected,
formoterol fumarate dihydrate, α-lactose monohydrate and α,α-trehalose dihydrate had much
higher water contents, reflecting both their water of crystallisation and water adsorption to
their surfaces.
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Table 2.8: Total water content of study materials, as determined by Karl Fischer moisture titration.

Material

Total Water Content (%w/w)

Water of Crystallisation
Content (%w/w)

Micronised budesonide

0.79 ± 0.04

0.00

Micronised FP

0.74 + 0.14

0.00

Micronised FFD

5.14 ± 0.07

4.28

Micronised SX

0.85 ± 0.08

0.00

Etched 63-90 µm Lactohale

6.30 ± 0.33

5.00

Micronised erythritol

0.50 ± 0.07

0.00

Micronised lactose

6.07 ± 0.43

5.00

Micronised mannitol

0.75 ± 0.17

0.00

Micronised trehalose

10.17 ± 0.20

9.52

2.11

Helium Pycnometry

2.11.1 Introduction
The true density of materials for DPI formulations can affect both their fluidisation and
aerodynamic diameter2. The true density of the study materials was therefore determined using
helium pycnometry. This technique is able to measure the unknown volume of a sample of
known mass contained within known volume, by measuring the pressure change produced
when a known volume of helium is introduced. The true density of the material can then be
calculated.
2.11.2 Method
True density measurements were made using a helium pycnometer (Accupyc 1330 Gas
Pycnometer, Micromeritics, Norcross, USA). The sample cup was accurately weighed,
completely filled with the material under investigation and then dried at 40ºC for 24 hours.
The filled sample cup was then accurately weighed, enabling the mass of the dried sample to
be calculated and entered into the pycnometer. Finally, the filled sample cup was loaded into
the pycnometer and the mean true density (and SD) determined from ten measurements of
sample volume.
Due to the ease with which trehalose dihydrate can be dehydrated at low humidities, possibly
resulting in volume changes (see Appendix 1), this material was not analysed by helium
pycnometry.
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2.11.3 Results and Discussion
As can be seen from the data presented in Table 2.9, the measured true densities of the study
materials are very similar to those previously reported in the literature.
Table 2.9: True densities of the study materials as measured by helium pycnometry.

Material

2.12

True Density Previously Reported Density
(g.cm-3 ± SD)
(g.cm-3)

Micronised budesonide

1.27 ± 0.002

1.2541

Micronised FP

1.36 + 0.004

1.342 (form I)

Micronised FFD

1.31 ± 0.003

1.30319

Micronised SX

1.24 ± 0.005

1.25623 (form I)

Etched 63-90 µm Lactohale

1.54 ± 0.001

1.5343

Micronised erythritol

1.45 ± 0.002

1.4444

Micronised lactose

1.54 ± 0.002

1.5343

Micronised mannitol

1.49 ± 0.002

1.4845 or 1.4910 (β-polymorph)

Flowability

2.12.1 Introduction
Powder flowability has an important influence on the behaviour of DPI systems, as it can
affect both formulation mixing and aerosolisation2. The flowability of the lactose carriers and
micronised fines was therefore investigated using an annular ring shear tester. This instrument
is based around a ring shaped shear cell into which the powder is loaded (Figure 2.18)46. A lid
is placed on top of the powder sample through which a predefined normal force is applied to
produce a normal stress in the powder (σpre). The shear cell is then rotated with angular
velocity ώ, whilst the lid is held still by tie-rods. The bottom of the shear cell and the undersurface of the lid are rough, which prevents the powder from sliding relative to these surfaces.
As the shear cell rotates, therefore, a shear stress develops within the powder bed, which can
be measured by determining the forces acting on the tie-rods (F1 + F2). This shear stress
increases as the shear cell continues to rotate, until the powder begins to flow, at which point
it remains constant (τpre). This process, known as preshear, produces a standardised level of
consolidation within the powder, enabling subsequent measurements of flowability to be
comparable46.
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Tie-rod

Lid

Shear Cell
Powder sample

Figure 2.18: Cut away view of an annular ring shear cell.
Adapted from http://www.dietmar-schulze.de/leaflxse.pdf (accessed 23rd May, 2006).
The normal stress acting on the powder is then reduced (σsh) and the shear stress at which
powder flow begins determined (τsh). By determining τsh at various levels of σsh (all <σpre), with
preshear between each determination, a yield locus for the powder can be constructed by
plotting τ against σ, from which various flow properties can be calculated46.
In this study, powder flowability was quantified by the flowability ratio, ffc, which is the ratio
between the consolidation stress and unconfined yield strength of the powder, parameters
which can be determined from a yield locus46. The flowability ratio is a unitless parameter
which increases as powder flowability improves.
2.12.2 Method
The flow properties of the carrier lactose and micronised fines were measured using a RST-XS
annular ring shear tester controlled by RST-Control 95 software (both from Dietmar Schulze
Schüttgutmesstechnik, Wolfenbüttel, Germany). Powders were stored at 25±1ºC and 44% RH
for 48 hours prior to analysis, whilst analysis was carried out in an air conditioned laboratory
maintained at 25±1ºC and 35±3% RH.
For each test, a 30 ml annular shear cell was filled with the material under investigation
without applying force to the upper surface of the powder bed and its mass noted. It was then
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loaded onto the shear tester and presheared with a normal stress of 2500 Pa (σpre) until steadystate flow was achieved. A σpre value of 2500 Pa was chosen to reflect the consolidation
stresses encountered by pharmaceutical powders during small scale powder handling and
dosing operations46, such as DPI manufacture. A yield locus was then constructed by
measuring the shear stress required to cause the powder to fail under four normal stresses less
than σpre (500 Pa, 1000 Pa, 1500 Pa and 2000 Pa) and the flowability calculated using the
instrument software. Each powder was tested three times in this way and the mean flowability
(± SD) calculated.
2.12.3 Results and Discussion
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RSV 95 (c) Dietmar Schulze 2002-2004
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Representative yield loci are shown in Figure 2.19.
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Figure 2.19: The three measured yield loci of 63-90 µm etched Lactohale. The consolidation stress is the righthand intersect of the large semi-circle (known as a Mohr stress circle) with the x-axis and the unconfined yield
strength is the right-hand intersect of the smaller Mohr stress circle with the x-axis.
The yield loci of the various materials were used to determine their flowability, ffc (Table 2.10).
The flowability of powders is affected by many variables, for example particle size
distribution, particle shape, particle surface roughness, interparticulate forces and moisture
content2,47. It is therefore unsurprising that the carrier lactoses exhibited significantly different
flow to the micronised fines, given their larger particle size (Section 2.4) and different particle
shape (Section 2.5).
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Table 2.10: The measured flowability of the carrier lactoses and micronised fines.

Material

Mean Flowability (ffc ± SD)

63-90 µm Lactohale

4.79 ± 0.27

Etched 63-90 µm Lactohale

5.83 ± 0.14

Micronised erythritol

0.80 ± 0.03

Micronised lactose

1.81 ± 0.09

Micronised mannitol

1.14 ± 0.04

Micronised trehalose

1.42 ± 0.05

As the etched Lactohale is more flowable than the unetched material, it may be that the
proportion of fines in the material is critical to determining flowability, as these materials have
a similar median particle size, but a significantly different proportion of intrinsic fines. Other
effects of the etching process, for example, changes in particle shape or roughness may also
have affected flowability, however. The micronised fines exhibited similar flowability to each
other, although there was some variation between them, which can be attributed to the
variables discussed above.

2.13

Conclusions

As discussed in the above sections, the study materials underwent an extensive
physicochemical characterisation. Analysis of these results enabled confirmation of the
identity of the materials, their crystallinity and, where appropriate, polymorphic form. In
addition, similarities and differences in the physical properties of the materials have also been
identified. The as supplied micronised drugs are reasonably similar to each other in terms of
particle size and shape. Various techniques have demonstrated that the micronisation process
to produce micronised fines was successful in achieving its aim of producing fines with similar
particle size distributions with a median diameter in the range 5-10 µm. Similar techniques
have also demonstrated the successful removal of intrinsic fines from the lactose carrier by the
etching process. A number of differences between the materials, for example in hygroscopicity
and density, have been also identified. These, combined with their different surface chemistry,
should ensure that a wide range of interparticulate forces exists between the various materials.
The quantification of these forces will therefore be the subject of the next chapter.
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Chapter 3:

Quantification of Interparticulate
Forces

3.1

Introduction

As discussed in Chapter 1, the aim of this study was to compare the interparticulate forces
within ternary DPI systems with their performance, in an attempt to further understand the
mechanism(s) responsible for the effects of fines in such formulations. A number of different
techniques have previously been used to quantify particle-particle or particle-surface adhesion
in air, including centrifugal detachment, aerodynamic detachment, impact separation, vibration
and microbalance techniques1,2. These techniques are subject to a number of limitations,
however, especially when used to study particles <5 µm diameter (as found in DPI
formulations), and are only able to give insight into the bulk behaviour of the powder1,3. In
recent years, therefore, atomic force microscopy (AFM) has been increasingly used to study
interparticulate forces in DPI systems, where its ability to quantify the adhesion or cohesion of
single particles with a resolution as high as 10-11 N is especially advantageous3. AFM was,
therefore, the technique chosen to quantify interparticulate forces in this study. The
development of various modes of AFM operation and their application to the study of DPI
formulations is therefore reviewed in the following section.
3.2

Atomic Force Microscopy

3.2.1

Contact Mode AFM

The development of the AFM by Binnig et al.4 has enabled atomic-scale resolution imaging of
many types of surface5, yet the principles by which it operates are essentially simple (Figure
3.1). The surface under investigation is mounted on a piezoelectric scanner, which is able to
move the sample in three dimensions with nanometre accuracy5. A sharp silicon nitride tip
mounted on the end of a spring-like cantilever (Figure 3.2) is brought into contact with the
surface, which is then raster scanned beneath the tip by the scanner. The tip and cantilever
flex up and down as they follow the topography of the surface and this is monitored by a
photodetector measuring the deflection of a laser reflected from the gold-coated upper surface
of the cantilever. The deflection of the cantilever gives a measure of the height of the surface
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at each point of the raster scan and from this information an image of the surface can be
constructed. This is known as contact mode AFM.
In practice, the operation of the AFM is more complicated, since in order to produce good
quality images and to protect the sample and tip, an electronic feedback loop is used to
control the interaction of the tip and sample6. The signal obtained from the photodetector is
constantly monitored and used to adjust the vertical position of the piezoelectric scanner (and
thus the sample) in order to keep the forces between tip and sample at a pre-set level. The
feedback signal is then used to construct the image of the sample surface.

Laser
Cantilever
Photodetector
Tip

Sample
z
x

Piezoelectric
scanner
y

Figure 3.1: Major components of an AFM.

Figure 3.2: SEM of an AFM cantilever and tip.
Reproduced from www.di.com.
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3.2.2

TappingModeTM AFM

When using contact mode AFM, where the tip stays in constant contact with the sample, it is
possible to damage the surface under investigation. In order to avoid this problem,
TappingModeTM (or intermittent contact mode) AFM was developed6. This makes use of a
stiff crystal silicon tip that is oscillated at its resonant frequency (>100 kHz) by a piezoelectric
stack. This causes a regular deflection in the laser light reflected from the upper surface of the
tip, from which the amplitude of the oscillation can be calculated. The oscillating tip is raster
scanned across the sample in the same way as in contact mode, but as the tip only encounters
the surface at the bottom of each oscillatory arc, contact with and damage to the surface is
minimised. Without the use of a feedback loop, the amplitude of oscillation of the tip would
vary as it encountered topography of different heights. The feedback loop, however, monitors
the amplitude and maintains it at a pre-set level by varying the vertical position of the sample,
and from this signal an image of the surface can be constructed.
3.2.3

Colloidal Probe AFM

In 1991, the AFM was further developed by Ducker et al., who introduced the colloidal probe
technique to directly measure the force of adhesion between a surface and an individual
colloidal particle7. This technique, which is now recognised as being a powerful and wellestablished tool with which to study surface forces, makes use of tipless silicon nitride
cantilevers, to which a single particle of 1-50 µm diameter is fixed to produce a colloidal
probe (Figure 3.3)3,8. In AFM systems of the type described in this study, the surface with
which this particle is to interact (known as the substrate) is mounted on the piezoelectric
scanner beneath the colloidal probe (Figure 3.4).

Figure 3.3: SEM of a particle of micronised budesonide fixed to the end of a silicon nitride tipless cantilever, to
produce a colloidal probe.
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In order to measure the force of adhesion between the particle and substrate, the scanner
moves the substrate relative to the colloidal probe in a defined cycle, whilst the deflection of
the cantilever is continuously monitored by the laser and photodetector3,8. Initially, the scanner
moves the substrate towards the colloidal particle (Figure 3.4a). As they approach each other,
there may be some long range electrostatic attraction or repulsion, resulting in either the
downward (attraction) or upward (repulsion) deflection of the particle and cantilever (Figure
3.4b, which shows a repulsive interaction). When the particle and substrate are close enough,
the omnipresent short-range van der Waals attractive forces between the two begin to bend
the cantilever downwards, until the particle “jumps” into contact with the substrate when the
attractive forces become larger than the spring constant of the cantilever (Figure 3.4c). The
particle remains adhered as the scanner continues to move upwards (Figure 3.4d) by a pre-set
distance, causing upward deflection of the cantilever. This process presses the particle into the
substrate with a known force and is known as compressive loading. The scanner then begins
to move downward, retracting the substrate and adhered particle (Figure 3.4e) When the
bending force of the cantilever becomes greater than the adhesive force between the particle
and substrate, the particle detaches from the substrate and the cantilever returns to its original
position (Figure 3.4f).
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Figure 3.4: The generation of a force-distance curve in colloidal probe AFM 3,8.
The deflection of the cantilever (dx) can be related to the adhesive force acting (Fad) by
Hooke’s law, which treats the cantilever as a spring of stiffness k (the spring constant)3,8:
Fad = −k.dx

Equation 3.1
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By plotting this force against piezo scanner displacement, a force-distance curve is produced
(Figure 3.4). The force of adhesion between the particle and the substrate can then be
deduced from the force detected at point of particle-substrate separation (Figure 3.4)3,8. In
order to make this measurement, it is obviously necessary to know the spring constant of the
cantilever, which can either be taken from the manufacturer’s literature or, more accurately,
determined for individual cantilevers using a variety of methods3,8.
In order to obtain a statistically relevant set of data in a single operation, a volume of force
measurements are required, which can be acquired using force-volume mode. In this mode,
the AFM raster scans the substrate under the colloidal probe to produce a series of forcedistance curves, each from a well-defined location in the x and y direction, together with a low
resolution topographical image of the substrate. These data can be processed to calculate the
force of adhesion from each individual force curve, which can be displayed as a lateral and
spatially resolved force map, showing variation in adhesion over the surface.
3.2.4

AFM and DPI Formulations

Given the importance of interparticulate adhesion to the performance of DPI formulations, it
is not surprising that the colloidal probe technique was soon applied to this area of research8.
However, the naturally irregular morphology of the particles in DPI formulations was found
to lead to great variability in the results of colloidal probe adhesion measurements, as it leads
to variation in the contact area between the colloidal probe and substrate, to which adhesion is
directly proportional (Figure 3.5)3,8:
Colloidal probe

Substrate
Figure 3.5: The effect of contact area on probe-substrate adhesion. The left hand colloidal probe would adhere
more strongly to the substrate than the right hand colloidal probe, as there is a greater contact area between the
two materials.
As a result, the use of colloidal probe AFM in the study of inhalation formulations was largely
qualitative. Recently, however, a number of techniques have been developed to overcome this
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limitation. One such technique employs a grid of extremely sharp spikes over which the
colloidal probe is scanned, resulting in an image of its interacting region from which its
contact area can be calculated. It is then possible to normalise adhesion measurements by the
contact area and so calculate the work of adhesion between the substrate and particle9.
Although interesting, this technique has never been employed to study the behaviour of real
particulate systems and so will not be further discussed in this study.
Another technique which, to some extent, overcomes the limitation of contact area and which
has been used to explain the behaviour of DPI systems is known as the cohesive-adhesive
balance (CAB) procedure10. This employs specially grown molecularly smooth crystals as
substrates to ensure that the contact area between a given colloidal probe and various
substrates is constant (Figure 3.6).

Equal contact area
Figure 3.6: By using molecularly smooth substrates, the CAB technique ensures that the contact area between a
particular colloidal probe and any substrate is always equal.
A number of colloidal probes of each material under investigation are prepared and the
adhesive force between each probe and a crystalline substrate of each material under
investigation is measured in force-volume mode. This data is used to draw a CAB graph, by
plotting the mean cohesive force for each probe (the adhesive force between a probe and a
substrate of the same material) against the mean adhesive force between that probe and a
substrate of another material. When the data for a number of probes of the same material
interacting with the same substrate are plotted on the same axes, a straight line is formed, as
although the contact area of each probe varies, the contact area of an individual probe is the
same for both the cohesive and adhesive measurements and thus the ratio between cohesion
and adhesion remains consistent between different probes. This ratio (known as the CAB
ratio) can be measured from the gradient of the CAB graph.
For example, it has been found that the cohesion of budesonide is 3.84 times greater than its
adhesion to lactose and the adhesion of salbutamol sulphate to lactose is 16.88 times greater
than the cohesion of salbutamol sulphate10. In this way, the CAB procedure is able to produce
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data that are independent of the contact area between the colloidal probe and substrate and
which are, therefore, quantitative. It has also been shown that such quantitative data is
predictive of the behaviour and possibly the in-vitro performance of simple powder
formulations (with and without force control agents)11,12 or binary DPI systems13. It was this
technique, therefore, that was chosen to quantify the relative levels of cohesion and adhesion
between the various drugs and excipients chosen for this study. This chapter describes the
measurement of the CAB ratios between the study materials and the investigation of the
effects of these CAB ratios on the behaviour of mixtures of these materials
3.3

Methods

3.3.1

Quantification of Cohesive-Adhesive Balances

3.3.1.1 Substrate Preparation
Crystalline substrates for colloidal probe AFM were prepared using a variety of controlled
crystallisation methods in order to produce molecularly smooth crystals.
Budesonide, FP, FFD and trehalose were crystallised using an antisolvent as a precipitating
agent. A saturated solution in an appropriate solvent (see Table 3.1) was prepared by
sonication for 10 minutes at 25ºC in a sealed glass vial followed by filtration through a 0.2 µm
PTFE membrane filter (Whatman Inc., Clifton, NJ, USA). A small drop of this solution was
then placed onto the centre of a glass cover slip (Agar Scientific, Stansted, UK) contained
within a specially designed and manufactured sealed crystallisation chamber containing an
appropriate anti-solvent (see Table 3.1). The crystallisation chamber was opened once all of
the solvent had evaporated, resulting in the growth of crystals over the surface of the cover
slip.
Table 3.1: Solvents and antisolvents used for antisolvent crystallisation of molecularly smooth substrates.
Material

Solvent

Budesonide N,N-dimethylformamide

Antisolvent
Ethanol

FP

N,N-dimethylformamide

Acetone

FFD

Methanol

25% methanol/75% acetone

Trehalose

Water

Ethanol

Erythritol, lactose, mannitol and SX were crystallised between two glass cover slips. A solution
of each in an appropriate solvent (see Table 3.2) was prepared with constant stirring (or 10
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minutes sonication for SX) and filtered through a 0.2 µm PTFE membrane filter (Whatman
Inc., Clifton, NJ, USA). A drop of each solution was placed onto the centre of a glass cover
slip (Agar Scientific, Stansted, UK) and a second cover slip was placed on top. The process of
crystallisation was monitored by optical microscopy and the cover slips carefully separated
once the all the solvent had evaporated, resulting in the growth of crystals over the surface of
both cover slips.
Table 3.2: Solutions used for crystallisation of molecularly smooth substrates between glass cover slips.
Material

Solvent

Concentration

Erythritol

Water at 70ºC

1 g.ml-1

Lactose

Water at 100ºC

0.6 g.ml-1

Mannitol

Water at 70ºC

0.32 g.ml-1

SX

Methanol at 25ºC 75% of saturation

The surface topography of all the crystalline substrates was investigated with TappingModeTM
AFM using a Multimode AFM, J-type scanner, Nanoscope IIIa controller (all from DI,
Cambridge, UK) and a silicon tip (model number OMCL-AC240TS, Olympus, Japan) to
image 10 µm × 10 µm square areas of the crystal surfaces with a resolution of 512 × 512 pixels
and a scan rate of 1 Hz. The roughness of imaged areas was quantified using the mean (Ra)
and root mean square (Rq) of the variations in the height of the imaged surface, as calculated
by the AFM software using the following equations1:

Ra =

Rq =

1
np

1
np

n

∑

yi

Equation 3.2

i =1

n

∑y

2
i

Equation 3.3

i =1

where np is the number of points in the image and yi is the distance of point i from the centre
line. Crystals with an Ra and Rq less than 1 nm were deemed smooth enough for use as
substrates for colloidal probe AFM.
3.3.1.2 Computer Simulation of Crystal Habits
Using literature data on unit cell lattice parameters and space group symmetry operators14-21,
the crystal habits of each material were modelled with a 3D crystal simulation program
(SHAPE v. 7.0 professional edition, Shape Software, Tennessee, USA).
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3.3.1.3 Colloidal Probe Preparation
Three colloidal probes of each material were prepared, using a method described in detail
elsewhere22. To prepare a single probe, a single particle of the micronised material with a
diameter of approximately 2 µm was fixed to the end of a V-shaped tipless cantilever with a
nominal spring constant of 0.58 N.m-1 (Veeco NanoProbeTM, model number: NP-OW, Veeco
Instruments SAS, Dourdan, France) using an epoxy resin glue (Araldite Precision, Bostik Ltd,
Leicester, UK) and custom built micromanipulation equipment. The procedure was observed
with an optical microscope using a 16× lens.
After preparation, the probes were visually inspected using a reflectance optical microscope
and 50× lens to ensure that a single particle was attached in an appropriate position near the
end of the cantilever and that there was not excess glue present. After adhesive force
measurements had been completed, this was confirmed by SEM.
3.3.1.4 Adhesive Force Measurement
The adhesive force between each colloidal probe and the dominant face of a smooth crystal of
each relevant material was measured with force-volume mode AFM using a Multimode AFM,
J-type scanner and Nanoscope IIIa controller (all from DI, Cambridge, UK). 1024 (32 × 32)
individual force curves were collected over a 10 µm × 10 µm area of the crystal substrate with
a z-scan rate of 4.07 Hz and a nominal compressive loading of 11.6 nN. Previous work with
pharmaceutical particles has demonstrated that variation of the z-scan rate (0.1-10 Hz) and
compressive loading (~0.5-58 nN) does not affect force curve measurement22. Care was taken
to ensure that these measurements were made in approximately the same area of the crystal
that had been found to be smooth.
The sample area of the AFM head was enclosed and perfused with nitrogen which had passed
through a controlled humidification unit. A sensitive humidity and temperature sensor
(Rotronic AG, Bassersdorf, Switzerland) within the perfusion unit enabled the environmental
conditions in the sample area to be maintained at 26ºC (±2ºC) and 35% RH (±3%).
Force-volume data was processed using custom software to extract the force of adhesion from
each of the 1024 force curves. This calculation was performed using the nominal cantilever
spring constant of 0.58 N.m-1 (rather than the measured spring constant of each individual
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probe) as the comparison of the cohesion and adhesion of the same probe in the CAB
method eliminates the effects in cantilever-to-cantilever spring constant variation13.
Drug colloidal probes were used to make adhesion measurements against substrates of all the
materials, with the exception of the other drug from the same pharmacological class (e.g. SX
adhesion to FFD was not measured and vice versa), as such drugs are never combined in the
same formulation. Erythritol, mannitol and trehalose colloidal probes were used to make
adhesion measurements against substrates of all the drugs and lactose, as there were no plans
to combine these three excipients in the same formulation. Lactose colloidal probes were used
to make adhesion measurements against substrates of all the study materials.
3.3.2

Investigations of the Behaviour of Powder Mixtures

In order to investigate the influence of CAB ratios on the behaviour of blends of powders
(which are encountered in DPI formulations), 1:1 mixtures of micronised budesonide, FP or
SX with each of the micronised excipients were prepared. Due to the limited amount of
material available, FFD was not utilised in these experiments. The blend proportions and
blending conditions were chosen to reflect previous work investigating the effects of CAB
ratios11. Micronised materials were used for both drugs and excipients in order to reduce the
amount of variation in factors such as particle size and shape that might affect powder
behaviour.
3.3.2.1 Powder Blending
1:1 mixtures were produced by blending 0.5 g of drug and 0.5 g of excipient in 100 mg
aliquots in a 15 ml glass tube for 30 seconds using a Whirlimixer (Fisons Scientific Equipment,
Loughborough, UK). The resultant blend was further mixed using a Turbula shaker-mixer
(Willy A Bachofen AG, Basel, Switzerland) at 46 rpm for 30 minutes.
3.3.2.2 Drug Content Uniformity Determination
Following blending, the drug content uniformity of each mixture was assessed. The blend was
spread evenly over a clean surface and ten samples of 5 ± 1 mg taken from random positions.
Each sample was dissolved with 10 minutes sonication in 30% water/70% methanol to 50 ml
final volume and drug concentration assessed by high performance liquid chromatography
(HPLC). The proportion of drug in each sample was calculated and the content uniformity
expressed as the coefficient of variation (CV):
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CV =

SD × 100
_

Equation 3.4

x
_

Where x is the mean drug proportion and SD is its standard deviation.
3.3.2.3 High Performance Liquid Chromatography
Drug concentration was determined by HPLC. The HPLC system consisted of a PU-980
intelligent HPLC pump, an AS950 intelligent autosampler, a CO-866 column oven (all from
Jasco, Japan) and a 1050 variable wavelength UV detector (Agilent Technologies, Wokingham,
UK). Data were collected and analysed using Azur v4.0 software (Datalys, Saint Martin
D'Heres, France). Unknown sample concentration was determined from duplicate injections
by comparison of peak area with reference peaks from external standard solutions of known
concentration.
Budesonide, FP and SX were analysed using the same HPLC method. This employed a 4.6
mm × 250 mm C18 5 µm Hypersil column (Thermo Electron Corporation, Waltham, MA,
USA) and a mobile phase consisting of 45%v/v methanol, 35%v/v acetonitrile and 20%v/v
water. The flow rate was 1.5 ml.min-1, column temperature was 40ºC and injection volume 200
µl. Drug retention time was 3.2 minutes (budesonide), 3.8 minutes (FP) and 1.3 minutes (SX),
so a run time of 5 minutes was employed. UV detection wavelength was budesonide 244 nm,
FP 235 nm and SX 252 nm.
The relationship between drug concentration (0.1, 0.25, 0.5, 2, 10 and 50 µg.ml-1) and peak
area for each drug was found to be linear, with linear regression analysis yielding a coefficient
of determination (R2) of 1.0000 in each case (Figure 3.7). The assay was unaffected by the
presence of any of the study excipients.
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Figure 3.7: HPLC calibration curves (two injections) for budesonide, FP and SX.
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3.3.2.4 Particle Size Analysis
The particle size distribution of each powder blend and raw material was determined by laser
diffraction, as described in Section 2.4. In addition, the change in the particle size distribution
as the RODOS dispersion pressure was decreased from 3.0 bar to 2.0, 1.0, 0.5 and 0.25 bar
was also investigated, a technique known as pressure titration.
3.3.2.5 Scanning Electron Microscopy
SEM was used to image the powder blends, following the method described in Section 2.5.

3.4

Results And Discussion

3.4.1

Quantification of Cohesive-Adhesive Balances

3.4.1.1 Substrate Crystallisation
The crystallisation techniques described in Section 3.3.1.1 resulted in the growth of a number
of separate crystals over the surface of the glass cover slips. These were examined by light
microscopy and TappingModeTM AFM in order to identify a crystal with a well defined crystal
habit and a surface roughness on the dominant face of <1 nm Ra and Rq. Once a suitable
crystal had been identified, comparison of its habit with the appropriate 3D crystal habit
simulation enabled the identification of the Miller index family of its dominant face. Where a
material could crystallise as one of several polymorphs, the form obtained could be readily
identified from the habit of the crystal and the crystallisation conditions. This process enabled
crystals suitable for use as substrates for colloidal probe adhesion measurements to be
identified. Details of these crystals are presented in Table 3.3 along with representative SEM
images and 3D crystal habit simulations in Figure 3.8 and representative AFM images of the
dominant growth faces in Figure 3.9.
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Table 3.3: Details of crystals selected for use as substrates for colloidal probe adhesion measurements.

Crystal

Dominant Face
Family

Mean Dominant Face Mean Dominant Face
Ra (nm ± SD)
Rq (nm ± SD)

Budesonide

{102}

0.460 ± 0.154

0.761 ± 0.213

Fluticasone
propionate (form I)

{110}

0.410 ± 0.115

0.597 ± 0.082

Formoterol fumarate
dihydrate

{002}

0.491 ± 0.129

0.676 ± 0.157

Salmeterol xinafoate
(form I)

{001}

0.401 ± 0.142

0.527 ± 0.132

Erythritol

{020} or {200}

0.214 ± 0.009

0.246 ± 0.054

α-lactose
monohydrate

{100}

0.523 ± 0.076

0.694 ± 0.115

D-mannitol (βpolymorph)

{002}

0.342 ± 0.043

0.775 ± 0.115

α,α-trehalose
dihydrate

{110}

0.605 ± 0.377

0.768 ± 0.483
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Figure 3.8 (next two pages): Representative SEM images and 3D crystal habit simulations of crystals chosen
for use as substrates for colloidal probe adhesion measurements.
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Figure 3.9 (continued on next two pages): Representative TappingModeTM AFM images of 10 µm × 10 µm
square areas of the dominant face of the crystals chosen for use as substrates for colloidal probe adhesion
measurements. The spike features in the FFD and mannitol images are thought to be artefacts caused by “tip
imaging”. The z-scale in the 3D images is 20 nm per division. The z-scale for the 2D images is shown by the
scale bar below.
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Figure 3.9 (continued from last two pages): Representative TappingModeTM AFM images of 10 µm × 10 µm
square areas of the dominant face of the crystals chosen for use as substrates for colloidal probe adhesion
measurements. The spike features in the FFD and mannitol images are thought to be artefacts caused by “tip
imaging”. The z-scale in the 3D images is 20 nm per division.
3.4.1.2 Colloidal Probe Preparation
Optical reflectance microscopy and SEM confirmed the successful preparation of colloidal
probes of each material consisting of a single particle attached to the end of the cantilever
without the presence of excess glue (Figure 3.10).
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Figure 3.10: Representative light microscope (left) and SEM (right) images of budesonide (top) and FP
(bottom) colloidal probes.
3.4.1.3 Adhesive Force Measurement
The adhesive or cohesive force between each colloidal probe and the dominant face of the
crystalline substrate of each relevant material was successfully measured. Due to the use of
molecularly smooth substrates, the distributions of adhesive forces obtained from each of the
1024 force curves acquired for each measurement followed a normal distribution (see Figure
3.11 for an example), and were therefore summarised by their mean and standard deviation.
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Figure 3.11: (A) Normal adhesion force distribution for the interaction of a SX colloidal probe with an
erythritol substrate. (B) Distribution of the same adhesive forces over the 10 µm × 10 µm area of the substrate
surface used for the measurement (greyscale: black = 450 nN, white = 520 nN).
3.4.1.4 Data Processing
In accordance with the CAB procedure, the mean cohesive force for each colloidal probe was
plotted against its mean adhesive force to each substrate to produce a CAB graph (Figure
3.12)10. Linear regression analysis through the origin of each set of CAB data showed a high
degree of linearity (R2 > 0.82 in all cases), confirming that the contact area between colloidal
probes and substrates remained constant for both adhesive and cohesive measurements10. The
gradient of each line of best fit was therefore taken as the CAB ratio (Table 3.4), describing
(all other variables being equal) the cohesion of the probe material in relation to its adhesion
to the second material10.
A CAB ratio is described by first specifying the material from which the colloidal probe was
made and then specifying the crystalline substrate to which adhesion is measured. For
example, a CAB ratio described as X-Y would have been produced using colloidal probes of
material X and a crystalline substrate of material Y for the adhesion measurements.

Figure 3.12 (next five pages): Cohesive-adhesive balance graphs for all the interactions investigated.
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Figure 3.12 (continued from last four pages): Cohesive-adhesive balance graphs for all the interactions
investigated.
Each CAB ratio describes the cohesion of the colloidal probe material relative to its adhesion
to the crystalline substrate of the second material10. A CAB ratio <1, therefore, describes a
situation where the adhesion between the two materials is greater than the cohesion of the
colloidal probe material. The closer a CAB ratio is to zero, the greater the adhesion is
compared to the cohesion. On the other hand, a CAB ratio >1 describes a system where the
cohesion of the colloidal probe material is greater than its adhesion to the other material in
question. As the relative magnitude of this cohesion increases, so does the CAB ratio.
For example, the SX-lactose CAB ratio is 2.39, indicating that, all other variables being equal,
the cohesiveness of SX is 2.39 times greater than its adhesiveness to lactose. The FP-lactose
CAB ratio is 0.22, however, indicating that, all other variables being equal, the cohesiveness of
FP is 0.22 times smaller than its adhesiveness to lactose. By taking the inverse of this CAB
ratio (= 4.55), the adhesiveness of FP to lactose can be calculated, relative to the cohesiveness
of FP.
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Table 3.4: CAB ratios (± SD) and respective coefficient of determination (R2) for all interactions investigated.
CAB ratio ± SD
(R2)

Colloidal Probe
Micronised
Budesonide

Micronised
FP

Micronised
FFD

Micronised
SX

Micronised
Erythritol

Micronised
Lactose

Micronised
Mannitol

Micronised
Trehalose

Budesonide

-

-

1.09 ± 0.05
(0.9619)

0.73 ± 0.02
(0.9934)

0.99 ± 0.03
(0.9930)

0.98 ± 0.03
(0.9895)

1.34 ± 0.09
(0.9576)

1.41 ± 0.09
(0.9481)

FP

-

-

0.99 ± 0.04
(0.8240)

2.52 ± 0.05
(0.9974)

1.00 ± 0.07
(0.9584)

1.04 ± 0.08
(0.9267)

1.44 ± 0.04
(0.9906)

0.71 ± 0.04
(0.9686)

FFD

1.65 ± 0.10
(0.9707)

1.35 ± 0.11
(0.8910)

-

-

1.17 ± 0.14
(0.8776)

1.20 ± 0.11
(0.8866)

1.14 ± 0.02
(0.9958)

0.77 ± 0.06
(0.9267)

SX

0.82 ± 0.05
(0.9677)

0.76 ± 0.06
(0.9002)

-

-

1.20 ± 0.11
(0.9253)

1.11 ± 0.10
(0.8996)

1.33 ± 0.13
(0.9213)

0.99 ± 0.09
(0.9140)

Erythritol

0.96 ± 0.02
(0.9989)

0.77 ± 0.05
(0.9202)

1.00 ± 0.05
(0.9640)

1.12 ± 0.02
(0.9965)

-

1.11 ± 0.02
(0.9936)

-

-

Lactose

0.82 ± 0.08
(0.9315)

0.22 ± 0.00
(0.9932)

1.16 ± 0.11
(0.8683)

2.39 ± 0.02
(0.9995)

1.16 ± 0.09
(0.9522)

-

1.21 ± 0.01
(0.9993)

0.54 ± 0.03
(0.9742)

Mannitol

1.12 ± 0.06
(0.9873)

0.46 ± 0.03
(0.9249)

1.18 ± 0.07
(0.9370)

0.65 ± 0.01
(0.9986)

-

1.13 ± 0.13
(0.8503)

-

-

Trehalose

1.07 ± 0.06
(0.9706)

0.70 ± 0.05
(0.9128)

1.02 ± 0.10
(0.8389)

1.37 ± 0.06
(0.9888)

-

1.05 ± 0.11
(0.8634)

-

-

Crystalline
Substrate
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The 46 CAB ratios shown in Table 3.4 cover a wide range of values, ranging from the most
adhesive (0.22 for the FP-lactose interaction) to the most cohesive (2.52 for the SX-FP
interaction).
It should be noted that pairs of CAB ratios apparently describing the same interaction are
usually not similar, for example, the FP-lactose CAB ratio is 0.22, whilst the lactose-FP CAB
ratio is 1.04. This is to be expected, as each CAB ratio is relative to a different cohesion
measurement, so an identical adhesion measurement should give rise to two different CAB
ratios. In addition, the precise nature of the materials used to measure each CAB ratio should
be considered. Taking the examples above, the FP-lactose CAB ratio was measured using
micronised FP and the dominant face of a crystal of lactose, whilst the lactose-FP CAB ratio
was measured using micronised lactose and the dominant face of a crystal of FP. As opposed
to the well characterised crystalline faces of the substrates, the crystal face (or faces) displayed
by micronised particles is unknown and their surface is also likely to contain regions of
amorphous material23, so it can be seen that the FP-lactose and lactose-FP CAB ratios do not
actually compare the same materials. This may contribute to the varying CAB ratios seen in
such situations.
Another point worthy of discussion is the comparison of the CAB ratios measured in this
study with those from other work. Budesonide-lactose CAB ratios have previously been
measured as 4.5410 and 1.1924, whereas in this study it was 0.82 ± 0.08. Equally, the
budesonide-trehalose CAB ratio was previously measured as 0.8224, compared with 1.07 ±
0.06 in this study. Although initially counterintuitive, these measurements were each made
with a different batch of micronised budesonide, which would each have subject to a different
process history producing variable surface properties. The variation in CAB ratios may,
therefore, be attributed to this phenomenon13.
By comparing the CAB ratios measured using the same colloidal probes, which are all relative
to the same cohesion measurement, it is possible to rank various adhesions according to their
magnitude. This is achieved by placing the CAB ratios in ascending order, as, given a constant
cohesion, the strongest adhesions produce the smallest CAB ratios. For example, the rank
order for the adhesion of micronised FP to the crystalline substrates was:
Lactose > Mannitol > Trehalose > SX > Erythritol > FFD
Using this approach, therefore, it is possible to quantitatively compare the adhesion of one
material with a variety of substrates. It is not possible to compare CAB ratios produced using
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different colloidal probe materials, however, as these will be relative to different cohesion
measurements. It is also not possible to compare the cohesion of different materials in this
way. In order to circumvent this limitation, a system of cross-normalisation to calculate socalled CAB dependencies has been proposed10, which is discussed in the following section.
3.4.2

The Calculation of CAB Dependencies

CAB dependencies are calculated from CAB ratios by setting a particular interaction (e.g. the
cohesion of a certain drug) equal to 1.00 and cross-normalising to calculate the various
adhesive and cohesive interactions relative to this10. Such an approach makes the assumption
that the interaction of colloidal probes of material X with a crystalline substrate of material Y
is equal to the interaction of colloidal probes of material Y with a crystalline substrate of
material X (X-Y = Y-X). As discussed above, such an assumption may not be valid, but
nevertheless, CAB dependencies have been calculated based on a small data set and used to
explain the behaviour of simple formulations10,11.
In order to investigate this technique further, CAB dependencies were calculated using the
data presented in Table 3.4. This is a much larger data set than has previously been used for
the calculation of CAB dependencies and so offers the potential to validate the underlying
assumptions. This is because the large data set enables certain interactions to be calculated in
several different ways, by taking various “routes” through the data. If the underlying
assumptions are valid, different routes should produce similar results. The following
calculations were performed:
Let FP-FP CAB dependency = 1.00
FP-lactose CAB ratio = 0.22 (Table 3.4), ∴
FP − FP
1.00
=
= 0.22
FP − lactose FP − lactose

∴FP-lactose CAB dependency = 4.55
∴ let lactose-FP CAB dependency = 4.55
Other CAB dependencies involving FP calculated in the same manner (see Table 3.5).
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FFD-FP CAB ratio = 0.99 (Table 3.4)
FFD-FP CAB dependency = 0.74 (see Table 3.5) ∴
FFD − FFD FFD − FFD
=
= 0.99
FFD − FP
0.74
∴FFD-FFD CAB dependency = 0.73
CAB dependencies involving FFD calculated relative to FFD-FFD CAB dependency,
following method used for FP CAB dependencies (see Table 3.5).
CAB dependencies involving SX calculated as for FFD CAB dependencies (see Table 3.5).
The budesonide-budesonide CAB dependency could then be calculated in two ways, from
either the budesonide-FFD or budesonide-SX CAB dependency (see Table 3.5):

Budesonide-FFD CAB ratio = 1.65, ∴
Budesonide − budesonide Budesonide − budesonide
=
= 1.65
Budesonide − FFD
0.67
∴Budesonide-budesonide CAB dependency = 1.11
OR

Budesonide-SX CAB ratio = 0.82, ∴
Budesonide − budesonide Budesonide − budesonide
= 0.82
=
Budesonide − SX
4.56
∴Budesonide-budesonide CAB dependency = 3.74
There is, therefore, over three-fold variation in the budesonide-budesonide CAB dependency,
depending upon the calculation route by which it is obtained. To investigate this phenomenon
further, the cohesive CAB dependencies of each of the four excipients were calculated. Each
CAB dependency was calculated in three ways, based on the CAB ratio (Table 3.4) and CAB
dependency (Table 3.5) of the material with either FP, FFD or SX, following the method
described above for the budesonide-budesonide CAB dependency. These various CAB
dependencies are presented in Table 3.6.
As Table 3.6 shows, the calculation of the same CAB dependency via different “routes” led to
radically different solutions, with over nine-fold variation seen in the data presented here. This
suggests that the calculation of CAB dependencies via cross-normalisation is not a valid
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technique to apply to CAB ratio data. The probable reason for this is the invalidity of the
underlying assumption that interaction X-Y is equal interaction Y-X, because, as discussed
above, the surface properties of a material are very different when it is micronised and glued
to a colloidal probe or crystallised for form a molecularly smooth crystal. The two
interactions, X-Y and Y-X therefore describe the adhesion of two pairs of materials that are
essentially completely different to each other.
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Table 3.5: CAB dependencies calculated for certain interactions (described in text).
Colloidal Probe

Crystalline
Substrate

Budesonide

FP

FFD

SX

Budesonide

-

-

0.67

4.56

-

-

-

-

FP

-

1.00

0.74

1.32

1.30

4.55

2.17

1.43

FFD

0.67

0.74

0.73

-

0.73

0.63

0.62

0.72

SX

4.56

1.32

-

3.33

2.97

1.39

5.12

2.43

Erythritol

-

1.30

0.73

2.97

-

-

-

-

Lactose

-

4.55

0.63

1.39

-

-

-

-

Mannitol

-

2.17

0.62

5.12

-

-

-

-

Trehalose

-

1.43

0.72

2.43

-

-

-

-

Erythritol Lactose Mannitol Trehalose

Table 3.6: Cohesive CAB dependencies of the four excipients as calculated from the CAB ratio and CAB dependency for the interaction of the excipient with either FP, SX or FFD.
Basis for CAB dependency calculation

Cohesive CAB dependency
Erythritol Lactose Mannitol Trehalose

Excipient-FP

1.30

4.73

3.12

1.02

Excipient-FFD

0.85

0.76

0.71

0.55

Excipient-SX

3.56

1.54

6.81

2.41

CAB dependency variation

×4.19

×6.22

×9.59

×4.38
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From this analysis of CAB dependency calculations, therefore, it is clear that this technique
cannot be used to extract the relative strength of individual interactions from CAB ratio data.
This does not, however, invalidate the use of CAB ratios to explain the behaviour of powder
systems. Such an approach does raise two issues, however. Firstly, can the use of CAB ratios,
which are relative to a specified cohesion, explain the comparative behaviour of systems which
do not contain a common ingredient? For example, if the behaviour of blends of FP with
erythritol and budesonide with lactose are investigated, there is no set of CAB ratios which
can quantify both interactions relative to the same cohesion. The investigator might, therefore,
be forced to use the FP-erythritol and budesonide-lactose CAB ratios to attempt to explain
the behaviour of the two systems, but as these two CAB ratios are not relative to the same
cohesion measurement, is this comparison useful? This may depend upon whether the
measured powder behaviour depends on the absolute or relative magnitude of the interactions
between its different types of particle.
The second issue relates to the choice of CAB ratio to investigate a particular powder mixture.
If a blend of FP with erythritol is investigated, its relative interparticulate interactions can be
described by two different CAB ratios: FP-erythritol and erythritol-FP. It seems logical to
choose the CAB ratio which was measured with materials that are closest to the physical state
of the materials in the powder blend. For example, if the powder mixture contained
micronised FP and carrier erythritol particles, the FP-erythritol CAB ratio might be used, as
this was measured using micronised FP particles and a smooth erythritol crystal face. Such an
approach has been used to investigate carrier-based DPI formulations13,24. In mixtures
containing two micronised powders, as is found in a ternary DPI system, the choice of CAB
ratio is not so obvious, however.
In order to address these two issues, the experiments investigating the behaviour of binary
blends of micronised drug and micronised excipient were performed. Their results are
described in the following section.
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3.4.3

Investigations of the Behaviour of Powder Mixtures

3.4.3.1 Content Uniformity
The drug content uniformities of the 1:1 mixtures of drug and excipient are shown in Table
3.7.

Table 3.7: Drug content uniformity (coefficient of variation, %) of 1:1 mixtures of drug and excipient.

Erythritol Lactose Mannitol Trehalose
Budesonide

3.61

6.95

2.39

6.82

FP

8.42

5.53

15.07

14.29

SX

20.36

27.55

12.68

21.07

In order to examine the effect of CAB ratios on the content uniformity of the mixtures, CV
was plotted against both the drug-excipient and the excipient-drug CAB ratios for each
mixture (Figure 3.13). Examination of this figure shows that there is no clear relationship
between the excipient-drug CAB ratio and the content uniformity of the mixtures. There is a
relationship, however, between drug-excipient CAB ratio and content uniformity, with a larger
CAB ratio tending to be associated with poorer content uniformity. Such a relationship has
been previously reported for mixtures produced following the same method11 and is entirely
predictable, as a higher CAB ratio indicates the drug to be more cohesive and less adhesive to
the excipient, which might be expected to produce less uniform mixing.

Coefficient of Variation (%)

30
25
20
15
10
5
0
0.0

0.5

1.0

1.5

2.0

2.5

Drug-Excipient CAB Ratio (± SD)

Figure 3.13 (continued on next page): The relationship between different CAB ratios and the drug content
uniformity of 1:1 mixtures of micronised drug and micronised excipient.
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Figure 3.13 (continued from previous page): The relationship between different CAB ratios and the drug
content uniformity of 1:1 mixtures of micronised drug and micronised excipient.
The correlation between drug-excipient CAB ratio and CV was therefore examined and found
to be statistically significant, with an R2 = 0.376 (p=0.034). This correlation was heavily
dependent upon the presence of the data relating to the SX-lactose mixture, which had both
the highest CAB ratio (2.39) and highest CV (27.55%), forming an outlier in the data set.
When this data was excluded from the calculation, no significant correlation was found (R2 =
0.056, p=0.483). This suggests that the drug-excipient CAB ratio had only a small effect on
the content uniformity of the mixtures, so this could only be clearly seen when comparing the
CV of two mixtures with markedly different CAB ratios. Such an explanation could also apply
to the previously published data referred to above, where a drug-excipient CAB ratio of 0.06
yielded a CV of 4.2% and a drug-excipient CAB ratio of 4.54 a CV of 28.1%10,11.
By applying Equation 2.3, it can be calculated that, in theory, each 5 mg sample taken to
determine the CV of the mixtures contained over 1 × 109 particles (assuming spherical
particles of diameter 1.5 µm (drug) or 7 µm (excipient) and density of 1.3 g.cm-3 (drug) or 1.5
g.cm-3 (excipient)). It should be noted, therefore, that content uniformity determination may
be insensitive to small changes in blend uniformity, due to the massive number of particles
contained within even a small sample mass.

3.4.3.2 Particle Size Analysis with Pressure Titration
Table 3.8 shows the d50 particle diameter of the micronised drugs and excipients at the
various dispersion pressures investigated. This data is shown graphically in Figures 3.14
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(drugs) and 3.15 (excipients). As expected, the particle size increased as dispersion pressure
fell, due to incomplete dispersion of the powders resulting in the sizing of agglomerates of
particles.

Table 3.8: d50 particle diameter of micronised drugs and excipients at various dispersion pressures.

Material

d50 particle diameter (µm ± SD) at various dispersion pressures
0.25 bar

0.5 bar

1.0 bar

2.0 bar

3.0 bar

Budesonide

2.86 ± 0.07

1.89 ± 0.12

1.66 ± 0.02 1.51 ± 0.01 1.44 ± 0.01

FP

4.44 ± 0.38

3.98 ± 0.17

2.64 ± 0.31 2.12 ± 0.07 1.79 ± 0.13

FFD

2.24 ± 0.04

1.95 ± 0.03

1.81 ± 0.02 1.74 ± 0.01 1.70 ± 0.00

SX

4.62 ± 0.44

2.09 ± 0.09

1.81 ± 0.03 1.59 ± 0.01 1.52 ± 0.02

Erythritol

7.97 ± 0.25

6.96 ± 0.06

6.57 ± 0.11 6.11 ± 0.16 6.19 ± 0.07

Lactose

10.99 ± 0.16 10.16 ± 0.08 9.90 ± 0.11 9.70 ± 0.08 9.56 ± 0.16

Mannitol

8.23 ± 0.08

7.62 ± 0.04

7.58 ± 0.08 7.37 ± 0.10 7.03 ± 0.12

Trehalose

7.59 ± 0.18

6.30 ± 0.14

6.08 ± 0.08 5.64 ± 0.07 5.17 ± 0.28

As shown by Figure 3.14, the micronised drugs exhibited remarkably different behaviour to
each other. In particular, the d50 of FP increased at much lower dispersion pressures than the
other drugs, suggesting it to be the most cohesive. Despite behaving similarly to budesonide
and FFD at higher pressures, the particle size of SX increased dramatically when the
dispersion pressure fell to 0.25 bar, resulting in a very similar d50 to FP, suggesting SX to be
more cohesive than either budesonide or FFD.
6

Budesonide
FP
FFD
SX

d50 (µ
µm ± SD)
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3.0

Dispersing Pressure (bar)

Figure 3.14: Pressure titrations showing effect of RODOS dispersion pressure on d50 particle diameter of
micronised drugs.
139

Given that pressure titration found FP and SX to be the most cohesive drugs, it is interesting
to note that the CAB ratios produced using FP and SX colloidal probes (Table 3.4) tend to be
more extreme (i.e. further from 1.00) than those produced using budesonide and FFD
colloidal probes. It is also interesting to note that FFD, the only drug to definitely have been
conditioned post-micronisation to reduce its surface amorphous content25,26, was the least
cohesive, showing only a small increase in d50 even at the lowest dispersion pressure.
The excipients behaved in a more similar way to each other (Figure 3.15). Although their
varying primary particle size caused absolute differences in the data, they showed similar
increases in d50 as the dispersion pressure decreased, suggesting that they were similarly
cohesive.

12

Erythritol
Lactose
Mannitol
Trehalose
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d50 (µ
µm ± SD)

10
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5
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1.0

1.5

2.0

2.5

3.0

Dispersing Pressure (bar)

Figure 3.15: Pressure titrations showing effect of RODOS dispersion pressure on d50 particle diameter of
micronised excipients.
Table 3.9 shows the d50 particle diameters of the 1:1 mixtures of drug and excipient at the
various dispersion pressures investigated. This data is shown graphically in Figure 3.16. Once
again, the particle size increased as dispersion pressure fell, but the larger d50s exhibited by
the mixtures when compared to the raw materials (Table 3.8), especially at lower dispersion
pressures, suggests that the blending process resulted in the formation of larger agglomerates
of particles.
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Table 3.9: d50 particle diameter of 1:1 mixtures of micronised drug and excipient at various dispersion
pressures. Bud = budesonide.

Mixture

d50 particle diameter (µm ± SD) at various dispersion pressures
0.25 bar

0.5 bar

1.0 bar

2.0 bar

3.0 bar

Bud-Erythritol

12.75 ± 1.40

4.00 ± 0.29

3.39 ± 0.20

2.91 ± 0.01

2.55 ± 0.02

Bud-Lactose

14.25 ± 1.38

6.61 ± 0.76

4.55 ± 0.71

3.76 ± 0.18

3.74 ± 0.19

Bud-Mannitol

8.54 ± 0.86

4.04 ± 0.08

3.81 ± 0.07

2.75 ± 0.05

2.64 ± 0.06

Bud-Trehalose

3.13 ± 1.18

4.80 ± 0.41

3.29 ± 0.30

2.86 ± 0.06

2.74 ± 0.06

27.09 ± 2.60 10.65 ± 0.36

6.10 ± 0.22

5.18 ± 0.44

4.71 ± 0.46

FP-Lactose

16.58 ± 0.94 15.71 ± 0.51 14.13 ± 0.89

11.00 ± 0.75

10.17 ± 0.66

FP-Mannitol

23.02 ± 7.11 19.45 ± 0.36 12.45 ± 0.32

10.08 ± 0.26

7.79 ± 0.26

FP-Trehalose

25.60 ± 1.61 13.74 ± 3.06

7.08 ± 0.33

5.06 ± 0.38

4.95 ± 0.66

SX-Erythritol

47.00 ± 0.93 24.49 ± 1.80

9.12 ± 0.17

3.42 ± 0.23

2.64 ± 0.10

SX-Lactose

32.95 ± 0.27 21.83 ± 0.41 10.74 ± 0.90

3.68 ± 0.25

3.10 ± 0.13

SX-Mannitol

81.35 ± 8.28 28.49 ± 0.67

6.85 ± 0.98

3.39 ± 0.13

3.80 ± 0.38

SX-Trehalose

73.24 ± 6.28 29.49 ± 1.02 10.27 ± 0.68

3.63 ± 0.13

3.10 ± 0.05

FP-Erythritol

As shown in Figure 3.16, 1:1 mixtures containing different drugs tended to behave in different
ways. At low dispersion pressures, those containing budesonide formed the smallest
agglomerates, with those containing SX forming the largest agglomerates. At higher pressures,
the d50s of the mixtures were more similar to each other, although mixtures containing FP
tended to form larger agglomerates.

Figure 3.16 (next page): Pressure titrations showing effect of RODOS dispersion pressure on d50 particle
diameter of 1:1 mixtures of micronised drug and excipient.
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In order to determine the influence of CAB ratios on the agglomeration and dispersion of the
1:1 mixtures, the d50 particle diameter of each mixture at each dispersion pressure was plotted
against both the appropriate drug-excipient and excipient-drug CAB ratios (Figure 3.17).
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Figure 3.17 (continued on next page): The relationship between 1:1 mixture d50 particle diameter at each
dispersion pressure and drug-excipient or excipient-drug CAB ratio.
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Figure 3.17 (continued from previous page): The relationship between 1:1 mixture d50 particle diameter at
each dispersion pressure and drug-excipient or excipient-drug CAB ratio.
As shown in Figure 3.17, there was no apparent relationship between the excipient-drug CAB
ratio and the d50 of the 1:1 mixtures at any dispersion pressure. This was not the case for the
drug-excipient CAB ratio at dispersion pressures ≥1 bar, however. In these cases, where the
CAB ratio was <1.0 (i.e. the drug was more adhesive to the excipient than cohesive with
itself), there was a significant linear relationship between decreasing CAB ratio (i.e. increasing
relative drug-excipient adhesion) and increasing d50. This is not surprising, as increasing
adhesion between the drug and the excipient (as evidenced by a decreasing CAB ratio) would
be expected to result in the formation of larger agglomerates of drug and excipient particles,
which would increase the d50 of the powder.
At higher dispersion pressures (≥2 bar), where the drug-excipient CAB ratio was >1.0 (i.e. the
drug was more cohesive with itself than adhesive to the excipient), the d50 particle diameter
did not vary greatly with increasing CAB ratio. This is also unsurprising, as when the drug is
more cohesive than adhesive to the excipient, the formation of mixed agglomerates of drug
and excipient particles would not be expected. Instead, the mixture would be expected to
consist of agglomerates of either drug or excipient particles. As the pressure titrations of the
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micronised materials alone showed (Figures 3.14 and 3.15), such single-material agglomerates
can be fully dispersed at dispersion pressures ≥2 bar. At higher dispersion pressures with
cohesive drug-excipient CAB ratios, therefore, the d50 produced as a result of the complete
deaggregation of the drug and excipient should be seen, which should be similar for different
mixtures (given the similar primary particle size of the raw materials). Thus it is entirely
predictable that the d50 particle diameter did not vary greatly with increasing cohesive CAB
ratio at higher dispersion pressures.
The lack of any apparent relationship between either type of CAB ratio and mixture d50 at
lower dispersion pressures (0.25 and 0.5 bar) can be attributed to these pressures being too
low to cause any significant deaggregation of the highly adhesive and cohesive micronised
powders, resulting in powder dispersion and hence particle size analysis with poor
reproducibility. This is demonstrated by the large standard deviations of the data produced at
these dispersion pressures (see Table 3.9).
The ability of the drug-excipient CAB ratio and the inability of the excipient-drug CAB ratio
to explain the agglomeration of the 1:1 mixtures may be attributable to the difference in the
particle size of the micronised drugs (1-2 µm) and micronised excipients (5-10 µm). The
smaller drug particles will, of course, have a lower mass and so the interfacial forces they
experience will be relatively more significant than the gravitational forces to which they are
subject. Thus the drug-excipient CAB ratio, which is measured using micronised drug particles
and so gives a better indication of the actual forces of adhesion and cohesion experienced by
the drug, might be expected to better reflect the behaviour of the mixtures. Another
possibility is that the micronised excipient particles, being larger than the drug particles, were
subjected to a less energetic micronisation process and so their surface chemistry was less
disrupted and closer to that of a molecularly smooth AFM substrate crystal. This would mean
that the materials employed to measure the drug-excipient CAB ratio had a physical state
closer to the materials used in the 1:1 mixtures than those used to measure the excipient-drug
CAB ratio. Finally, the pressure titrations of the raw materials showed that the micronised
excipients were less cohesive than the micronised drugs (Figures 3.14 and 3.15). The cohesion
of the excipient is therefore less important in determining the behaviour of the 1:1 mixtures
than the cohesion of the drug. The greater ability of the drug-excipient CAB ratio (which is
relative to drug cohesion) than the excipient-drug CAB ratio to predict formulation
agglomeration is, therefore, not surprising.
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3.4.3.3 Scanning Electron Microscopy
Figure 3.18 shows representative SEM images of four 1:1 mixtures. The SX-lactose CAB ratio
is 2.39 (highly cohesive) and as expected, the SEM image of this mixture shows the presence
of a number of agglomerates of very small particles, which are presumably drug. The SXmannitol CAB ratio is 0.65 (adhesive), however, and the SEM image of this mixture shows
single, small drug particles adhering to larger, excipient particles and no agglomerates of SX.
Similar patterns can be seen in the budesonide-lactose (CAB ratio = 0.82) and the budesonidemannitol (CAB ratio = 1.12) mixtures. Thus, inspection of SEM images confirms the findings
of the pressure titrations, that mixtures with an adhesive drug-excipient CAB ratio (i.e. <1.00)
form mixed agglomerates of drug and excipient particles, whilst those with a cohesive CAB
ratio (i.e. >1.00) tend to form agglomerates of drug or excipient only.

SX-Lactose

SX-Mannitol

Budesonide-Lactose

Budesonide-Mannitol

Figure 3.18: Representative SEM images of various 1:1 mixtures of micronised drug and excipient.

146

3.5

Conclusions

Forty-six CAB ratios between the study materials were quantified, the largest such study
undertaken to date. This enabled the mathematical approach to the calculation of CAB
dependencies to be studied in greater detail than previously possible, and it was found that this
approach was not valid, probably due to differences in the physical properties of micronised
particles and molecularly smooth substrate crystals. It became apparent, therefore, that the
selection of the appropriate CAB ratio to study a mixture of two powders is important, as
either the X-Y or Y-X ratio could be used. A study of the agglomeration behaviour of 1:1
binary mixtures of micronised drug and excipient was therefore undertaken. It was found that
the drug-excipient CAB ratio related to the agglomeration of these blends, whilst the
excipient-drug CAB ratio did not. It was also possible to compare CAB ratios that were
relative to different cohesions in order to explain this behaviour. The data suggested that
when the drug-excipient CAB ratio was adhesive (<1.00), mixed agglomerates of drug and
excipient were formed, which became larger as the relative drug-excipient adhesion increased.
When the drug-excipient CAB ratio was cohesive (>1.00), however, the mixtures may have
consisted of single particles and agglomerates of drug or excipient only.
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Chapter 4:

The Influence of Interparticulate
Interactions on Ternary DPI
Formulation Performance

4.1

Introduction

In the previous chapter, the quantification, via the measurement of CAB ratios, of the relevant
interparticulate forces between the study materials is described. Having carried out this work,
ternary DPI formulations were prepared using the study materials, and their in-vitro
aerosolisation performance assessed, in order to determine the existence or otherwise of a
relationship between interparticulate forces and formulation performance. Such a comparison
has not been previously made for ternary DPI formulations, but various methods have been
used to investigate such relationships in binary DPI formulations1-7.
As discussed in Chapter 1, the particle size of an aerosolised drug is critical to determining its
site of deposition in the respiratory tract. The in-vitro performance of inhalation formulations
is therefore assessed by determining the particle size distribution of the aerosol emitted from
the device. From this information, the fine particle dose (FPD), which approximates the
amount of drug which would be deposited in the lungs in-vivo, can be determined, by
calculating the mass of drug aerosolised as particles smaller than a defined cut-off diameter.
The cut-off diameter is chosen to reflect the upper limit of the particle size range that can
deposit in the lungs and is typically in the region of 5 µm8,9.
The pharmacopoeial and industry standard technique for the determination of drug aerosol
particle size distribution is inertial impaction10,11. This is because this method allows the
aerodynamic size distribution of the entire inhaled dose to be characterised in a way that is
specific to the drug and which ignores the size of any excipient particles that are present10. An
impactor is a device through which the aerosolised formulation is drawn in an airstream at a
defined flow rate. It passes through a series of stages which consist of a plate containing a
number of nozzles or jets with a defined diameter located above a flat collection surface
(Figure 4.1). As the aerosol passes from stage-to-stage, the nozzle size becomes progressively
smaller.
150

As the airstream passes through each stage, it changes direction (Figure 4.1). Any airborne
particles will therefore be subject to two forces: their momentum, which acts to keep them
travelling in their current direction, and the hydrodynamic force exerted by the air travelling in
the new direction8. Particles with a larger momentum, which is related to their mass and so to
their diameter, will therefore be more likely to change direction too slowly, and so impact on
the collection surface, removing them from the airstream.
Air flow
Nozzle

Collection surface
Figure 4.1: Schematic of a stage of an impactor.
For a given nozzle diameter, particles above a certain size (the cut-off diameter) will impact on
the collection surface. In practice, the efficiency with which particles of varying sizes impact in
a given stage follows a sigmoidal function, so the cut-off diameter for a given stage is
characterised by the aerodynamic diameter at which 50% of particles impact (C50)11. The cutoff diameter of a stage can be described using Stokes’ theorem11:

C 50 =

9ηn nW n
. St 50
4 ρ p C ae Q

Equation 4.1

where η is the viscosity of air, nn is the number of circular nozzles in the stage, Wn is the
nozzle diameter, ρp is the particle density, Cae is the Cunningham slip correction factor, Q is the
volumetric air flow rate and

St 50 is the square root of the Stokes number that gives a 50%

chance of particle deposition, which is ~0.49 for a well designed impactor.
It is therefore apparent that as nozzle size decreases, so does the cut-off of the stage. Each
successive stage in an impactor therefore collects particles that fall into a defined size range.
By passing the aerosolised formulation through an impactor and then recovering and
quantifying the amount of drug deposited on each stage, its aerodynamic particle size
distribution can be determined. In order to mimic the anatomy of the respiratory tract,
impactors also feature an induction port that is placed between the inhaler and the stages. This
contains a 90º bend and acts as a very simple model of the mouth and throat, enabling
deposition in this area to be approximated.
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This chapter reports the results of two sets of experiments which employed impactor devices
to examine the performance of ternary DPI formulations. Study I was performed with a
limited number of formulations and was followed by Study II, which examined the
performance of a much larger number of formulations in greater detail.
In order to enable rapid data acquisition, in-vitro formulation performance was assessed in
Study I by aerosolisation from a Diskus Top Filler (DTF) into a reduced Andersen cascade
impactor (ACI). The DTF is a laboratory tool designed to mimic the GlaxoSmithKline
Diskus® inhaler, whilst avoiding the need to fill and seal foil blisters with the formulation
under investigation. It consists of a feed unit that mimics the air passages and mouthpiece of
the Diskus® inhaler which fits over a bed unit containing ten pockets of the same size and
shape as Diskus® blisters. A hopper containing the formulation under test is run over these
pockets, filling them with a known volume of powder. As the density of different
formulations varies, the bed unit is weighed before and after filling, so that the total mass of
formulation filled is known.
The reduced ACI is produced by moving the filter stage of a full ACI from its usual position
below stage 7 to a position in between stages 0 and 1 (see Figure 4.2). At 60 l.min-1, the cut-off
of stage 0 is 6.2 µm12, meaning that FPD can be determined from the amount of drug trapped
on the filter. When used with DPI formulations, a pre-separator is included above stage 0.
This is a high capacity stage designed to trap large carrier particles to prevent their deposition
on stage 0 affected the efficiency of the impactor.
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Rubber mouthpiece

USP throat

Pre-separator
Filter

Stage 0
Filter stage
Stage 1

Stages 2 - 7

To pump
Figure 4.2: Schematic of a reduced Andersen cascade impactor, showing position of filter stage between stages 0
and 1.
Study II was performed using a conventional capsule based inhaler (the Rotahaler®), to enable
the aerosolisation of a consistent mass of formulations with different densities. In-vitro
formulation performance was assessed using a Next Generation Impactor (NGI), which is an
instrument recently designed specifically for pharmaceutical inhaler testing10. When used for
testing DPIs, it consists of a throat, pre-separator and eight stages, the last being a microorifice collector (MOC), which performs the role of a filter. It therefore enables a much more
detailed examination of the particle size distribution of the aerosol cloud than a reduced ACI.
When operated at a flow rate of 60 l.min-1, the cut-offs of each NGI stage are as follows13:



Throat and pre-separator:

>12.8 µm



Stage 1:

8.06 – 12.8 µm



Stage 2:

4.46 – 8.06 µm



Stage 3:

2.82 – 4.46 µm



Stage 4:

1.66 – 2.82 µm



Stage 5:

0.94 – 1.66 µm



Stage 6:

0.55 – 0.94 µm



Stage 7:

0.34 – 0.55 µm



MOC:

0.14 – 0.34 µm
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The FPD can therefore be defined as the mass of drug deposited on stages 3 and below
(<4.46 µm).
4.2

Methods

4.2.1

Formulation Blending

For both the Study I and Study II, binary (drug and carrier lactose) and ternary (drug, fines
and carrier lactose) formulations were produced using all four fine excipients (erythritol,
lactose, mannitol and trehalose). For Study I, only FP and SX were formulated, whilst all four
drugs (budesonide, FP, FFD and SX) were employed in Study II. Subtly different blending
techniques were employed for each set of experiments.
4.2.1.1 Study I
Binary formulations containing 2.5%w/w drug were prepared in 4 g batches by geometrically
mixing the drug and carrier lactose in a 35 ml glass jar for 45 seconds on a Whirlimixer (Fisons
Scientific Equipment, Loughborough, UK). The resultant blend was further mixed using a
Turbula shaker-mixer (Willy A Bachofen AG, Basel, Switzerland) at 46 rpm for 40 minutes.
This method was based on a technique used widely by other workers14,15.
Ternary formulations were prepared in two stages, an initial blend of coarse lactose and fine
excipient followed by a blend with the drug, as under certain circumstances, this blending
order has been shown to maximise ternary formulation performance (see Chapter 1). The
initial blends of 10.3%w/w fine excipient and coarse lactose were prepared in 20 g batches
following the blending technique employed for the binary formulations. These mixtures were
then blended with 2.5%w/w drug in 4 g batches (once again using the binary formulation
blending technique) to produce ternary formulations containing 2.5%w/w drug, 10%w/w fines
and 87.5%w/w carrier lactose. A fines concentration of 10%w/w was chosen as this has often
been found to give optimal ternary formulation performance (see Chapter 1).
4.2.1.2 Study II
Binary formulations containing 1.5%w/w drug were prepared in 4 g batches by geometrically
mixing the drug and carrier lactose in a 15 ml glass tube for 60 seconds on a Whirlimixer
(Fisons Scientific Equipment, Loughborough, UK). The resultant blend was further mixed
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using a Turbula shaker-mixer (Willy A Bachofen AG, Basel, Switzerland) at 46 rpm for 40
minutes.
Once again, ternary formulations were prepared by first blending the fines and coarse carrier.
The initial blends of 10.2%w/w fine excipient and coarse lactose were prepared in 50 g batches
in a 100 ml glass bottle following the blending technique employed for the binary
formulations. These mixtures were then blended with 1.5%w/w drug in 4 g batches using the
binary formulation blending technique to produce ternary formulations containing 1.5%w/w
drug, 10%w/w fines and 88.5%w/w carrier lactose.
All formulations were stored in a sealed desiccator containing silica gel.
4.2.2

Content Uniformity Determination

Following blending, the drug content uniformity of all the formulations was assessed. Each
formulation was spread evenly over a clean surface and ten samples of 10 ± 1 mg (Study I) or
33 ± 1 mg (Study II) taken from random positions. Each sample was dissolved with
sonication in 30%v/v water/70%v/v methanol (Study I) or 75%v/v acetonitrile/25%v/v water
(Study II) to 50 ml final volume and drug concentration assessed by HPLC. The proportion of
drug in each sample was calculated and the content uniformity expressed as the coefficient of
variation (Equation 3.4).
4.2.3

Capsule Filling

For Study II, each formulation manually loaded into size 3 gelatin capsules (Capsugel,
Bornem, Belgium). Fill weight was 33 ± 1 mg, giving a nominal dose of 482 ± 15 µg drug per
capsule. Following filling, capsules were stored in a sealed desiccator containing a saturated
solution of potassium carbonate (giving a relative humidity of 44%16) for at least 24 hours
prior to analysis.
4.2.4

In-vitro Formulation Performance Analysis

4.2.4.1 Study I
The ACI (Copley Scientific Ltd, Nottingham, UK) was assembled in reduced configuration
with pre-separator, having allowed the stage 0 collection plate to air dry following immersion
in a 1%v/v solution of silicone oil (Acros Organics, Geel, Belgium) in hexane. 10 ml of water
155

was placed in the pre-separator. The impactor was connected to a vacuum pump (Gast,
Benton Harbour, MI, USA) and the flow rate at the inlet to the throat set to 60 l.min-1 using a
rotameter (Glass Precision Engineering Ltd, Bedfordshire, UK). The formulation under test
was filled into the bed unit of the DTF and the fill mass noted. The bed unit was fitted to the
feed unit and attached to the throat of the reduced ACI using a rubber mouthpiece. The
contents of each DTF pocket were aerosolised into the reduced ACI by drawing air through
the apparatus at 60 l.min-1 for 3 seconds. Once the contents of all of the DTF pockets had
been aerosolised, the equipment was dismantled and the device, mouthpiece and throat, preseparator and stage 0, and filter, were washed down into separate known volumes of 30%v/v
water/70%v/v methanol, which were sonicated (to aid dissolution) and allowed to cool. The
concentration of drug in each solution was determined by HPLC, from which the mass of
drug deposited on each stage of the reduced ACI could be determined. Between experiments,
the impactor was washed in water and acetone and air dried.
Each formulation was tested twice in this way and in order to allow comparison of
formulations of different densities, the results normalised to assume a blister fill mass of 14
mg. This enabled the following parameters to be calculated: emitted dose (ED, mass of drug
recovered from the mouthpiece, throat, pre-separator, stage 0 and filter), fine particle dose
(FPD, the mass of drug recovered from the filter) and fine particle fraction (FPF, the FPD
expressed as a percentage of the ED). Analysis of variance (ANOVA) was used to compare
mean results and where significant differences were found (p<0.05), these were located with
Tukey’s Honestly Significant Difference test.
4.2.4.2 Study II
The NGI collection cups were immersed in a 1%v/v solution of silicone oil (Acros Organics,
Geel, Belgium) in hexane and allowed to air dry. The NGI (Copley Scientific Ltd,
Nottingham, UK) was then assembled with pre-separator (containing 15 ml of wash solvent),
connected to a vacuum pump (Gast, Benton Harbour, MI, USA) via a solenoid valve and the
flow rate at the inlet to the throat set to 60 l.min-1 using a digital flow meter (model DFM
2000, Copley Scientific Ltd, Nottingham, UK). A Rotahaler® (GlaxoSmithKline, Ware, UK)
was attached to the throat of the NGI using a rubber mouthpiece, a capsule inserted and then
opened by twisting the inhaler body. The contents of the capsule were aerosolised into the
NGI by drawing air through the apparatus at 60 l.min-1 for 4 seconds (controlled by the
solenoid valve). Once the contents of ten capsules had been aerosolised in this way, the
equipment was dismantled and the inhaler and capsules and each stage washed down into
separate known volumes of 75%v/v acetonitrile/25%v/v water, which were sonicated (to aid
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dissolution) and allowed to cool. The concentration of drug in each solution was determined
by HPLC, from which the mass of drug deposited on each stage of the NGI could be
determined. A similar quantification was performed to determine the deposition of excipient
on stages 1 to 7 and the MOC. Between experiments, the NGI was washed in water and
acetone, dried in an oven and allowed to cool to room temperature.
Each formulation was tested four times in this way and in order to allow comparison of
formulations with different recovered doses, the results normalised to 100% drug recovery.
Once again, the ED was defined as the mass of drug recovered from all parts of the NGI. The
FPD was the mass of drug recovered from stages 3 and below of the NGI and the FPF was
the FPD expressed as a percentage of the ED. Analysis of variance (ANOVA) was used to
compare mean results and where significant differences were found (p<0.05), these were
located with Tukey’s Honestly Significant Difference test. The drug mass median aerodynamic
diameter (MMAD) and its associated geometric standard deviation (GSD) were calculated
from the drug mass deposition on stages 1 to 7 and the MOC.
4.2.4.3 High Performance Liquid Chromatography
Drug and excipient concentrations were determined by HPLC, using the equipment described
in Section 3.3.2.3. Budesonide, FP and SX were analysed using the method described in this
section using standard solutions produced in 75%v/v acetonitrile/25%v/v water.
FFD was analysed using a 4.6 mm × 50 mm 5 µm Supelcosil LC-SI column (Supelco,
Bellefonte, PA, USA). The mobile phase consisted of 50%v/v acetonitrile, 49%v/v water and
1% of an ion pairing solution. This consisted of a 0.11%w/v solution of heptane sulphonic acid
(Fisher Scientific UK, Loughborough, UK) adjusted to pH 3.0 by drop-wise addition of glacial
acetic acid (Fisher Scientific UK, Loughborough, UK). The flow rate was 1.75 ml.min-1,
column temperature 30ºC, injection volume 200 µl and UV detection wavelength 218 nm,
which gave a retention time of 9.0 minutes. The relationship between FFD concentration (0.1,
0.25, 0.5, 2, 10 and 50 µg/ml-1) and peak area was found to be linear, with linear regression
analysis yielding a R2 of 1.0000 (Figure 4.3). The assay was unaffected by the presence of any
of the study excipients.
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Figure 4.3: HPLC calibration curve (two injections) for FFD.
Erythritol, lactose, mannitol and trehalose were analysed using a 4 mm × 250 mm 5 µm APS-2
Hypersil amino column (Thermo Electron Corporation, Waltham, MA, USA). The mobile
phase consisted of 75%v/v acetonitrile and 25%v/v water. The flow rate was 1.00 ml.min-1,
column temperature 30ºC and injection volume 100 µl. Detection was by a PL-ELS 1000
evaporative light scattering detector (Polymer Laboratories Ltd, Church Stretton, UK)
operating with a nitrogen flow rate of 1.5 l.min-1, a nebuliser temperature of 60ºC and an
evaporator temperature of 110ºC. Excipient retention time was 4.2 minutes (erythritol), 7.7
minutes (lactose), 5.4 minutes (mannitol) and 6.9 minutes (trehalose), so a run time of 10
minutes was employed. Concentration was determined by examination of peak area for
erythritol, lactose and mannitol, and by peak height for trehalose, to avoid interference from
the lactose peak.
The relationship between concentration (5, 10, 25, 50 and 100 µg/ml-1) and peak area/height
for each excipient was examined (Figure 4.4). This was found to be linear for erythritol and to
follow a quadratic function for lactose, mannitol and trehalose (as is commonly seen with
evaporative light scattering detection17) with a high degree of correlation in each case (see
Figure 4.4). The assay was unaffected by the presence of any of the study drugs.
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Figure 4.4 (continued on next page): HPLC calibration curves for erythritol, lactose, mannitol and erythritol.
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Figure 4.4 (continued from previous page): HPLC calibration curves for erythritol, lactose, mannitol and
trehalose.
4.3

Results And Discussion

4.3.1

Study I

4.3.1.1 Content Uniformity
The CV of the drug content of the ten formulations tested is shown in Table 4.1. As these
data show, the FP formulations were uniformly blended, with a CV <6%, which is the value
commonly taken as sufficiently uniform for DPI systems. The formulation containing
trehalose fines had a considerably lower CV compared to the other FP formulations; there is
no obvious explanation for this beyond experimental variation.
Table 4.1: Study I formulation drug content uniformity (expressed as coefficient of variation).
FP

SX

Binary Formulation 4.38% 10.37%
Erythritol Fines

5.85% 12.00%

Lactose Fines

4.10% 15.06%

Mannitol Fines

4.43% 18.40%

Trehalose Fines

1.45% 26.71%

The formulations containing SX were considerably less uniform, with a CV >10% in all cases.
This may be explained by reference to the SX-lactose CAB ratio (Table 3.4), which quantifies
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the cohesion of SX as 2.39 times greater than its adhesion to lactose. During blending
therefore, SX would be expected to form cohesive agglomerates rather than to adhere to the
carrier lactose forming a uniform ordered mixture. On the other hand, the FP-lactose CAB
ratio was 0.22 (Table 3.4), so FP would be expected to preferentially form an uniform, ordered
mixture with the carrier lactose.
For the purposes of this study, it was important that all formulations were blended in a
consistent manner, in order to allow the effects of varying CAB ratios to be seen. In addition,
a relatively low shear blending procedure was employed to ensure that subtle differences in
blend structure caused by varying CAB ratios would not be overcome by putting a large
amount of energy into the formulation during mixing. For these reasons, the blending process
was not altered in order to produce SX formulations with a CV <6%.
4.3.1.2 Drug Impactor Deposition
The mean mass of drug deposited per blister on each stage of the reduced ACI for each
formulation is shown in Table 4.2 and Figure 4.5. Table 4.2 also shows the ED and FPF. The
FPD (filter deposition) and FPF are shown in Figure 4.6. As these data show, there was
considerable variability in the amount of the binary formulation of SX retained in the DTF
inhaler device, which led to variability in the stage deposition of this formulation. The reason
for such variability is unclear, but was immediately obvious during the experiment, as some
DTF blisters emptied completely upon aerosolisation, whilst a considerable amount of
formulation remained in others. Given that it was already planned to use a different inhaler
device in Study II, this phenomenon was not investigated further.
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Table 4.2: Impactor deposition per blister of drug aerosolised from the various Study I formulations (n = 2).
Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation
Device

Mouthpiece & Throat Pre-separator & Stage 0

Mean ED
(µg ± SD)

Mean FPF
(% ± SD)

Filter

FP Binary

29.4 ± 2.7

39.3 ± 2.5

193.8 ± 0.6

15.3 ± 1.7

248.4 ± 0.2

6.2 ± 0.7

FP Erythritol Fines

26.3 ± 1.1

56.0 ± 1.6

179.2 ± 3.8

45.1 ± 2.1

280.4 ± 7.5

16.1 ± 0.3

FP Lactose Fines

41.2 ± 6.1

70.2 ± 7.3

186.9 ± 11.6

39.8 ± 2.1 297.0 ± 16.8

13.5 ± 1.5

FP Mannitol Fines

40.2 ± 6.4

50.7 ± 8.3

171.8 ± 7.4

56.0 ± 1.5 278.6 ± 17.1

20.1 ± 0.7

FP Trehalose Fines

30.6 ± 0.8

54.8 ± 2.6

188.4 ± 2.9

39.2 ± 0.8

282.3 ± 0.6

13.9 ± 0.3

SX Binary

38.4 ± 34.0

16.8 ± 1.4

100.7 ± 29.3

21.0 ± 3.8 138.5 ± 34.5

15.3 ± 1.0

SX Erythritol Fines

14.0 ± 8.1

23.1 ± 1.5

110.8 ± 5.0

46.0 ± 0.8

180.0 ± 7.3

25.6 ± 0.6

SX Lactose Fines

15.4 ± 8.6

26.8 ± 8.6

105.7 ± 3.4

41.8 ± 3.0 174.2 ± 15.1

24.0 ± 0.3

SX Mannitol Fines

7.8 ± 0.8

18.6 ± 0.5

88.1 ± 2.0

59.7 ± 3.4

166.4 ± 0.9

35.9 ± 1.8

SX Trehalose Fines

11.2 ± 0.4

21.8 ± 1.5

101.1 ± 0.3

42.1 ± 2.9

164.9 ± 1.1

25.5 ± 1.6
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Figure 4.5: Impactor deposition per blister of drug aerosolised from the various Study I formulations (n = 2).
MP & T = mouthpiece and throat; PS & S0 = pre-separator and stage 0.
Using ANOVA, no significant differences between the EDs of the various FP formulations
(p=0.054) or SX formulations (p=0.283) were found. However, as shown in Figure 4.6,
formulation performance of both drugs was found to vary (p<0.001 for the FPD and FPF of
both drugs). For either drug, both the FPD and FPF of the binary formulation were
significantly lower than those of the ternary formulations, once again demonstrating that the
addition of fines to a DPI system results in increased performance. In addition, for both
drugs, the formulation containing mannitol fines produced a significantly higher FPD and
FPF than the other ternary formulations.
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Figure 4.6: FPD per blister and FPF of the various Study I formulations. # - significantly less than other
formulations; * - significantly greater than other formulations.
The finding that different fines produced varying levels of performance suggested that the
comparison of the performance of formulations containing different drugs and fines (and thus
possessing varying magnitudes of interparticulate forces) might be successful in further
elucidating the mechanism(s) responsible for the effects of fines. For both FP and SX,
however, mannitol fines produced the best performance, so it was unclear whether this could
be attributed to one or other of the intrinsic properties of mannitol (for example, its particle
size distribution) or to the magnitude of the interparticulate forces between mannitol and the
other formulation components. It is noteworthy, however, that the FP-mannitol and SXmannitol CAB ratios were similar (0.46 ± 0.03 and 0.65 ± 0.01, respectively, see Table 3.4). It
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was therefore decided to expand the available data by carrying out the more detailed Study II,
using all four drugs and all four excipients to yield twice the amount of information as Study I.
4.3.2

Study II

4.3.2.1 Content Uniformity
The CV of the drug content of the twenty formulations tested is shown in Table 4.3. As these
data show, not all the formulations had a drug CV <6%, which is the value commonly taken
as sufficiently uniform for DPI systems. As previously described, however, for the purposes
of this study it was important that all formulations were blended with a consistent, low shear,
method. The blending process was therefore not altered in order to bring the CV of all the
formulations to <6%.
Table 4.3: Study II formulation drug content uniformity (expressed as coefficient of variation).
Budesonide

FP

FFD

SX

Binary Formulation

5.67%

4.90%

5.17%

4.77%

Erythritol Fines

4.77%

5.62%

7.69%

5.10%

Lactose Fines

6.92%

6.10%

7.83%

6.58%

Mannitol Fines

6.74%

3.85%

2.90%

3.74%

Trehalose Fines

9.35%

4.44% 10.22% 1.57%

The content uniformities of the various formulations were largely similar to each other. Unlike
the Study I formulations, the two drugs with a cohesive drug-lactose CAB ratio (FFD and SX)
did not produce less uniform blends than the two drugs with an adhesive drug-lactose CAB
ratio (budesonide and FP). This may be attributed to the slight changes in blending technique
and drug concentration introduced for Study II.
4.3.2.2 Drug Impactor Deposition
The mean mass of drug deposited per capsule on each stage of the NGI for each formulation
is shown in Table 4.4 and Figure 4.7. Table 4.4 also shows the ED, FPD (stages 3 and below),
FPF and MMAD of each formulation.
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Table 4.4 (continued on next page): NGI deposition per capsule of drug aerosolised from the various Study II formulations (n = 4).
BUD = budesonide; D & C = device and capsules; MP & T = mouthpiece and throat; PS = pre-separator; S = stage.
Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation

Mean ED
(µg ± SD)

Mean FPD
(µg ± SD)

Mean
FPF
(% ± SD)

MMAD
(µm ± GSD)

D&C

MP &
T

PS

S1

S2

S3

S4

S5

S6

S7

MOC

BUD Binary

191.3 ±
9.7

27.6 ±
5.5

226.4 ±
4.9

6.1 ±
0.1

11.7 ±
0.7

10.3 ±
1.5

6.3 ±
1.2

1.9 ±
0.6

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

290.5 ±
9.7

18.6 ± 3.3

6.4 ± 1.1

4.4 ± 1.8

BUD Erythritol
Fines

200.1 ±
23.4

33.3 ±
2.0

190.0 ±
18.4

17.0 ±
1.4

19.5 ±
1.5

11.1 ±
0.8

7.3 ±
0.3

2.9 ±
0.1

0.6 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

281.7 ±
23.4

22.0 ± 1.2

7.8 ± 0.5

5.5 ± 2.2

BUD Lactose
Fines

208.0 ±
11.5

31.1 ±
3.5

170.2 ±
7.8

14.4 ±
0.6

23.7 ±
1.7

17.2 ±
1.9

11.8 ±
1.3

4.3 ±
0.5

1.2 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

273.8 ±
11.5

34.5 ± 3.7

12.6 ± 1.4

4.6 ± 2.1

BUD Mannitol
Fines

193.4 ±
3.2

34.0 ±
3.0

185.7 ±
2.4

14.8 ±
0.4

22.2 ±
1.2

16.0 ±
1.4

10.8 ±
1.0

3.8 ±
0.3

1.0 ±
0.3

0.0 ±
0.0

0.0 ±
0.0

288.3 ±
3.2

31.6 ± 2.8

11.0 ± 1.0

4.7 ± 2.1

BUD Trehalose
Fines

192.9 ±
21.7

33.6 ±
2.6

202.2 ±
17.7

14.2 ±
0.9

18.4 ±
1.1

10.4 ±
0.8

6.9 ±
0.6

2.5 ±
0.3

0.7 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

288.9 ±
21.7

20.5 ± 1.9

7.1 ± 0.3

5.3 ± 2.1

FP Binary

131.8 ±
14.2

20.2 ±
2.0

316.5 ±
13.3

3.5 ±
0.1

3.0 ±
0.1

2.8 ±
0.2

3.0 ±
0.3

0.9 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

349.9 ±
14.2

6.7 ± 0.7

1.9 ± 0.2

4.7 ± 2.1

FP Erythritol
Fines

178.1 ±
19.4

35.9 ±
2.3

222.7 ±
15.4

19.8 ±
2.3

13.4 ±
1.6

5.9 ±
0.7

4.5 ±
0.6

1.5 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

303.7 ±
19.4

11.9 ± 1.5

3.9 ± 0.3

7.2 ± 2.2

FP Lactose Fines

178.8 ±
15.3

38.8 ±
4.0

209.3 ±
9.6

17.0 ±
1.2

17.7 ±
1.5

10.1 ±
1.1

7.5 ±
1.0

2.6 ±
0.4

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

302.9 ±
15.3

20.1 ± 2.4

6.6 ± 0.7

5.6 ± 2.1

FP Mannitol
Fines

173.0 ±
24.2

29.0 ±
2.0

230.7 ±
18.2

12.2 ±
1.6

14.4 ±
2.2

10.6 ±
1.7

8.8 ±
1.4

2.9 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

308.7 ±
24.2

22.4 ± 3.4

7.2 ± 0.8

4.9 ± 2.0
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Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation

Mean ED
(µg ± SD)

Mean FPD
(µg ± SD)

Mean
FPF
(% ± SD)

MMAD
(µm ± GSD)

D&C

MP &
T

PS

S1

S2

S3

S4

S5

S6

S7

MOC

FP Trehalose
Fines

171.3 ±
15.5

28.3 ±
2.5

235.4 ±
14.6

12.8 ±
0.5

15.5 ±
1.0

9.2 ±
0.9

6.4 ±
0.7

2.2 ±
0.2

0.6 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

310.4 ±
15.5

18.3 ± 1.8

5.9 ± 0.7

5.3 ± 2.1

FFD Binary

149.0 ±
17.5

18.0 ±
3.2

293.4 ±
18.7

3.2 ±
0.1

2.5 ±
0.2

4.8 ±
0.4

7.5 ±
1.2

2.7 ±
0.5

0.5 ±
0.1

0.0 +
0.0

0.0 +
0.0

332.7 ±
17.5

15.6 ± 2.1

4.7 ± 0.5

3.3 ± 2.0

FFD Erythritol
Fines

184.0 ±
19.3

34.8 ±
1.9

208.9 ±
16.0

22.7 ±
2.3

15.2 ±
1.6

6.6 ±
0.7

6.8 ±
0.9

2.6 ±
0.3

0.0 ±
0.0

0.0 +
0.0

0.0 +
0.0

297.7 ±
19.3

16.1 ± 1.5

5.4 ± 0.6

6.8 ± 2.4

FFD Lactose
Fines

185.8 ±
23.4

25.7 ±
2.2

208.1 ±
15.7

11.9 ±
0.8

13.7 ±
1.3

12.2 ±
1.8

16.1 ±
3.6

6.7 ±
1.2

1.5 ±
0.4

0.0 ±
0.0

0.0 +
0.0

295.9 ±
23.4

36.5 ± 6.6

12.3 ± 1.4

3.9 ± 2.1

FFD Mannitol
Fines

196.0 ±
27.0

27.8 ±
2.2

209.4 ±
22.9

10.5 ±
1.3

12.5 ±
0.9

10.3 ±
0.8

10.9 ±
1.0

3.6 ±
0.4

0.8 ±
0.2

0.0 ±
0.0

0.0 +
0.0

285.8 ±
27.0

25.6 ± 2.1

9.0 ± 0.6

4.3 ± 2.1

FFD Trehalose
Fines

182.3 ±
19.6

28.9 ±
2.6

220.4 ±
17.4

12.5 ±
1.9

15.8 ±
2.5

9.9 ±
1.8

8.0 ±
1.7

3.2 ±
0.7

0.8 ±
0.0

0.0 ±
0.0

0.0 +
0.0

299.5 ±
19.6

21.9 ± 3.8

7.3 ± 1.4

4.9 ± 2.1

SX Binary

120.6 ±
9.0

21.8 ±
4.5

317.0 ±
9.6

5.6 ±
0.4

4.4 ±
0.2

2.9 ±
0.2

5.2 ±
0.4

3.4 ±
0.3

0.9 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

361.1 ±
9.0

12.3 ± 1.0

3.4 ± 0.2

4.0 ± 2.5

SX Erythritol
Fines

156.5 ±
15.1

32.9 ±
7.5

223.7 ±
8.1

22.3 ±
4.7

20.3 ±
3.7

9.2 ±
1.8

9.6 ±
2.5

5.7 ±
1.9

1.5 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

325.2 ±
15.1

26.0 ± 6.8

7.9 ± 1.7

5.5 ± 2.5

SX Lactose Fines

151.1 ±
8.0

27.3 ±
3.8

243.4 ±
4.7

15.0 ±
1.1

16.9 ±
1.2

10.5 ±
0.7

10.5 ±
1.0

5.6 ±
0.7

1.5 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

330.6 ±
8.0

28.2 ± 2.6

8.5 ± 0.8

4.6 ± 2.3

SX Mannitol
Fines

159.0 ±
23.6

27.0 ±
3.6

230.7 ±
20.5

13.1 ±
2.3

15.2 ±
2.5

11.5 ±
1.7

14.3 ±
2.6

8.3 ±
1.6

2.1 ±
0.4

0.6 ±
0.1

0.0 ±
0.0

322.8 ±
23.6

36.8 ± 6.4

11.4 ± 1.8

3.8 ± 2.3

SX Trehalose
Fines

154.5 ±
18.6

28.6 ±
3.4

234.1 ±
10.6

16.9 ±
2.3

19.5 ±
3.4

10.9 ±
2.2

10.3 ±
3.0

5.5 ±
1.9

1.5 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

327.2 ±
18.6

28.2 ± 7.7

8.6 ± 2.0

4.8 ± 2.3
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Figure 4.7 (continued on next page): NGI deposition per capsule of drug aerosolised from the various Study II
formulations (n = 4). D & C = device and capsules; MP & T = mouthpiece and throat; PS = preseparator.
168

350

FFD Formulations
Binary
Erythritol Fines
Lactose Fines
Mannitol Fines
Trehalose Fines

250
200
150

PS

T

M

P

&

&
D

St
ag
e
1
St
ag
e
2
St
ag
e
3
St
ag
e
4
St
ag
e
5
St
ag
e6
St
ag
e
7
M
O
C

35
30
25
20
15
10
5
0

C

Drug Deposition (µ
µg ± SD)

300

350

SX Formulations

300

Binary
Erythritol Fines
Lactose Fines
Mannitol Fines
Trehalose Fines

Drug Deposition (µ
µg ± SD)

250
200
150
100
40
30
20
10

St
ag
e
1
St
ag
e
2
St
ag
e
3
St
ag
e
4
St
ag
e
5
St
ag
e6
St
ag
e
7
M
O
C

PS

&
P
M

D

&

T

C

0

Figure 4.7 (continued from previous page): NGI deposition per capsule of drug aerosolised from the various
Study II formulations (n = 4). D & C = device and capsules; MP & T = mouthpiece and throat; PS =
pre-separator.
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As Figure 4.8 shows, using ANOVA significant differences in the EDs of the FP and SX
formulations were found (p=0.011 and p=0.023, respectively). The ED of the FP binary
formulation was significantly greater than those of the respective ternary formulations
containing erythritol, lactose or mannitol fines. The ED of the SX binary formulation was
significantly greater than those of the respective ternary formulations containing erythritol or
mannitol fines. Inspection of Figure 4.8 also suggests that a less rigorous statistical test than
Tukey’s Honestly Significant Difference test may have found significant differences between
the EDs of all the ternary formulations of FP and SX and their respective binary formulations.
No significant differences were found between the EDs of the various budesonide and FFD
formulations (p=0.562 and p=0.070, respectively). It is also noticeable that the ED varied
between drugs, with budesonide formulations producing EDs considerably lower than those
of the other three drugs.
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Figure 4.8: The ED per capsule of each of the Study II formulations (n = 4). * = ED significantly less than
ED of respective binary formulation.
The finding that the addition of fines to a formulation can reduce its ED is entirely in
accordance with previous work in the area, as discussed in Chapter 1. The additional finding
that even when formulation processing and aerosolisation conditions are kept constant, the
magnitude of this effect depends on the particular combination of drug and fines may explain
why the literature data in this area are inconsistent.
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Figure 4.9 (continued from previous page): FPD per capsule and FPF of the various Study II formulations. *
= significantly > binary formulation; £ = significantly < mannitol ternary formulation; # = significantly <
lactose and mannitol ternary formulations; & = significantly < lactose, mannitol and trehalose ternary
formulations; $ = significantly > mannitol and trehalose ternary formulations.
As shown in Figure 4.9, the performance of the various Study II formulations, as measured by
both FPD and FPF, showed a considerable number of significant differences (ANOVA
p<0.001 in all cases). As has been previously shown (see Chapter 1), in the vast majority of
cases, the addition of fines led to a significant increase in formulation performance, although
this was not the case with every formulation. For example, the addition of erythritol or
trehalose fines did not produce a significant increase in the FPD of budesonide or FFD.
Although rare, there are reports in the literature showing that, depending on the formulation
materials and processing methods, the addition of fines to a formulation may not change its
performance18,19, so these findings are not entirely unexpected.
It is noticeable that the relationship between the formulation MMAD and FPD or FPF was, at
times, counterintuitive. With the exception of the formulation containing SX and mannitol
fines, the MMADs of the ternary formulations are larger than those of the respective binary
formulations, despite the better performance (in terms of FPD and FPF) of the former. As a
smaller particle size results in deeper lung penetration (see Chapter 1), it would be expected
that better performance would be associated with a smaller MMAD. Inspection of the stage
drug deposition data shown in Table 4.4 and Figure 4.7 provides an explanation for this
phenomenon. These show that the improved performance of the ternary formulations occurs
because less drug is deposited in the pre-separator and more drug is deposited on the stages of
the NGI, when compared to the binary formulations. There is thus more drug deposited on
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stage 3 and below, giving a higher FPD, but also more drug deposited on stages 1 and 2. As
the MMAD was calculated using only the stage deposition data, the presence of more drug on
stages 1 and 2 resulted in a larger MMAD for the ternary formulations, despite their higher
FPD. Were it possible to calculate MMAD using the pre-separator deposition as well as stage
deposition, this phenomenon may not have occurred. This approach is not possible, however,
as a significant proportion of the drug deposited in the pre-separator is likely to have been
adhered to carrier particles and thus should not be included in the MMAD calculation. When
the binary formulations are not considered, the expected relationship between smaller MMAD
and larger FPD/FPF becomes apparent.
Using the FPD and FPF data, it is possible to draw up rank orders showing the effects of the
various fines on the performance of the four different drugs:
Budesonide formulations: Lactose > Mannitol > Erythritol > Trehalose
FP formulations: Mannitol > Lactose > Trehalose > Erythritol
FFD formulations: Lactose > Mannitol > Trehalose > Erythritol
SX formulations: Mannitol > Trehalose > Lactose > Erythritol

The rank orders for each of the four drugs are different to each other, suggesting the varying
effects of the different fines are not attributable to one or other of their intrinsic properties,
for example, their particle size distributions or particle shapes. Rather, this data suggests that
their varying effects are attributable to a property that varies depending upon the drug with
which they are formulated. One such property is the magnitude of the adhesion between the
drug and fines particles. It is therefore valid to proceed with the basic plan for this study and
make a comparison between formulation performance data and drug-fines interparticulate
forces, as measured by CAB ratios (Chapter 3). This comparison is described Section 4.3.3,
which follows discussion of the excipient impactor deposition measurements from Study II in
Section 4.3.2.3.
4.3.2.3 Excipient Impactor Deposition
The mean mass of carrier lactose (binary formulations) or fine excipient (ternary formulations)
deposited per capsule on each stage of the NGI for each formulation is shown in Table 4.5
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and Figure 4.10. Table 4.4 also shows the excipient FPD (stages 3 and below). No excipient
was detected on stages 5 and below for any of the formulations.
Table 4.5: NGI stage deposition per capsule of carrier lactose (binary formulations) or fine excipient (ternary
formulations) aerosolised from the Study II formulations (n = 4). No excipient was detected on stages 5 and
below. BUD = budesonide.
Formulation

Mean Excipient Deposition on Impactor Stages
(µg ± SD)

Mean FPD
(µg ± SD)

Stage 1

Stage 2

Stage 3

Stage 4

BUD Binary

43.4 ± 3.3

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

BUD Erythritol Fines

203.0 ± 40.5

184.4 ± 3.6

82.1 ± 35.5

40.5 ± 29.1

122.6 ± 64.2

BUD Lactose Fines

251.3 ± 15.5

173.2 ± 9.2

55.1 ± 13.7

26.3 ± 3.8

81.4 ± 17.4

BUD Mannitol Fines

236.3 ± 6.6

157.8 ± 14.4

51.7 ± 14.2

25.5 ± 7.1

77.2 ± 21.0

BUD Trehalose Fines

223.0 ± 6.3

188.2 ± 13.6

55.9 ± 5.3

28.6 ± 4.8

84.5 ± 6.8

FP Binary

61.2 ± 5.8

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

FP Erythritol Fines

189.0 ± 36.2

129.4 ± 57.2

46.4 ± 7.0

0.0 ± 0.0

46.4 ± 7.0

FP Lactose Fines

284.3 ± 43.3

173.2 ± 21.9

46.9 ± 12.4

0.0 ± 0.0

46.9 ± 12.4

FP Mannitol Fines

188.1 ± 33.4

125.6 ± 18.9

35.8 ± 4.9

0.0 ± 0.0

35.8 ± 4.9

FP Trehalose Fines

208.1 ± 22.9

167.6 ± 21.5

55.6 ± 6.9

0.0 ± 0.0

55.6 ± 6.9

FFD Binary

60.5 ± 15.9

26.2 ± 7.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

FFD Erythritol Fines

230.1 ± 90.8

167.1 ± 39.1

130.1 ± 49.2

0.0 ± 0.0

130.1 ± 49.2

FFD Lactose Fines

384.2 ± 87.5

277.7 ± 79.7

102.7 ± 41.8

42.9 ± 10.7

145.6 ± 51.3

FFD Mannitol Fines

184.1 ± 26.2

126.2 ± 16.4

40.1 ± 9.7

0.0 ± 0.0

40.1 ± 9.7

FFD Trehalose Fines

200.7 ± 32.5

181.8 ± 33.1

70.3 ± 20.9

31.7 ± 9.6

102.1 ± 29.0

SX Binary

52.9 ± 11.2

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

SX Erythritol Fines

272.0 ± 122.7

187.6 ± 123.2

52.3 ± 27.4

0.0 ± 0.0

52.3 ± 27.4

SX Lactose Fines

212.0 ± 30.6

146.9 ± 19.2

56.5 ± 5.2

0.0 ± 0.0

56.5 ± 5.2

SX Mannitol Fines

145.2 ± 59.9

99.3 ± 30.8

36.8 ± 13.2

0.0 ± 0.0

36.8 ± 13.2

SX Trehalose Fines

195.0 ± 52.5

175.4 ± 48.9

61.0 ± 18.5

27.6 ± 7.6

88.6 ± 26.0
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Figure 4.10 (continued on next page): NGI deposition per capsule of carrier lactose (binary formulations) or
fine excipient (ternary formulations) from the Study II formulations (n = 4).
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Figure 4.10 (continued from previous page): NGI deposition per capsule of carrier lactose (binary formulations)
or fine excipient (ternary formulations) from the Study II formulations (n = 4).
As with drug deposition, there were considerable differences in excipient deposition between
the different Study II formulations. The binary formulations (which did not contain any
micronised fine excipient) did not produce deposition lower than stage 1 (budesonide, FP and
SX) or stage 2 (FFD), confirming the low level of intrinsic fines in the etched lactose carrier
discussed in Chapter 2. As would be expected, the addition of micronised fines to produce
ternary formulations resulted in much greater stage deposition, with excipient detected as far
as stage 4 for certain formulations, although deposition was found to vary between
formulations. To investigate this further, the excipient FPD for each formulation was
calculated (Table 4.5 and Figure 4.11).
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µg ± SD)
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Figure 4.11: Excipient FPD per capsule for the Study II formulations (n = 4). * = significantly greater than
mannitol FPD.
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The variation in excipient deposition between different formulations was reflected by
significant differences in the excipient FPDs for the FP, FFD and SX formulations (p=0.040,
0.011 and 0.022 respectively, see Figure 4.11). No significant differences were found in the
budesonide formulation excipient FPDs (p=0.281).
It should be noted that although the excipient deposition from the lactose fines ternary
formulations would have been a combination of both carrier lactose and lactose fines, as
carrier deposition from the binary formulations was never found beyond stage 2, the lactose
FPD (stages 3 and below) can be assumed to result from only additional lactose fines.
As with the drug deposition data, it is possible to draw up rank orders of the fine excipient
FPD from the various ternary formulations:
Budesonide formulations: Erythritol > Trehalose > Lactose > Mannitol
FP formulations: Trehalose > Lactose > Erythritol > Mannitol
FFD formulations: Lactose > Erythritol > Trehalose > Mannitol
SX formulations: Trehalose > Lactose > Erythritol > Mannitol

Once again, there is variation in the rank orders for each of the four drugs, suggesting the
varying FPD of the fines is not attributable to one or other of their intrinsic properties, for
example, their particle size distributions or particle shapes. Rather, this data suggests that it is
attributable to a property that varies depending upon the drug with which they are formulated,
such as the magnitude of the adhesion between the drug and fines particles, confirming the
findings of the study of drug performance. The next section will, therefore, consider the
relationship between formulation performance data and drug-fines interparticulate forces, as
measured by CAB ratios (Chapter 3).
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4.3.3

The Relationship Between Formulation CAB Ratios and Performance

As discussed above and in Chapter 1, the aim of these studies (Study I and Study II), which
now appears to be valid, was to compare the performance of ternary formulations with their
interparticulate interactions, in an attempt to further elucidate the mechanism(s) responsible
for the effects of fines. Inspection of Figure 4.9 reveals, however, that the overall performance
of the four drugs varied considerably, with, for example, FP producing considerably poorer
performance than FFD. This is further revealed by examination of Figure 4.12, which is a plot
of formulation FPF against ED. Such a graph enables the grey “isodose curves” (which show
the locus of a particular FPD) to be plotted, using the following equation:
FPF =

100 × FPD
ED

Equation 4.2

where FPF is the fine particle fraction, ED is the emitted dose and FPD is the fine particle
dose to which the isodose curve is to relate.
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Figure 4.12: The relationship between FPF, ED and FPD for the twenty Study II formulations. Both graphs
show the same data, with the error bars omitted from the lower graph for clarity.  = binary formulations; 
= formulations containing erythritol fines;  = formulations containing lactose fines;  = formulations
containing mannitol fines;  = formulations containing trehalose fines. Black = budesonide formulations; red
= FP formulations; green = FFD formulations; blue = SX formulations.
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Inspection of Figure 4.12 reveals how the data relating to ternary formulations of a particular
drug tend to be grouped in the same area of the graph. The data relating to binary
formulations fall in a different area of the graph, but show the same distribution relative to
each other as their respective ternary formulations. For example, SX formulation data tends to
occur at higher EDs and FPFs than FP formulation data. This can be attributed to the varying
physicochemical properties of each drug giving it an intrinsic level of performance. As many
of the physicochemical properties of these drugs have been found to be similar (see Chapter
2), it may be that one of the most important factors in controlling drug intrinsic performance
is its CAB ratio with the carrier, which has been previously shown to have a dramatic effect on
formulation performance1,7 (see also Chapter 7).
Given this phenomenon, any attempt to pool the performance data for formulations of the
four drugs and compare them to CAB ratios would be unlikely to succeed, as the differences
in the intrinsic performance of the drugs would outweigh variations in formulation
performance attributable to differing interactions between various types of particle. Ternary
formulation drug FPD was, therefore, normalised, by division by the drug FPD of the
respective binary formulation. Thus the variation in the intrinsic performance of the four
drugs was cancelled out, with the resultant data showing the relative improvement in
performance brought about by the addition of fines to the formulation. These data are shown
in Table 4.6. The normalised FPD standard deviation was estimated using the following
equation, which estimates the standard deviation (dc) of a value (c) calculated by

multiplying

or dividing mean values (m) with associated standard deviations (dm)20:

 dm
dc = c ∑  i
i =1  m i
n





2

Equation 4.3

Table 4.6: Normalised FPDs for both the Study I and Study II ternary formulations.
Normalised FPD ± SD
Study I
FP

Study II
SX

BUD

FP

FFD

SX

Erythritol
fines

2.95 ± 0.35 2.19 ± 0.40

1.18 ± 0.22

1.78 ± 0.29 1.03 ± 0.17 2.11 ± 0.58

Lactose
fines

2.60 ± 0.32 1.99 ± 0.39

1.85 ± 0.38

3.00 ± 0.48 2.34 ± 0.53 2.29 ± 0.28

Mannitol
fines

3.66 ± 0.41 2.84 ± 0.54

1.70 ± 0.34

3.34 ± 0.62 1.64 ± 0.26 2.99 ± 0.58

Trehalose
2.56 ± 0.29 2.00 ± 0.39
fines

1.10 ± 0.22

2.73 ± 0.40 1.40 ± 0.31 2.29 ± 0.65
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As Figure 1.8 shows, there are 6 different types of adhesion or cohesion between the various
types of particle in a ternary DPI formulation, each of which could have an effect on
formulation behaviour and performance. These can be quantified by six different CAB ratios:
drug-fines, fines-drug, drug-carrier, carrier-drug, fines-carrier and carrier-fines. By normalising
the FPD data, the effects of the drug-carrier and carrier-drug CAB ratios, which, as discussed,
can affect the intrinsic performance of a drug, have been cancelled out and so need not be
considered further. Section 3.4.3 demonstrates that the behaviour of drug and fines mixtures
can be characterised by the drug-fines CAB ratio, but not by the fines-drug CAB ratio. By
applying the same principles, it can be assumed that the interaction of the fines with the
carrier is best characterised by the fines-carrier CAB ratio. From the six potential CAB ratios,
therefore, there are only two with which formulation performance should be compared: finescarrier and drug-fines. This comparison was therefore made, by plotting the normalised FPDs
of the Study II formulations against these two CAB ratios (Figure 4.13 and 4.14, respectively).
CAB ratios were taken from Table 3.4.

Normalised Drug FPD ± SD
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Figure 4.13: The relationship between Study II ternary formulation normalised FPD and fines-carrier CAB
ratio.  = formulations containing erythritol fines;  = formulations containing lactose fines;  =
formulations containing mannitol fines;  = formulations containing trehalose fines. Black = budesonide
formulations; red = FP formulations; green = FFD formulations; blue = SX formulations.
As Figure 4.13 shows, there was no apparent relationship between the fines-carrier CAB ratios
and the normalised FPDs of the Study II ternary formulations. One of the mechanisms which
has been proposed to explain the effects of fines on DPI formulation performance is the
passivation of “active sites” on the surface of the carrier by the adhesion of fines (see Section
1.4.10.1). If this were the mechanism at work, fines that were more adhesive to the carrier (i.e.
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those with a smaller fines-carrier CAB ratio) would be expected to produce larger increases in
formulation performance than less adhesive fines. As no such relationship is evident in Figure
4.13, it can be concluded that this mechanism was possibly not responsible for the improved
performance of the Study II ternary formulations. As discussed in Chapter 1, the mechanism
by which fines are effective may depend upon the details of formulation components,
proportions, processing and aerosolisation conditions, so this finding cannot necessarily be
extrapolated to other systems. It should be noted, however, that the formulations, processing
and aerosolisation conditions used in this study are very similar to many of those used in
previous work, as discussed in Chapter 1.
The analysis of Figure 4.13 is limited by two factors. Firstly, the use of only four materials as
fines produced only four fines-carrier CAB ratios to compare with formulation performance.
These do, however, cover a reasonably large range and yet there is no trend apparent.
Secondly, the lactose fines-lactose carrier CAB ratio is essentially meaningless, as both the
cohesive and adhesive measurements that would be needed to measure it are the same. It was,
therefore, not measured during the work presented in Chapter 3 and is assumed to be 1.00
with a SD of 0.00 in Figure 4.13. In reality, the adhesion of a micronised lactose particle to a
larger lactose carrier particle would be unlikely to have a CAB ratio of 1.00, due to the
differing physicochemical properties of these two materials. Unfortunately, it is not possible to
measure the actual ratio using the CAB technique as it currently stands.
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Figure 4.14: The relationship between Study II ternary formulation normalised FPD and drug-fines CAB
ratio.  = formulations containing erythritol fines;  = formulations containing lactose fines;  =
formulations containing mannitol fines;  = formulations containing trehalose fines. Black = budesonide
formulations; red = FP formulations; green = FFD formulations; blue = SX formulations.
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Inspection of Figure 4.14 reveals that there is a clear relationship between the normalised
FPDs of the Study II ternary formulations and the drug-fines CAB ratio. When the CAB ratio
was <1.0 (i.e. drug-fines adhesion was stronger than drug-drug cohesion), decreasing CAB
ratio was associated with an increasing normalised FPD. The data suggest that an optimum
point was reached, after which normalised FPD decreased, but as there was only one CAB
ratio <0.4, and due to the size of the normalised FPD standard deviations, there cannot be
certainty about this. It should be noted that the size of these standard deviations is attributable
to the calculation of the normalised FPD from two other parameters, each of which had an
associated error, leading to greater uncertainty in the SDs of the normalised FPDs.
Unfortunately, no other method for the calculation of normalised FPD was available.
Initial inspection of Figure 4.14 where the CAB ratio was >1.0 (i.e. drug-fines adhesion was
weaker than drug-drug cohesion) suggests that there was an initial increase in normalised FPD
with increasing CAB ratio. After a CAB ratio of ~1.1 was reached, no further change in
normalised FPD was seen, despite a greater than two-fold increase in CAB ratio. Further
examination, however, suggests that the data points with a CAB ratio >1.0 but with errors
bars that cross into or closely approach the area when the CAB ratio is <1.0 (budesonidetrehalose and FFD-trehalose) form part of the trend of increasing normalised FPD with
decreasing adhesive CAB ratio. Due to the degree of uncertainty in these data points, it is
conceivable that their actual CAB ratio might be <1.0, thus making this trend consistent. The
normalised FPD error bars of the remaining data points (which fall entirely in the area where
the CAB ratio is >1.0) overlap each other, suggesting that the performance increases brought
about by the addition of fines to these formulations were not significantly different to each
other. When the drug-fines CAB ratio was definitely cohesive, therefore, formulation
performance increases were constant and independent of the relative level of drug-fines
adhesion.
To further investigate these trends, data from Study I were plotted alongside the Study II data
shown in Figure 4.14. This plot (Figure 4.15) confirms that the same trends were apparent,
even when formulations containing different proportions of drug, blended in different ways
and aerosolised from different inhalers into different impactors are compared.
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Figure 4.15: The relationship between Study I and Study II ternary formulation normalised FPD and drugfines CAB ratio.  = formulations containing erythritol fines;  = formulations containing lactose fines; 
= formulations containing mannitol fines;  = formulations containing trehalose fines. Pink = FP Study I
formulations; cyan = SX Study I formulations; black = budesonide Study II formulations; red = FP study II
formulations; green = FFD study II formulations; blue = SX study II formulations.
The trend of increasing normalised FPD with decreasing adhesive CAB ratio (including the
budesonide-trehalose and FFD-trehalose data) was tested using linear regression. When all the
data was included, this yielded a highly significant (p<0.001) R2 of 0.624. Given the possibility
(discussed above) that this trend reached an optimum, this analysis was repeated excluding the
data relating to the two FP-lactose fines formulations, which may have fallen on the opposite
side of the maximum to the rest of the data. Once more, this yielded a highly significant
(p<0.001) R2 of 0.891.
It can be concluded, therefore, at least in the systems investigated, that when the drug particles
were more adhesive to the fines than cohesive, increasing relative drug-fines adhesion was
associated with greater increases in ternary formulation performance. This trend may have
reached an optimum at a CAB ratio of ~0.46 (the FP-mannitol fines formulation), after which
performance decreased (the FP-lactose fines formulation). However, when the drug particles
were more cohesive than adhesive to the fines (for example, the SX-lactose fines formulation),
ternary formulation performance increases were constant and independent of the relative
strength of the drug-fines adhesion.
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4.3.4

The Mechanism(s) Responsible for the Effects of Fines

Although interesting in their own right, consideration should now be given to what can be
concluded from these trends about the mechanism(s) responsible for the effects of fines. In
Chapter 3, it was shown that decreasing adhesive drug-fines CAB ratios were associated with
increasing drug-fines agglomerate size. When juxtaposed with the trend of increasing
normalised FPD with decreasing adhesive drug-fines CAB ratio, this seems counterintuitive at
first, as if larger drug-fines agglomerates were formed in the formulation, they would be
expected to deposit higher in the respiratory tract, thus decreasing performance (see Chapter
1). As discussed in Chapter 1, however, the formation of agglomerates of drug and fines
particles is one of the mechanisms proposed to explain the effects of fines, as it is thought that
the greater mass of an agglomerate will enable it to be more easily detached from the surface
of a carrier particle than a single drug particle that might be found in a binary formulation21.
The findings of this study, therefore, support this hypothesis, as for adhesive drug-fines CAB
ratios (where drug-fines agglomerates might be expected to form), increasing relative drugfines adhesion is associated both with larger drug-fines agglomerate formation and increased
ternary formulation performance.
The hypothesis that agglomerates are more easily detached from a carrier surface than single
drug particles is presumably based on the well characterised effect of particle size on particle
detachment from a stationary surface by an air stream. It is known from both experimental
and computer modelling studies that larger particles (up to a certain limit) are more easily
detached from a surface than smaller ones, because whilst adhesion forces increase
proportional to particle diameter, the drag and lift forces exerted by an air stream increase
proportional to particle diameter squared8,22-28. For the same reason, it has also been shown
that an agglomerate of particles is more likely to resuspend from a multilayer of particles
deposited on a surface than a single particle29,30. In addition, an agglomerate of particles
adhered to a carrier particle is more likely to be exposed to turbulent air flows (in which
aerodynamic forces are larger) than a single particle, as the latter may be immersed in the
viscous sublayer of the air stream, where laminar flow dominates and aerodynamic forces are
smaller28.
The hypothesis that agglomerates are more easily detached from the carrier than single
particles is supported by data from a study which employed laser diffraction particle size
analysis to study the aerosol cloud emitted from a DPI designed to retain carrier particles31. It
was found that the particle size of the emitted aerosol cloud decreased with inhalation time,
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suggesting that agglomerates and larger drug particles were detached more easily from carrier
than smaller, single drug particles.
It has been suggested, however, that the separation of drug and carrier particles is a much
more complicated process than the detachment of a particle from a stationary surface, due to
the greater variety of forces involved8. Contrary to the previous discussion, it was proposed
that as, for a given air flow, smaller drug particles are subject to greater acceleration than larger
drug particles, they are more easily removed from the surface of a carrier8.
Such uncertainty over the effect of drug particle size on detachment from a carrier particle
appears to undermine, to an extent, the agglomerates hypothesis for the mechanism of fines,
despite the supporting experimental data presented in this chapter. By applying the findings of
work recently carried out using simpler DPI formulations, however, it can be demonstrated
that stronger drug-fines adhesion, giving rise to larger drug-fines agglomerates, might have
produced better ternary formulation performance, whatever the effect of particle size on
detachment from the carrier. This work, carried out with drug only and drug-lactose fines
formulations, showed that greater drug cohesion, as demonstrated by a higher CAB ratio, was
associated with better in-vitro performance32. This was explained by consideration of the drag
force (Fdrag) acting on an agglomerate of drug suspended in an air flow, which can be described
by the following equation32:
Fdrag = C d


2
ρ a Φ agg
V2
8

Equation 4.4

where Cd is the drag coefficient, ρa is the density of air, Φagg is the effective diameter of the
agglomerate and V is the velocity of the air flow. The kinetic energy (Ek) of the agglomerate
moving in the air stream is described by32:

Ek =


ρ agg Φ 3agg V 2
12

Equation 4.5

where ρagg is the density of the agglomerate. The drag force acting on an agglomerate (which
acts to break it up) and its kinetic energy (to which the efficiency of deagglomeration by
collision is related) therefore increase in proportion to the square and the cube (respectively)
of its diameter. Larger agglomerates will, therefore, be subject to much greater
deagglomeration forces than smaller ones. It was proposed, therefore, that the more cohesive
drug produced better in-vitro performance because although its agglomerates were held
together by stronger forces, they also had a larger diameter than those of the less cohesive
drug, and so were subject to greater deagglomeration forces32. It was further proposed that as
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deagglomeration proceeded, agglomerate size would have reduced, resulting in decreased
deagglomeration forces. Eventually, these forces would have been weaker than the internal
forces of cohesion holding the agglomerates together, at which point deagglomeration would
cease, resulting in the formation of metastable agglomerates that would not have been further
broken up32. Although larger internal cohesive forces would have produced larger metastable
agglomerates, the initial agglomerate size difference would have meant that more individual
drug particles would have been liberated from agglomerates of a more cohesive drug than
from those of a less cohesive drug, resulting in better in-vitro performance. This theory is
supported by a theoretical study of deagglomeration in an air stream, which showed that large
agglomerates will be rapidly broken down into smaller agglomerates by the drag force acting
on them33.
As Figure 4.16 shows, this theory can be applied to ternary formulations. The data presented
in Chapter 3 shows that a lower adhesive CAB ratio produces larger agglomerates of drug and
fines particles, which can be attributed to stronger adhesion between these particles. Such
agglomerates would be subjected to greater deagglomeration forces, as described by Equations
4.4 and 4.5 and so be broken down, releasing more inhalable drug particles than smaller
agglomerates, and thus producing better in-vitro performance.
This approach might also be able to explain why Figures 4.14 and 4.15 appear to show a
maximum in the relationship between normalised FPD and drug-fines CAB ratio (discussed
above). At very small CAB ratios, the adhesion between drug and fines particles might have
been so strong that, although very large agglomerates were formed, they could not have been
extensively broken down, due to their high internal strength. This would have produced the
decreased ternary formulation performance possibly seen at low CAB ratios.
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Figure 4.16: Schematic of proposed mechanism to explain why lower adhesive drug-fines CAB ratios were
associated with better in-vitro performance than higher adhesive drug-fines CAB ratios.
The fines particles used in this study were approximately 3-6 times larger (in terms of
diameter) than the drug particles (see Section 2.4). It is therefore likely that drug-fines
agglomerates in the ternary formulations consisted of a small number of excipient particles
coated with the smaller drug particles, as shown in Figure 4.16. Such an assumption is
supported by inspection of ternary formulation SEMs (see Chapter 5). During
deagglomeration, therefore, drug particles would have been stripped from the excipient
particles, meaning that most of the excipient would be contained within metastable
agglomerates when deagglomeration ceased, as shown in Figure 4.16. This figure also shows
that stronger drug-fines adhesion, which under the proposed mechanism gives better
formulation performance, results in the formation of larger metastable agglomerates that
would deposit on higher stages of an impactor during in-vitro testing. A higher drug FPD
might, therefore, be expected to be associated with a lower fine excipient FPD.
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In order to investigate this relationship, Study II ternary formulation normalised drug FPD
was plotted against fine excipient FPD (Figure 4.17). The data were divided into two parts:
those relating to formulations with an adhesive or near adhesive drug-fines CAB ratio (which,
as described in Section 4.3.3, showed a trend of increasing normalised drug FPD with
decreasing CAB ratio) and those formulations with a cohesive drug-fines CAB ratio.
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Figure 4.17: The relationship between Study II ternary formulation normalised drug FPD and fine excipient
FPD.
As Figure 4.17 shows, linear regression found, as predicted, a significant negative linear
relationship between fine excipient FPD and normalised drug FPD for the adhesive
formulations. No significant relationship was found for the cohesive formulations however, as
would be expected, as the performance of these formulations is independent of the magnitude
of the drug-fines CAB ratio (see Section 4.3.3). These data, therefore, provide further evidence
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in support of the agglomerates hypothesis for the mechanism of fines, as outlined in Figure
4.16.
So far, only the mechanism at work in formulations with an adhesive or near-adhesive drugfines CAB ratio has been considered. As discussed in Section 4.3.3, when this CAB ratio was
cohesive, ternary formulation performance was independent of the relative strength of the
drug-fines adhesion. This suggests that the improved performance of these formulations was
not brought about by the formation of agglomerates of drug and fines particles. This is
unsurprising, given that the data presented in Chapter 3 demonstrates that mixed agglomerates
do not form in this situation. Some other mechanism must, therefore, be responsible for the
improved performance of these formulations. This mechanism may be the passivation of
carrier surface active sites, which has been previously proposed by several workers (see
Chapter 1)34-39, although as discussed in Section 4.3.3, the data presented in this chapter do not
support this hypothesis.
As discussed in Section 4.3.3, the improvement in the performance of the cohesive
formulations was independent of all interparticulate interactions and did not vary significantly
between formulations made with different drugs or fines. This suggests that the mechanism
responsible for this improvement is related simply to the presence of additional fine particles
in the formulation and not to their physical or chemical properties. One possible mechanism
which fits this description is particle-particle collision. Numerous studies have shown that the
detachment of particles from a stationary surface exposed to an air flow can be greatly
increased (by as many as two orders of magnitude) by the collision of particles suspended in
the air stream with those adhered to the surface24,40-46. A colliding particle can possess up to
1000 times the momentum of the equivalent volume of air and so provides the adhered
particle with more energy to overcome its adhesion to the surface, leading to resuspension
into the air stream24,43,44. This has been shown to be the dominant mechanism responsible for
the resuspension of particles in the respirable size range41,46.
Due to their increased proportion of fine particles, ternary formulations contain more particles
per unit mass than binary formulations. For example, by applying Equation 2.3 and using the
data presented in Chapter 2 to calculate the mean diameter and density of carrier, fines and
drugs it can be estimated that, in theory, the Study II binary formulations contained 8.0 × 107
particles per gram, whilst the Study II ternary formulations contained 4.7 × 108 particles per
gram, a difference of 3.9 × 108 particles per gram. This massive increase in particle number
might result in more collisions between particles upon the aerosolisation of a ternary
formulation. Given the efficacy with which collision increases particle resuspension from a
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stationary surface, it is proposed that a greater number of collisions during the aerosolisation
of a ternary formulation might result in greater drug particle detachment from the carrier and
hence improved performance.

4.4

Conclusions

The in-vitro performance of two sets of binary and ternary DPI systems was investigated, using
formulations containing all possible combinations of the study materials. It was found that the
addition of fines to a formulation resulted in increased performance in most cases, but that the
magnitude of this performance increase varied. This variation could not be attributed to the
intrinsic properties of one of the fine materials, but appeared to be due to a property that
varied depending upon the combination of drug and fines.
Comparison with the CAB ratios discussed in Chapter 3 suggested that the improvement in
formulation performance in situations where the drug was more adhesive to the fines than
cohesive might have been due to the formation of agglomerates of drug and fines particles. It
was proposed that larger agglomerates would have been subject to greater deagglomeration
forces during aerosolisation than smaller agglomerates, thus producing better formulation
performance. The mechanism underlying the improved performance of ternary formulations
where the drug was more cohesive than adhesive to the fines was unclear, but it is possible
that this may be attributable to an increased number of particle-particle collisions during the
aerosolisation of these formulations.
As discussed in Chapter 1, the mechanism by which fines are effective may depend upon the
details of formulation components, proportions, processing and aerosolisation conditions, so
these findings cannot necessarily be extrapolated to other systems. It should be noted,
however, that the formulations, processing and aerosolisation conditions used in this study are
very similar to many of those used in previous work, as discussed in Chapter 1.
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Chapter 5:

The Influence of Interparticulate
Interactions on Ternary DPI
Formulation Agglomeration

5.1

Introduction

As discussed in Chapter 4, the data presented so far support the hypothesis that agglomeration
of drug and fines particles is responsible for the improved performance of certain ternary DPI
formulations. It was also suggested that the size of such agglomerates (which might be
controlled, at least in part, by the strength of the adhesion between drug and fines particles) is
critical to determining formulation performance. This chapter therefore describes work
undertaken in order to investigate the size of such agglomerates in the Study II formulations
described in Chapter 4. Two techniques were employed, scanning electron microscopy (SEM)
and laser diffraction particle size analysis, in order to examine the formulations both before
and upon aerosolisation.
The principles of SEM are described in Section 2.5. It is a widely used technique to examine
DPI blend structure and has given useful insights into formulation agglomeration before
aerosolisation in the work of a number of authors1-3. The technique, as usually applied to the
study of inhalation formulations, is limited by the potential for operator bias in the selection
and interpretation of the images presented, making it at best a qualitative tool. In an attempt
to address these concerns, a semi-quantitative SEM technique was employed in this study,
similar to those frequently used in the biosciences4-6. As described below, this technique
involved the capture of SEMs from random co-ordinates within the formulation, followed by
their analysis using image analysis software and a series of rules defining an agglomerate.
The principles of laser diffraction particle size analysis are described in Section 2.4. The work
described in this chapter was undertaken using the same instrumentation as previously
described, with the exception of the powder dispersion system. In its place, a closed module
designed to allow the investigation of the aerosol cloud emitted from an inhaler device was
substituted7. This allowed the formulations to be aerosolised from a Rotahaler® at 60 l.min-1,
exactly as they were during the in-vitro testing described in Chapter 4. The resulting aerosol
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cloud was then passed through the laser diffraction sensor, enabling its particle size
distribution to be determined. Such systems have been previously used by a number of
authors to investigate DPI formulations8,9.
5.2

Methods

5.2.1

Scanning Electron Microscopy

Samples of the Study I and Study II formulations described in Chapter 4 were imaged using
SEM as described in Section 2.5.2. Representative images of each formulation were captured
at a variety of magnifications and used for the qualitative description of the blend structure. In
addition, ten images of 1000× magnification were captured from random locations within the
Study II formulation powder beds, using randomly generated co-ordinates.
The randomly captured images were analysed using image analysis software (ImageJ 1.34s,
National Institutes of Health, Bethesda, MD, USA) calibrated using the scale bar imposed on
each micrograph by the SEM instrument. The number of carrier particles and agglomerates in
each image were counted and the size of the agglomerates determined using the following
series of rules:



A carrier particle was defined as any particle with a maximum Feret’s diameter >30
µm. This cut-off was chosen as the particle size distributions presented in Section 2.4.3
showed that 94% of the carrier lactose had a diameter >30 µm, whilst 95% of all the
fines and 100% of the all the drugs had a diameter < 30 µm.



A carrier particle was counted even if only part of it appeared in the image.



An agglomerate was defined as any group of two or more non-carrier particles in
contact with each other.



An agglomerate was counted even if only part of it appeared in the image.



An agglomerate was only measured if it was totally visible in the image.



Agglomerate size was determined by measurement of its maximum Feret’s diameter.

Feret’s diameter is defined as the distance between two parallel tangents to the projected
particle perimeter (Figure 5.1)10 and was computed using the image analysis software to
measure a manually determined distance.
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dF

dF

dF

Figure 5.1: A number of Feret’s diameters (dF) of the same particle. The maximum dF is shown on the right10.
5.2.2

Particle Size Analysis

The particle size distribution of the aerosol cloud emitted from a Rotahaler® by each of the
Study II formulations described in Chapter 4 and by the etched lactose carrier alone was
determined using a HELOS laser diffraction sensor and INHALER module (both from
Sympatec GmbH, Clausthal-Zellerfeld Germany). The flow rate through the INHALER
module was set at 60 l.min-1 and the mouthpiece of the Rotahaler® was fitted directly into the
measuring chamber, to enable measurement of the particle size distribution of the aerosol
cloud immediately after emission. For each measurement, a size 3 gelatin capsule filled with 33
± 1 mg of the test formulation (as described in Section 4.2.3) was inserted into the Rotahaler®,
opened by twisting the inhaler body and its contents aerosolised through the laser of the
diffraction sensor for 10 seconds. Particle size analysis was performed using WINDOX 4.0
software (Sympatec GmbH, Clausthal-Zellerfeld Germany). Particle size distributions and
values presented are the average of 3 determinations.
5.3

Results And Discussion

5.3.1

Scanning Electron Microscopy

5.3.1.1 Qualitative Analysis
Representative SEMs of the Study I and Study II binary formulations are shown in Figures 5.2
and 5.3, respectively. In qualitative terms, the formulations of budesonide, FFD and FP
appeared similar to each other, with fine, presumably drug, particles adhered singly to the
surface of larger lactose particles (identifiable by their tomahawk shape) to form ordered
mixtures.
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SX

FP

Figure 5.2: Representative SEMs of the Study I binary formulations

Budesonide

FP

FFD

SX

Figure 5.3: Representative SEMs of the Study II binary formulations.
The SX formulations did appear to have a different blend structure, however, in which the
drugs particles adhered to the carrier particles as multilayers and small agglomerates. This was
especially noticeable in the Study I SX binary formulation, in which an agglomerate of drug
particles with a maximum Feret’s diameter of ~10 µm was observed (see Figure 5.2). It is
speculated that this phenomenon can be attributed to the extremely cohesive SX-lactose CAB
ratio (2.39, see Table 3.4), which suggests that SX would be more likely to form cohesive
agglomerates and multilayers than to adhere as single particles to the lactose carrier. By way of
the comparison, the drug-lactose CAB ratios for budesonide, FFD and FP were 0.82, 1.16 and
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0.22, respectively, demonstrating that these drugs have a much greater relative affinity for the
carrier than SX.
In qualitative terms, it was not possible to distinguish the various ternary formulations from
each other (see Figure 5.4 for representative images), however the drug-fines CAB ratio
varied. By consideration of particle size and shape (see Chapter 2), it was possible to
distinguish drug particles, fines and carrier lactose with some degree of accuracy. Drug
particles were observed to adhere both to the surface of the coarse carrier and to the fine
excipient, thus forming drug-fines agglomerates. As speculated in Section 4.3.4, these
consisted of a small number of excipient particles coated with the smaller drug particles, as
shown in Figure 4.16. Fine excipient particles, whether adhered to drug particles or not,
tended to exist freely within the formulation, rather than adhered to lactose carrier particles.
This suggests that the improved formulation performance brought about by agglomeration
may not be due easier detachment from carrier particles, but to the more efficient
deagglomeration of drug-fines agglomerates, as discussed in Chapter 4. It is possible, however,
that agglomerates were detached from the carrier surface during sample preparation.
Erythritol Fines

Mannitol Fines

Lactose Fines

Trehalose Fines

Figure 5.4: Representative SEMs of the Study II ternary budesonide formulations. The budesonide-fines CAB
ratios for erythritol, lactose, mannitol and trehalose are 0.96, 0.82, 1.12 and 1.07 respectively (see Table 3.4).
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5.3.1.2 Semi-Quantitative Analysis
Initially, only the Study II ternary formulations containing FP and SX were subjected to semiquantitative analysis, as these possessed a wide range of drug-fines CAB ratios, thus enabling
the usefulness of the technique to be assessed without the time consuming analysis of images
relating to all the formulations. Figure 5.5 shows a representative random SEM, with some of
the carrier particles and agglomerates highlighted.

Agglomerates

Carrier particles

Agglomerates

Figure 5.5: Representative random SEM image of the FP-erythritol fines ternary formulation, showing carrier
particles and agglomerates.
As the particle density on the SEM stubs varied, the number of agglomerates observed in each
image was normalised by division by the number of carrier particles observed. These data for
each formulation are presented in Table 5.1. Using ANOVA, significant differences were
found to be present in the data (p=0.013), which were located using Tukey’s Honestly
Significant Difference test as being between the FP-lactose fines and SX-trehalose fines
formulations. No other significant differences were present.
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Table 5.1: Mean number of agglomerates per carrier particle (± SD) in the Study II FP and SX ternary
formulations as counted using the semi-quantitative SEM technique.
Drug
FP

SX

Erythritol

10.4 ± 7.1

13.2 ± 11.3

Lactose

7.4 ± 2.9

13.5 ± 9.2

Fines

Mannitol

24.8 ± 18.8 19.9 ± 15.5

Trehalose

14.8 ± 8.8

27.6 ± 21.7

Figures 5.6 and 5.7 show the relationship between the mean number of agglomerates per
carrier particle and either the drug-fines CAB ratio (see Table 3.4) or the formulation
normalised drug FPD (see Section 4.3.3), respectively. Inspection of these figures reveals no
apparent relationship linking either variable with the number of agglomerates. In part, this can

No. of Agglomerates/Carrier Particle (Mean ± SD)

be attributed to the large error associated with the agglomerate number data.
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Figure 5.6: The relationship between drug-fines CAB ratio and the number of agglomerates per carrier particle
in the Study II FP and SX ternary formulations, as counted using the semi-quantitative SEM technique.
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Ternary Formulation Normalised FPD (± SD)
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Figure 5.7: The relationship between normalised drug FPD (see Section 4.3.3) and the number of
agglomerates per carrier particle, as counted using the semi-quantitative SEM technique, for the Study II FP
and SX ternary formulations.
The agglomerate maximum Feret’s diameters measured for each formulation were found to
follow a log-normal distribution in each case (see Figure 5.8). This is the type of particle size
distribution most commonly seen for pharmaceutical materials10,11, thus confirming, at least in
part, the accuracy of the technique. Given this finding, each particle size distribution was
characterised by its d10, d50 and d90 values (Table 5.2).

99.9

Cumulative % Undersize

99

R2 = 0.9930

90
70
50
30
10
1
0.1
1

10

100

Agglomerate Maximum Feret's Diameter

Figure 5.8: Representative agglomerate particle size distribution (FP-erythritol fines formulation). The high
degree of linearity achieved on a log-normal probability plot confirms the distribution to be log-normal.
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Table 5.2: Summary agglomerate size statistics, as measured using the semi-quantitative SEM technique, for
the Study II FP and SX ternary formulations. CI = confidence interval.
d10 (µm (95% CI)) d50 (µm (95% CI)) d90 (µm (95% CI))
FP-Erythritol Fines

2.8 (2.4 – 3.4)

7.4 (6.5 – 8.3)

19.1 (16.2 – 22.5)

FP-Lactose Fines

2.1 (1.9 – 2.4)

5.3 (4.8 – 5.9)

13.2 (11.5 – 15.1)

FP-Mannitol Fines

2.7 (2.4 – 3.1)

6.5 (5.9 – 7.1)

15.6 (13.7 – 17.6)

FP-Trehalose Fines

2.2 (1.8 – 2.6)

5.8 (5.0 – 6.6)

15.4 (12.9 – 18.3)

SX-Erythritol Fines

3.4 (2.9 – 3.9)

7.4 (6.6 – 8.2)

16.2 (14.0 – 18.8)

SX-Lactose Fines

9.2 (1.9 – 2.6)

6.1 (5.4 – 6.8)

16.4 (14.0 – 19.1)

SX-Mannitol Fines

2.8 (2.5 – 3.3)

7.5 (6.7 – 8.3)

19.7 (17.1 – 22.7)

SX-Trehalose Fines

3.6 (3.2 – 4.0)

8.9 (8.1 – 9.6)

22.0 (19.6 – 24.6)

As Figures 5.9 and 5.10 show, there were no apparent relationships between the agglomerate
d10, d50 or d90 and the drug-fines CAB ratio or ternary formulation normalised drug FPD.
Once again, large error bars meant that individual data points could not be distinguished from

Agglomerate Size Statistic (µ
µm ± 95% CI)

each other with confidence.
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Figure 5.9: The relationship between agglomerate size summary statistics, as measured using the semiquantitative SEM technique, and drug-fines CAB ratios, for the Study II FP and SX ternary formulations.
CI = confidence interval.
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Normalised Drug FPD (µ
µg ± SD)
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Figure 5.10: The relationship between ternary formulation normalised drug FPD and agglomerate size
summary statistics, as measured using the semi-quantitative SEM technique, for the Study II FP and SX
ternary formulations. CI = confidence interval.
The use of the semi-quantitative SEM technique therefore failed to find any evidence of a link
between drug-fines agglomerate size or number and drug-fines CAB ratio or ternary
formulation performance. The study was, therefore, not extended to include the formulations
containing budesonide and FFD. The technique employed was subject to several limitations,
which may have confounded the results sufficiently to cause this failure. Firstly, the sample
preparation process for SEM, which involved adhesion to the powder to a sticky carbon tab
followed by removal of the excess by tapping and then compressed air, may have altered the
original state of agglomeration in the formulations. The extent of any alteration may not have
been consistent between the various formulations. Unfortunately, without such sample
preparation, it would not have been possible to measure and count individual agglomerates in
the SEM images, due to the excessive number of particles present. When measuring
agglomerate diameters on SEM images, the complex, three dimensional shapes of these
structures are reduced to single, one dimensional measurements. Such simplification may also
have introduced errors to the data. In addition, the manual parts of the process would have
been subject to operator error. Finally, the large errors associated with the data made it
impossible to tell if differences between values were genuine or not. Error values may have
been reduced by the analysis of more images per formulation, but the time consuming nature
of the processes involved made this impractical.
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5.3.2

Particle Size Analysis

Figure 5.11 shows the particle size distributions of the aerosol clouds produced by the etched
lactose carrier alone, the budesonide binary formulation and the ternary budesonide
formulation containing erythritol fines. As these representative data show, all formulation
particle size distributions had a mode diameter of ~100 µm, which, by comparison with
Figure 2.2, can be attributed to the carrier lactose.

Probability Density Function ± SD

2.5

2.0

Carrier Lactose Only
Budesonide Binary Formulation
Budesonide Ternary Formulation
(Erythritol Fines)

1.5

1.0

0.5

0.0
1

10
Particle Size (µ
µm)

100

Figure 5.11: Representative particle size distributions of the aerosol clouds produced by the various types of
formulation tested.
As represented in Figure 5.11, the carrier lactose alone and the binary formulations of the four
drugs each produced an aerosol cloud with a monomodal particle size distribution with a
negative skew, reflected intrinsic lactose fines and/or drug particles. The sixteen ternary
formulations, however, produced aerosol clouds with bimodal particle distributions. As
shown, these had a primary mode at ~100 µm (attributable to the lactose carrier) and a
secondary mode between 9 and 17 µm. Figure 5.12 shows the particle size distributions of the
aerosol clouds produced by the sixteen ternary formulations in the area of this secondary
mode. For clarity, this figure does not show error bars.
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Figure 5.12 (continued on next page): Expanded view of the secondary mode in the particle size distributions
of the aerosol clouds produced by the sixteen Study II ternary formulations.
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Figure 5.12 (continued from previous page): Expanded view of the secondary mode in the particle size
distributions of the aerosol clouds produced by the sixteen Study II ternary formulations.
Given the absence of this secondary mode in the particle size distributions of the aerosol
clouds produced by the carrier alone and the binary formulations, it clearly cannot be
attributed to intrinsic fines in the carrier or drug particles. It must, therefore, be related to the
presence of fines in the formulations. The particle size at which it occurs is, however, larger
than the d50 of the fines alone (see Table 2.5) and the position of the secondary modes related
to each type of fines varied depending on the drug with which they were formulated, so it
cannot be attributed to single fines particles either. The secondary mode can, therefore, be
attributed to agglomerates of smaller particles, either drug and fines or fines-only.
In order to further investigate this phenomenon, the secondary mode particle size was
determined from the particle size distributions of the aerosol clouds produced by all the
ternary formulations. These data are shown in Table 5.3.
Table 5.3: Secondary mode particle size of the particle size distributions of the aerosol cloud produced by the
Study II ternary formulations.
Mean secondary mode particle size (µm ± SD)
Budesonide

FP

FFD

SX

Erythritol Fines

12.0 ± 1.3

14.3 ± 0.7 11.7 ± 0.8 11.3 ± 1.2

Lactose Fines

11.8 ± 1.0

16.5 ± 0.2 16.0 ± 0.6 14.0 ± 1.7

Mannitol Fines

14.0 ± 2.3

15.0 ± 0.3 13.6 ± 2.8 13.2 ± 1.8

Trehalose Fines

10.3 ± 0.6

10.5 ± 1.4

9.8 ± 0.4

8.9 ± 0.3
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The data presented in Chapter 3 demonstrate that in binary mixtures of drug and fines
particles, the drug-fines CAB ratio can affect the size of the resultant drug-fines agglomerates,
with a decreasing adhesive CAB ratio associated more agglomeration. In Chapter 4 it is
suggested that this effect might be responsible for the improved performance of certain
ternary formulations and so larger drug-fines agglomerates might be associated with higher
FPDs. To investigate this further, the secondary mode particle sizes presented in Table 5.3
were plotted against both the drug-fines CAB ratio (see Table 3.4) and the normalised FPDs

Mean Secondary Mode Particle Size (µ
µm ± SD)

of the ternary formulations (see Table 4.6).
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Adhesive Formulations
Adhesive Regression
Cohesive Formulations

R2 = 0.725
p = 0.002
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Figure 5.13: The relationship between aerosol cloud secondary mode particle size and drug-fines CAB ratio for
the Study II ternary formulations. Data are divided into those with adhesive or near adhesive CAB ratios (see
Section 4.3.3) and those with cohesive CAB ratios. Colour code refers to fines contained within formulation:
erythritol = black; lactose = red; mannitol = green; trehalose = blue.
As Figure 5.13 shows, linear regression analysis found a significant relationship between
decreasing adhesive drug-fines CAB ratio (i.e. increasing drug-fines adhesion) and increasing
secondary mode particle size. If the secondary mode particle size is taken to reflect the
“average” diameter of drug-fines agglomerates within the aerosol cloud, which, as discussed
above, is plausible, this relationship reflects that found between CAB ratios and agglomerate
sizes in binary mixtures (Section 3.4.3.2). As discussed in Section 3.4.3.2, this relationship is to
be expected, as a decreasing adhesive drug-fines CAB ratio indicates an increasing tendency
for the drug particles to adhere to the fines, which would be expected to produce larger
agglomerates. It therefore seems reasonable to make the assumption that the secondary mode
particle size represents the average agglomerate size upon aerosolisation, at least for
formulations with an adhesive drug-fines CAB ratio.
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It could be argued that the differences in secondary mode particle size for the adhesive
formulations shown in Figure 5.13 are attributable to differences in the primary particle size of
the fines rather than the formation of drug-fines agglomerates of varying sizes. Such
arguments are undermined to some extent, however, by consideration of the relative position
of the data relating to formulations containing the same fines (see colour code, Figure 5.13).
For example, the FP-lactose fines formulation forms the largest secondary mode particle size
(16.5 ± 0.2 µm) whilst the budesonide-lactose fines formulation results in a much smaller
secondary mode particle size (11.8 ± 1.0 µm). Similarly, the FP-erythritol formulation has one
of the larger secondary mode particle sizes (14.3 ± 0.7 µm), whilst the same fines formulated
with FFD produce a secondary mode particle size of only 11.7 ± 0.8 µm. Rather than being
dictated entirely by the primary particle size of the fines therefore, the secondary mode particle
size seems to be dictated by the relevant drug-fines CAB ratio as well. Indeed, this CAB ratio
is able to overcome, to an extent, the particle size differences of the fines.
As Figure 5.13 shows, there was no relationship between the secondary mode particle size and
cohesive drug-fines CAB ratios. This reflects other results presented in Chapters 3 and 4,
which demonstrate that cohesive CAB ratios are unable to predict various aspects of the
behaviour of powder mixtures, such as agglomeration (Figure 3.17) or drug FPD (Figure 4.14
and 4.15).
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Figure 5.14: The relationship between normalised drug FPD and aerosol cloud secondary mode particle size for
the Study II ternary formulations. Data are divided into those with adhesive or near adhesive CAB ratios (see
Section 4.3.3) and those with cohesive CAB ratios.
As Figure 5.14 shows, linear regression analysis found a reasonable degree of correlation
between increasing secondary mode particle size and increasing normalised drug FPD for the
adhesive or near-adhesive Study II ternary formulations. Although the degree of correlation
did not reach significance (p=0.052, significance defined as p≤0.05), it almost did so,
suggesting that this relationship is reasonably likely to be genuine. Once again, no relationship
was found between these two variables when the cohesive formulations were considered (see
Figure 5.14).
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The results of this study of the particle size distribution of the aerosol cloud produced by the
various ternary formulations provide further evidence in support of the hypothesis put
forward in Chapter 4. This stated that agglomeration of drug and fines particles is responsible
for the improved performance of certain ternary DPI formulations and that the size of such
agglomerates (which is controlled, at least in part, by the strength of the adhesion between
drug and fines particles) is critical to determining the extent of this improvement. This
hypothesis is thought to apply to formulations where the drug is more adhesive to the fines
than cohesive, that is, where the drug-fines CAB ratio is <1.0. The extent of the evidence now
available in support of this hypothesis is summarised in Figure 5.15.

Stronger drug-fines
adhesion
Demonstrated by
Figures 3.17 and 5.13

Demonstrated by
Figures 4.14 and 4.15

Fine excipient
deposition (Figure
4.17) also fits
hypothesis

↑ FPD

Probably demonstrated
by Figure 5.14

Larger drug-fines
agglomerates
Figure 4.16: Summary of the agglomerates hypothesis to explain the effects of fines on ternary formulation
performance (as outlined in Chapter 4) and the evidence in support of it.
The absence of any positive findings in this chapter relating to ternary formulations with a
cohesive drug-fines CAB ratio is unsurprising, given the finding, discussed in Chapter 4, that
the improved performance of such formulations is not related to agglomeration. In fact, the
results presented in this chapter provide further evidence in support of this conclusion.
5.4

Conclusions

Investigations into the size of drug-fines agglomerates in ternary formulations, both before
and upon aerosolisation, were undertaken using a number of methods. Inspection of SEM
images of the formulations suggested that the nature of the interaction of drug and carrier
particles varied between formulations with an extremely cohesive drug-carrier CAB ratio and
those with a slightly cohesive or adhesive drug-carrier CAB ratio. Inspection of SEMs was not
able to distinguish differences in the interaction of drug and fines particles. A semiquantitative SEM method was employed, but this failed to find differences between ternary
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formulations in terms of the number and size of agglomerates, possibly due the various
limitations of the technique.
Using laser diffraction particle size analysis, it was possible to find differences in the particle
size distributions of the aerosol clouds produced by aerosolisation of the various formulations
from a Rotahaler®. These differences were shown to relate to the size of the drug-fines
agglomerates in the formulation. For adhesive drug-fines CAB ratios, agglomerate size was
found to be dependent upon the magnitude of the drug-fines interparticulate interaction and
to probably be related to formulation performance. These data, therefore, support the
agglomerates hypothesis for the effects of fines outlined in Chapter 4. These data did not
suggest a mechanism responsible for the improved performance of ternary formulations with
a cohesive drug-fines CAB ratio however, although they were consistent with this mechanism
being unrelated to drug-fines agglomeration. The mechanism(s) at work in this situation was,
therefore, the subject of the investigations presented in the next chapter.
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Chapter 6:

The Interaction of Interparticulate
Forces and Blending Order in
Determining Ternary DPI
Formulation Performance

6.1

Introduction

As discussed, data presented in Chapters 4 and 5 suggested that when the drug is more
adhesive to the fines than cohesive (i.e. an adhesive drug-fines CAB ratio), the improved
performance of a ternary DPI formulation can be attributed to the formation of drug-fines
agglomerates. These data did not suggest a mechanism for formulations where the drug is
more cohesive than adhesive to the fines (i.e. a cohesive drug-fines CAB ratio) however,
although they did demonstrate that the mechanism is not via agglomeration. Further work is
therefore required to elucidate this mechanism.
As discussed in Chapter 1, the other mechanism that has been proposed to explain the effects
of fines on ternary formulation performance is the passivation of active sites on the surface of
carrier particles by the fine excipient particles, thus forcing drug particles to adhere to areas
with weaker binding characteristics (see Figure 1.3)1-8. Much of the evidence to support this
hypothesis comes from studies of the effect of the blending order of drug, fines and carrier on
ternary formulation performance. Formulations where the carrier and fines are mixed before
the addition of drug have been found to produce greater performance than those where the
carrier and drug are blended first1,6-8. It is speculated that this is because the former blending
order allows the fines to adhere to, and so block, the carrier active sites, whereas the latter
blending order allows the drug particles the first opportunity to adhere to these areas (see
Figure 1.4). As discussed in Section 1.4.10.3, however, not every study of blending order has
found it to have a significant effect on formulation performance, a fact which has been used
to support the agglomeration hypothesis discussed in Chapters 4 and 59-11.
The aim of the work presented in this chapter was, therefore, two-fold. It was speculated that
the presence or absence of an effect of blending order on formulation performance might be
related to the magnitudes of the particular combination of particle-particle adhesive and
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cohesive interactions present in the formulation. The first aim was, therefore, to study the
effect of blending order on the performance of a number of formulations produced using
drugs and fines with a variety of different CAB ratios between themselves and the carrier. The
second aim of the work was to study the effects of blending order on the performance of
formulations with a cohesive drug-fines CAB ratio, to examine the possibility that the
improved performance of such formulations was attributable to the passivation of carrier
active sites by fine excipient particles.
From the data presented in Chapters 3 and 4, it is clear that the drug-carrier and drug-fines
CAB ratios are the most critical in determining formulation behaviour. It was therefore
decided to use these CAB ratios to aid the selection of appropriate formulations for use in the
mixing order investigation. A CAB ratio can be either adhesive or cohesive, so there are four
possible combinations of the drug-carrier and drug-fines CAB ratios that could be present in a
formulation: adhesive:adhesive, adhesive:cohesive, cohesive:adhesive and cohesive:cohesive. It
was, therefore, decided to test formulations of all four study drugs formulated with both
lactose and mannitol fines, which resulted in all four combinations of CAB ratios being
examined. In addition, formulations of budesonide with trehalose fines and FFD with
erythritol fines were tested, in order to give more formulations with certain combinations of
CAB ratios. The CAB ratio combination of each of the formulations tested is shown in Table
6.1.
Table 6.1: The drug-carrier and drug-fines CAB ratio combinations of the formulations used to investigate the
effects of mixing order on ternary DPI formulation performance.
Drug-Carrier CAB Ratio

Adhesive
Drug-Fines CAB Ratio

Adhesive

Cohesive

Budesonide-lactose fines
FP-lactose fines
FP-mannitol fines

SX-mannitol fines

1.00

FFD-erythritol fines

FFD-lactose fines
Budesonide-mannitol fines
Cohesive
FFD-mannitol fines
Budesonide-trehalose fines
SX-lactose fines
The in-vitro performance of all of these formulations produced by first blending carrier and
fines has been presented in Chapter 4. The new experimental work presented in this chapter
is, therefore, limited to the production and in-vitro testing of ternary formulations produced by
first blending carrier and drug. These results are then compared to the performance data
relating to the Study II formulations described in Chapter 4.
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6.2

Methods

6.2.1

Formulation Blending

Ternary formulations containing 1.5%w/w drug and 10%w/w fines were prepared in 4 g batches
by first blending the drug and carrier, with a second blend to add the fines. The blending
technique was identical to that described in Section 4.2.1.2.
6.2.2

Content Uniformity Determination and Capsule Filling

The drug content uniformity of the formulations was determined using the method described
in Section 4.2.2 for the Study II formulations, except that the dissolution solvent was 30%v/v
water/70%v/v methanol. The formulations were then filled into capsules as described in
Section 4.2.3.
6.2.3

In-vitro Formulation Performance Analysis

The in-vitro performance of each formulation was determined using a Next Generation
Impactor, following the method described in Section 4.2.4.2. The wash solvent was 30%v/v
water/70%v/v methanol and the deposition of the fine excipient on the NGI stages was not
determined. Drug quantification was by HPLC, following the methods described in Sections
3.3.2.3 and 4.2.4.3. Data were processed as described in Section 4.2.4.2 and comparisons
between performance data relating to each blending order made using the t-test.
6.2.4

Scanning Electron Microscopy

Formulation blend structure was investigated using SEM, following the method described in
Section 2.5.2.
6.3

Results and Discussion

6.3.1

Content Uniformity

The CV of the drug content of the formulations is shown in Table 6.2. In each case, the CV
was <6%, which is the value commonly taken to represent sufficient uniformity for DPI
systems. It is striking that the formulations described in this chapter, which were produced by
first blending the drug and carrier, were universally more uniform than their equivalent
217

formulations described in Chapter 4 (see Table 4.3), which were produced by first blending
the fines and carrier. This can be attributed to the drug particles being present for two
blending cycles in the more uniform formulations, as opposed to only one blending cycle in
the less uniform formulations, and suggests that the changes brought about by varying the
blending order are more complex than simply changing which particles have preferential
access to carrier active sites.
Table 6.2: Formulation drug content uniformity (expressed as coefficient of variation).

6.3.2

Budesonide

FP

FFD

SX

Erythritol Fines

-

-

3.81%

-

Lactose Fines

5.36%

5.70% 2.91% 4.96%

Mannitol Fines

2.43%

1.53% 3.81% 4.92%

Trehalose Fines

4.65%

-

-

-

Drug Impactor Deposition

The mean mass of drug deposited per capsule on each stage of the NGI for each formulation
is shown in Table 6.3 and Figure 6.1. Table 6.3 also shows the ED, FPD (stage 3 and below),
FPF and MMAD.
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Table 6.3: NGI deposition per capsule of drug aerosolised from the various drug and carrier blended first ternary formulations (n = 4).
BUD = budesonide; D & C = device and capsules; MP & T = mouthpiece and throat; PS = pre-separator; S = stage.
Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation

Mean ED
(µg ± SD)

Mean FPD
(µg ± SD)

Mean
FPF
(% ± SD)

MMAD
(µm ± GSD)

D&C

MP &
T

PS

S1

S2

S3

S4

S5

S6

S7

MOC

BUD Lactose
Fines

192.1 ±
14.8

41.2 ±
6.9

182.3 ±
7.5

13.1 ±
0.7

20.1 ±
0.9

15.5 ±
0.6

11.5 ±
1.0

4.6 ±
0.5

1.3 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

289.6 ±
14.8

32.9 ± 2.4

11.4 ± 1.1

4.4 ± 2.1

BUD Mannitol
Fines

198.5 ±
31.0

28.6 ±
3.8

188.0 ±
22.0

10.5 ±
1.0

19.3 ±
1.6

17.1 ±
1.2

13.5 ±
1.4

5.1 ±
0.6

1.2 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

283.2 ±
31.0

36.9 ± 3.1

13.1 ± 0.4

4.1 ± 1.1

BUD Trehalose
Fines

197.3 ±
23.2

35.4 ±
4.7

182.7 ±
14.9

12.5 ±
1.4

20.3 ±
2.7

16.2 ±
2.3

12.0 ±
1.5

4.3 ±
0.4

1.1 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

284.5 ±
23.2

33.6 ± 4.2

11.8 ± 0.6

4.4 ± 2.0

FP Lactose Fines

155.5 ±
20.5

39.7 ±
5.0

245.7 ±
16.1

13.4 ±
1.0

12.6 ±
1.1

7.2 ±
0.6

5.7 ±
0.5

2.1 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

326.2 ±
20.5

14.9 ± 1.3

4.6 ± 0.1

5.7 ± 2.1

FP Mannitol
Fines

128.7 ±
12.3

22.8 ±
1.2

303.7 ±
11.1

7.0 ±
0.5

7.5 ±
0.3

5.7 ±
0.1

4.7 ±
0.1

1.7 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

353.1 ±
12.3

12.0 ± 0.1

3.4 ± 0.1

4.9 ± 2.1

FFD Erythritol
Fines

187.4 ±
12.8

27.6 ±
1.6

216.9 ±
10.3

11.4 ±
0.6

14.3 ±
0.9

9.3 ±
1.1

9.4 ±
1.3

4.3 ±
0.5

1.2 ±
0.3

0.0 ±
0.0

0.0 ±
0.0

294.4 ±
12.8

24.2 ± 3.2

8.2 ± 0.9

4.5 ± 2.2

FFD Lactose
Fines

174.9 ±
10.2

31.5 ±
1.2

223.1 ±
7.3

10.2 ±
0.6

11.5 ±
0.6

9.9 ±
0.8

13.0 ±
1.0

6.2 ±
0.5

1.4 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

306.9 ±
10.2

30.5 ± 2.4

9.9 ± 0.6

3.9 ± 2.2

FFD Mannitol
Fines

189.8 ±
16.8

34.2 ±
7.0

200.0 ±
13.4

8.3 ±
0.5

10.7 ±
0.5

12.0 ±
1.1

17.5 ±
2.1

7.7 ±
1.2

1.6 ±
0.3

0.0 ±
0.0

0.0 ±
0.0

292.0 ±
16.8

38.8 ± 4.6

13.3 ± 1.2

3.4 ± 2.0

SX Lactose Fines

151.0 ±
22.3

26.3 ±
1.0

234.9 ±
15.5

16.2 ±
1.3

19.0 ±
1.4

13.0 ±
1.4

12.3 ±
1.4

6.6 ±
0.8

1.8 ±
0.1

0.6 ±
0.0

0.0 ±
0.0

330.7 ±
22.3

34.4 ± 3.6

10.4 ± 0.5

4.4 ± 2.4

SX Mannitol
Fines

175.5 ±
41.9

22.5 ±
2.3

222.0 ±
34.7

12.4 ±
1.6

15.4 ±
2.2

12.4 ±
1.9

13.4 ±
2.7

6.6 ±
1.4

1.6 ±
0.4

0.0 ±
0.0

0.0 ±
0.0

306.3 ±
41.9

34.1 ± 6.3

11.1 ± 1.0

4.0 ± 2.2
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Figure 6.1 (continued on next page): NGI deposition per capsule of drug aerosolised from the various drug and
carrier blended first ternary formulations (n = 4). D & C = device and capsules; MP & T = mouthpiece
and throat; PS = pre-separator.
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Figure 6.1 (continued from previous page): NGI deposition per capsule of drug aerosolised from the various
drug and carrier blended first ternary formulations (n = 4). D & C = device and capsules; MP & T =
mouthpiece and throat; PS = pre-separator.
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As Figure 6.2 shows, with one exception, there were no significant differences between the
emitted doses of the ternary formulations produced by either blending order. The EDs of the
FP-mannitol fines formulations were significantly different, with the drug and carrier first
blending order producing a significantly greater ED than the fines and carrier first blending
order (p=0.031).
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Figure 6.2 (continued on next page): Emitted doses per capsule of the ternary formulations produced by either
blending the fines and carrier, or drug and carrier, first.
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Figure 6.2 (continued from previous page): Emitted doses per capsule of the ternary formulations produced by
either blending the fines and carrier, or drug and carrier, first.
As shown in Figure 6.3, both blending orders were found to produce significantly greater
performance (as measured by FPD and FPF) than the other blending order for certain
combinations of drug and fines.
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Figure 6.3: (continued on next page): FPD per capsule and FPF of the ternary formulations produced by
either blending the fines and carrier, or drug and carrier, first.
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Figure 6.3: (continued from previous page): FPD per capsule and FPF of the ternary formulations produced by
either blending the fines and carrier, or drug and carrier, first.
The finding that, for certain formulations, the drug and carrier first blending order produced
better performance was unexpected, as such a finding has not been previously reported. In
order to investigate these results further, Tables 6.4 and 6.5 were drawn up, which show the
relative performance of the two blending orders categorised by either the drug and fines
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contained in the formulation (Table 6.4) or the combination of CAB ratios (from Table 6.1)
relating to the formulation (Table 6.5).
Table 6.4: The relative performance of the drug and carrier first (DC) and fines and carrier first (FC)
blending orders, categorised by the drug and fines contained in the formulation.
Budesonide

FP

FFD

SX

Erythritol Fines

-

-

DC>FC

-

Lactose Fines

=

FC>DC

=

DC>FC

Mannitol Fines

DC>FC

Trehalose Fines

DC>FC

FC>DC DC>FC
-

=

-

-

As Table 6.4 shows, the effect of blending order on ternary formulation performance does not
seem to depend on type of fines used, as both blending orders were found to produce the best
performance for certain formulations containing mannitol fines. Considering Table 6.4 drugby-drug, it is obvious the FP was the only drug for which the fines and carrier first blending
order was found to produce the greatest performance. The other three drugs were associated
with both better performance for the drug and carrier first blending order and equal blending
order performance.
Table 6.5: The relative performance of the drug and carrier first (DC) and fines and carrier first (FC)
blending orders, categorised by the combination of CAB ratios relating to the formulation (see Table 6.1).
Drug-Carrier CAB Ratio

Adhesive
Drug-Fines CAB Ratio

Adhesive

Cohesive

=
FC>DC
FC>DC

=
DC>FC

1.00
Cohesive

DC>FC
DC>FC

=
DC>FC
DC>FC

When considering the effect of blending order on formulation performance in terms of the
CAB ratios (Table 6.5), it is clear that the fines and carrier first blending order only gave better
performance when the both the drug-carrier and drug-fines CAB ratios were adhesive. All the
other combinations of CAB ratios resulted in either equal blending order performance or
better performance by the drug and carrier first blending order. Given that the two
formulations for which the fines and carrier first blending order gave better performance both
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contained FP, it is unclear whether this can be attributed to the adhesive CAB ratios of FP or
to some other property of the drug.
The drug-fines CAB ratio of the FFD-erythritol formulation is 1.00 (see Table 3.4), so it is
unclear whether it should be categorised as adhesive or cohesive. If it were categorised as
cohesive for the purposes of Table 6.5, the drug and carrier first blending order would be seen
to give better performance only when the drug-fines CAB ratio was cohesive. This finding
might be useful for determining the mechanism by which fines improve the performance of
ternary formulations when the drug-fines CAB ratio is cohesive. In Chapters 3, 4 and 5,
however, the FFD-erythritol CAB ratio was categorised as adhesive, as its effects matched
those of adhesive CAB ratios. In addition, the budesonide-trehalose CAB ratio (categorised as
cohesive in Tables 6.1 and 6.5) was termed “near adhesive” in Chapters 4 and 5, as the error
with which it is associated suggested that it was possible for it to actually be adhesive and its
effects matched those of adhesive CAB ratios. If these two CAB ratios are categorised as
adhesive in Table 6.5, the drug and carrier first blending order would give better performance
for formulations containing all four possible combinations of CAB ratios. The ability of these
data to determine the mechanism by which fines improve the performance of ternary
formulations when the drug-fines CAB ratio is cohesive is, therefore, questionable.
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6.3.3

Scanning Electron Microscopy

Figure 6.4 shows representative SEMs of the ternary formulations produced by both blending
orders. As these demonstrate, it was not possible to discern differences in blend structure
between otherwise identical formulations produced using different blending orders, despite
the significant performance differences found between the two blending orders for most
formulations. This can be attributed to the qualitative nature of the technique and its
insensitivity to small changes in blend structure, as discussed in Chapter 5.
FP-Lactose Fines
Fines & Carrier First

FP-Lactose Fines
Drug & Carrier First

SX-Lactose Fines
Fines & Carrier First

SX-Lactose Fines
Drug & Carrier First

Figure 6.4: Representative SEMs of ternary formulations produced with different blending orders.
6.3.4

The Complexity of Blending Order Studies

The results of this study of the effect of blending order on ternary formulation performance
are complex, with better or equal performance having been found for both blending orders
when applied to certain formulations. Using the available data, it is not possible to explain
these findings.
As discussed in Section 1.4.10.1, comparison of previous studies in this area also illustrates the
complexity of such experiments. In addition to the mixed findings of such studies, which, as
discussed in Section 1.4.10.3, may be attributable to the different drug concentrations
employed, Zeng et al. found that when formulation blending time in a Turbula shaker-mixer at
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90-95 rpm was extended from 15 minutes to 60 minutes, differences in the performance of
formulations produced using different blending orders disappeared6. This was attributed to
equilibrium being reached in the distribution of fines and drug particles between carrier active
sites after the longer blending time. Hartmann and Steckel found that the effect of blending
order depended upon both drug concentration and blending technique (they employed three
types of mixer)12, whilst the results of this study indicate that effect of blending order may also
depend on the type of drug and fines.
Previously, any effects of blending order have been attributed to variation in the order in
which drug and fines are exposed to carrier active sites1,6-8. Variation in blending order also
results in other changes, however. For example, the component that is blended into the carrier
first is exposed to twice the amount of mixing as the second component. This might result in
it being more efficiently dispersed throughout the mixture and greater breakage of any single
component agglomerates. Such a proposal is supported by the better drug content uniformity
found for the drug and carrier first ternary formulations when compared to the fines and
carrier first formulations (see Section 6.3.1). Alternatively, the components exposed to longer
mixing time might develop greater electrostatic charge, which would have unpredictable
effects on formulation behaviour.
It is clear, therefore, that the effects of blending order are dependent upon the interaction of
many variables, some of which may not even have been identified yet. It is apparent that a
large and carefully designed study is required in order to understand these phenomena. In the
absence of such information, any conclusions drawn from studies of blending order can only
be speculative.
The two-fold aim of this study has, therefore, only been met in part. The effect of changing
the blending order has been shown to be dependent upon the formulation components, but it
is unclear whether this can be attributed to variations in interparticulate interactions or to
other factors. It is possible, however, that this phenomenon can explain the inconsistent
literature data regarding blending order, as even different batches of the same material used in
different studies might have possessed sufficient physicochemical differences to alter results.
Given the uncertainty about the cause of the variation in the effect of blending order, it is not
possible to draw any conclusions from this work as to the mechanism(s) responsible for
improving the performance of ternary formulations with a cohesive drug-fines CAB ratio.
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6.4

Conclusions

A study of the effects of ternary formulation blending order was undertaken, using carefully
selected formulations, in order to investigate its effects on the performance of ternary DPI
formulations with different combinations of drug-carrier and drug-fines CAB ratios, and in an
attempt to elucidate the mechanism responsible for improving the performance of ternary
formulations with a cohesive drug-fines CAB ratio. Both the drug and carrier first and the
fines and carrier first blending orders were found to give better or equal performance for
certain formulations, a finding which has not been previously reported. Better performance
for the fines and carrier first blending order was only found for formulations containing FP,
but it is unclear whether this can be attributed to the intrinsic properties of this drug or to its
adhesive CAB ratios with both the fines and carrier. Depending upon how CAB ratios were
assigned as either adhesive or cohesive, the drug and carrier first blending order may have only
given better performance for formulations with a cohesive drug-fines CAB ratio, but
uncertainty over the assignment of CAB ratios as adhesive or cohesive made further
conclusions impossible. SEM was unable to distinguish differences in the structure of
formulations produced by the different blending orders.
It was concluded, therefore, that the variation in literature data in this area might be
attributable, at least in part, to the different materials used. It was not possible, however, to
make any conclusions regarding the mechanism(s) responsible for the improved performance
of ternary formulations with a cohesive drug-fines CAB ratio. It is clear that the factors
affecting the results of studies of blending order are extremely complicated and substantial
further work in this area is required.
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Chapter 7:

The Influence of Interparticulate
Interactions on Binary DPI
Formulation Performance

7.1

Introduction

In Chapters 4 and 5, it is suggested that the performance of certain ternary formulations is
improved by the formation of agglomerates of drug and fines particles. Due to their larger
size, such agglomerates might be more easily removed from the surface of carrier particles and
more easily deagglomerated in an airstream than smaller agglomerates or single particles of
drug, this producing better formulation performance. It was also noted (Section 5.3.1.1) that
binary formulations of SX, the study drug with the most cohesive drug-carrier CAB ratio,
contained agglomerates and multilayers of drug particles only. From the literature, it is well
known that the performance of binary DPI formulations is influenced by the choice of carrier
material1-9 and by the drug-carrier CAB ratio, with more cohesive ratios having been found to
produce better performance10,11. As mentioned above, a cohesive drug-carrier CAB ratio might
result in the formation of large drug-only agglomerates in a binary formulation. It is therefore
possible that the performance of binary formulations can also be improved by a similar
agglomerates mechanism to that seen in ternary formulations, with large drug-only
agglomerates being more easily removed from the carrier surface and more easily
deagglomerated, thus giving greater performance. Evidence for such a mechanism in binary
formulations would not only be interesting in its own right, but would also provide further
support to the agglomerates theory as applied to ternary formulations.
As discussed above, previous studies have found that the more cohesive the drug-carrier CAB
ratio, the better a binary formulation performed10,11. This suggests that binary DPI
performance may be improved by agglomeration, but each study employed only five drugcarrier combinations. Four drugs and four excipients have been used in this study, making
sixteen possible combinations. The aim of the work described in this chapter was, therefore,
to assess the performance of the sixteen binary formulations that could be produced using
these materials, in order to further investigate the relationship between binary formulation
performance and drug-carrier CAB ratio. In addition, the four carriers were characterised
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using a number of techniques designed to assess their similarity in terms of a number of
variables known to affect formulation performance, in order to validate (or otherwise) the
comparison of formulations containing different carriers.
7.1.1

Experimental Techniques

7.1.1.1 Particle Shape Analysis
The shape of carrier particles has been shown to affect the performance of formulations in
which they are used12-15. The shape of the carrier particles used in this study were, therefore,
assessed using a QICPIC image analysis sensor (Sympatec GmbH, Clausthal-Zellerfeld
Germany), in order to determine their similarity to each other. This instrument uses a dry
powder disperser to separate the particles under examination before they are passed through
the image analysis plane, thus ensuring that individual particles are assessed and avoiding the
problems associated with overlapping. Transmission images of the particle stream are then
captured by a high speed camera using a pulsed light source with an exposure time of <1
nanosecond (to avoid motion blur) before computerised image analysis is undertaken in order
to calculate a variety of shape parameters. Using this technique, the shape of a large number of
particles in random orientations can be rapidly analysed, giving good statistical robustness.
7.1.1.2 Andersen Cascade Impactor
Formulation performance was assessed using an Andersen Cascade Impactor (ACI). Unlike
the ACI described in Chapter 4, the instrument employed in this study was used in its full
configuration, thus producing data on the drug deposition in the throat, pre-separator, eight
impaction stages and a final filter. When operated at a flow rate of 60 l.min-1, the cut-offs of
each ACI stage are as follows14,16:



Stage 0:

>6.18 µm



Stage 1:

4.00 – 6.18 µm



Stage 2:

3.20 – 4.00 µm



Stage 3:

2.30 – 3.20 µm



Stage 4:

1.40 – 2.30 µm



Stage 5:

0.76 – 1.40 µm



Stage 6:

0.45 – 0.76 µm



Stage 7:

0.30 – 0.45 µm
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The FPD can therefore be defined as the mass of drug deposited on stages 1 and below
(<6.18 µm).
7.2

Methods

7.2.1

Carrier Production and Characterisation

7.2.1.1 Recrystallisation
The as-supplied erythritol and trehalose had a coarse particle size too large for sieving into a
63-90 µm fraction. They were therefore recrystallised to produce a finer powder. Saturated
solutions of each sugar in water were prepared, to which ethanol was added at a rate of 20
ml.min-1 until a water:ethanol mass ratio of 5:95 was reached. The resultant powder was
collected by filtration and washed with ethanol. The erythritol powder was dried under
vacuum at 40ºC for 24 hours. Given the ease with which trehalose dihydrate is known to
dehydrate (see Appendix 1), the trehalose powder was left to air dry for 7 days. Once dry, the
powders were analysed by DSC and XRPD (following the methods described in Sections 2.7.2
and 2.8.2) to determine their crystallinity and polymorphism.
7.2.1.2 Sieving
The as received Lactohale (lactose) and mannitol, and the recrystallised erythritol and trehalose
were sieved to produce 63-90 µm fraction carriers, following the method described in Section
2.2.
7.2.1.3 Carrier Characterisation
The physicochemical properties of the sieved carrier materials were examined using a number
of techniques. Their particle size distributions were measured by laser diffraction following the
method described in Section 2.4.2 with a dispersion pressure of 2 bar. Carrier particle size and
shape was qualitatively assessed using SEM, following the method described in Section 2.5.2.
Surface roughness was quantified using TappingModeTM AFM, following the method
described in Section 3.3.1.1 to image three randomly selected areas and calculate their
roughness. Flowability was assessed using an annular shear cell, following the method
described in Section 2.12.2.
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The particle shape of the sieved carriers was quantitatively assessed using dynamic image
analysis. The powders were dispersed with compressed air at 2 bar through a RODOS dry
disperser and fed into a QICPIC image analysis sensor (both from Sympatec GmbH,
Clausthal-Zellerfeld Germany). Images of at least 100,000 particles of each sample were
captured and analysed, and the resultant data processed to calculate the aspect ratio and
circularity of each particle, thus enabling the construction of particle shape distributions and
summary statistics. Aspect ratio was defined as the ratio between the minimum and maximum
Feret’s diameters of a particle (Feret’s diameter is defined in Section 5.2.1). Circularity was
defined as the ratio between the circumference of a circle with the same projected area as the
particle and the actual circumference of the particle. Both these parameters could, therefore,
vary between 0 and 1, with 1 representing perfect sphericity and smaller values progressively
more irregular particle shapes.
7.2.2

Formulation Manufacture and Performance Analysis

7.2.2.1 Binary Formulation Blending
Each sieved carrier was blended in turn with each study drug to produce sixteen different
binary formulations containing 1.5%w/w drug. The method used was identical to that
described for binary formulations in Section 4.2.1.2.
7.2.2.2 Content Uniformity Determination and Capsule Filling
The content uniformity of each formulation was determined using the method described in
Section 6.2.2 before filling into size 3 gelatin capsules, as described in Section 4.2.3.
7.2.2.3 In-vitro Formulation Performance Analysis
The performance of each formulation was assessed using an ACI. The impaction plates were
immersed in a 1%v/v solution of silicone oil (Acros Organics, Geel, Belgium) in hexane and
allowed to air dry. The ACI (Copley Scientific Ltd, Nottingham, UK) was then assembled with
a pre-separator (containing 10 ml of water), connected to a vacuum pump (Gast, Benton
Harbour, MI, USA) via a solenoid valve and the flow rate at the inlet to the throat set to 60
l.min-1 using a digital flow meter (model DFM 2000, Copley Scientific Ltd, Nottingham, UK).
A Rotahaler® (GlaxoSmithKline, Ware, UK) was attached to the throat of the ACI using a
rubber mouthpiece, a capsule inserted and then opened by twisting the inhaler body. The
contents of the capsule were aerosolised into the ACI by drawing air through the apparatus at
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60 l.min-1 for 4 seconds (controlled by the solenoid valve). Once the contents of ten capsules
had been aerosolised in this way, the equipment was dismantled and the inhaler and capsules
and each stage washed down into separate known volumes of 30%v/v water/70%v/v
methanol, which were sonicated (to aid dissolution) and allowed to cool. The concentration of
drug in each solution was determined by HPLC (following the methods described in Sections
3.3.2.3 and 4.2.4.3), from which the mass of drug deposited on each stage of the ACI could be
determined. Between experiments, the ACI was washed in water and acetone, dried in an oven
and allowed to cool to room temperature.
Each formulation was tested three times in this way and in order to allow comparison of
formulations with different recovered doses, the results normalised to 100% drug recovery.
The ED was defined as the mass of drug recovered from all parts of the ACI. The FPD was
the mass of drug recovered from stages 1 and below of the ACI and the FPF was the FPD
expressed as a percentage of the ED. Analysis of variance (ANOVA) was used to compare
mean results and where significant differences were found (p<0.05), these were located with
Tukey’s Honestly Significant Difference test. The drug MMAD and GSD were calculated
from the drug mass deposition on stages 0 to 7 and the filter.
7.2.2.4 Scanning Electron Microscopy
The blend structure of the various formulations was investigated using SEM, following the
method outlined in Section 2.5.2.
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7.3

Results and Discussion

7.3.1

Carrier Characterisation

7.3.1.1 X-Ray Powder Diffraction
Comparison of the XRPD spectra of the recrystallised sugars with those of the starting
materials (from Section 2.7, see Figure 7.1) confirmed that the recrystallisation process
resulted in crystalline erythritol (of which there is only one known polymorph) and trehalose
dihydrate, as each pair of spectra show peaks at the same diffraction angles. The changes in
the relative intensity of the diffraction lines before and after recrystallisation can be attributed
to sample geometry and variation in particle size.
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Figure 7.1: XRPD spectra of the carrier materials before and after recrystallisation.
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7.3.1.2 Differential Scanning Calorimetry
Figure 7.2 shows the DSC thermogram of the recrystallised erythritol in comparison with that
of the erythritol starting material (from Section 2.8). These thermograms are virtually identical,
having a single peak corresponding to melting at ~121ºC, confirming that the recrystallisation
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Figure 7.2: DSC thermograms of erythritol before and after recrystallisation.
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Figure 7.3 shows the DSC thermogram of the recrystallised trehalose in comparison with that
of the trehalose starting material (from Section 2.8). From 30ºC to 150ºC, these thermograms
are virtually identical, with a large endotherm between 60ºC and 115ºC corresponding to the
dehydration of trehalose dihydrate and a much smaller endotherm between 120ºC and 135ºC
corresponding to the glass transition of the resultant amorphous phase (see Appendix 1).
These peaks therefore confirm that the recrystallisation process produced crystalline trehalose
dihydrate. Above 150ºC, the two thermograms are quite different, which can be attributed to
the effects that differences in particle size are known to have on the thermal properties of
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trehalose (see Appendix 1 for more details)17.
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Figure 7.3: DSC thermograms of trehalose before and after recrystallisation.
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7.3.1.3 Particle Size Analysis
Inspection of the particle size distributions of the four carrier materials (Figure 7.4) revealed
that they each approximately followed a negatively skewed log-normal distribution. These data
were, therefore, summarised using the d10, d50 and d90 values and the proportion of particles
smaller than 10 µm diameter (see Table 7.1).
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Figure 7.4 (continued on next page): Particle size distributions of the 63-90 µm sieved carrier materials.
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Figure 7.4 (continued from previous page): Particle size distributions of the 63-90 µm sieved carrier materials.
Table 7.1: Summary particle size statistics of the 63-90 µm sieved carrier materials.
d10 (µm ± SD) d50 (µm ± SD) d90 (µm ± SD) % <10 µm (± SD)
63-90 µm erythritol

14.50 ± 1.28

67.74 ± 1.48

112.33 ± 2.14

7.2 ± 0.7

63-90 µm lactose

9.98 ± 0.92

60.69 ± 1.55

119.14 ± 2.26

10.0 ± 0.9

63-90 µm mannitol

18.49 ± 0.71

71.17 ± 0.80

140.38 ± 0.49

5.0 ± 0.3

63-90 µm trehalose

26.22 ± 0.72

74.16 ± 1.12

118.65 ± 1.09

3.4 ± 0.1

Comparison of the particle size distributions and the summary statistics reveals that despite
careful sieving into the same size fraction, the four carrier materials did not have identical
particle size distributions. This is reflected by the results of statistical analysis using ANOVA,
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which found significant differences in the data for each of the parameters shown in Table 7.1
(p<0.001 in all cases). In particular, the particle size distributions differed towards smaller
particle diameters (<50 µm), which is reflected in considerable differences in the d10 and %
<10 µm values (Table 7.1). Given that, as discussed in Chapter 1, the proportion of intrinsic
fines in a carrier can have a dramatic effect on DPI formulation performance, these
differences should be borne in mind during the subsequent analysis of such data. Such
differences in the particle size distributions can be attributed to the adhesion of fine particles
to coarser particles during sieving, thus preventing them passing through the 63 µm sieve.
During particle size analysis, however, the efficient powder dispersion system employed
separated these particles, resulting in different particle size distributions. In addition, particles
of the same laser diffraction diameter but with different shapes may vary in their ability to pass
through a certain sieve apperture size.
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7.3.1.4 Scanning Electron Microscopy
Inspection of SEM images of the four 63-90 µm sieved carrier materials (Figure 7.5) confirms
the particle size data presented in the previous section. The materials appear to have
approximately the same average particle size, but with varying proportions of intrinsic fines.
These are especially evident in the SEMs of the lactose carrier, which was also found to have
the largest proportion of intrinsic fines by laser diffraction particle size analysis (see Table 7.1).
The particle shape of the four materials differed considerably and was related to their
underlying crystal habits (see Section 3.4.1.1). Erythritol particles had an irregular but smooth
and rounded morphology, whilst lactose particles displayed the tomahawk shape typical of αlactose monohydrate18,19, with a considerable number of irregularly shaped fine particles both
adhered and unadhered to the larger particles. Mannitol particles were elongated, with some
almost needle shaped. They appeared to have been formed by the granulation of smaller
particles, producing a rough surface. Finally, the trehalose particles were irregularly shaped but
tended to be slightly elongated. They possessed smooth surfaces and many appeared to have
been formed by the fusion of smaller particles. Given the effects that carrier shape can have
on DPI formulation performance12,14,15, these differences should be borne in mind during the
subsequent analysis of such data.

Erythritol

Lactose

Mannitol

Trehalose

Figure 7.5: Representative SEMs of the four 63-90 µm sieved carrier materials (all ×250 magnification)
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7.3.1.5 Particle Shape Analysis
As shown in Figure 7.6, the aspect ratio and circularity distributions of the four carriers
showed considerable differences between the materials in terms of particle shape. These
differences are reflected in the shape factor 10th, 50th and 90th percentile values shown in Table
7.2.
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Figure 7.6: Particle shape distributions of the 63-90µm carrier materials.
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Table 7.2: Aspect ratio and circularity 10th, 50th and 90th percentiles of the 63-90 µm carrier materials
Aspect Ratio

Circularity

10th
percentile

50th
percentile

90th
percentile

10th
percentile

50th
percentile

90th
percentile

Erythritol

0.61

0.75

0.86

0.84

0.89

0.93

Lactose

0.48

0.64

0.81

0.80

0.87

0.92

Mannitol

0.37

0.56

0.78

0.73

0.84

0.91

Trehalose

0.57

0.71

0.84

0.81

0.88

0.92

These quantitative particle shape data clearly corroborate the qualitative assessment of shape
achieved using SEM. Mannitol was associated with the smallest shape factors of the four
materials, meaning that it was the least spherical of the carriers, which reflects its elongated
shape observed by SEM. The remaining carriers approached sphericity in the order lactose <
trehalose < erythritol, which reflected the tomahawk, slightly elongated and rounded
morphologies of these respective materials as observed by SEM. Given the effects that carrier
shape can have on DPI formulation performance12,14,15, these differences should be borne in
mind during the subsequent analysis of such data.
7.3.1.6 TappingModeTM AFM
TappingModeTM AFM was employed to quantify the nanoscale surface roughness of the
carrier materials. Figure 7.7 shows representative images and Table 7.3 the mean roughness
parameters (as defined in Section 3.3.1.1) of the carriers.
Table 7.3: Mean roughness parameters of the 63-90 µm sieved carrier materials (n = 3).
Mean Ra (nm ± SD) Mean Rq (nm ± SD)
Erythritol

16.46 ± 13.65

23.77 ± 20.09

Lactose

52.09 ± 9.44

75.43 ± 13.89

Mannitol

30.22 ± 9.55

49.25 ± 21.21

Trehalose

85.20 ± 16.13

113.46 ± 22.11

Inspection of the AFM images revealed qualitative differences between the roughness of the
carriers, with erythritol appearing reasonably smooth, lactose and trehalose exhibiting an
irregular pattern of rounded asperities and mannitol displaying a series of linear features that
might reflect its granulated appearance when observed by SEM. This qualitative impression
was upheld by the roughness parameters (Table 7.3). Using ANOVA, significant differences in
both the Ra (p=0.001) and the Rq (p=0.003) were found, with subsequent analysis using
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Tukey’s Honestly Significant Difference test revealing that the trehalose carrier was
significantly rougher than the other materials and that the lactose carrier was significantly
rougher than the erythritol carrier. Given the complex effects that carrier surface roughness
has on the contact area and separation distance between drug and carrier particles, and thus on
DPI formulation performance12,20-24, these differences should be borne in mind during the
subsequent analysis of such data.
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Erythritol

Lactose

Mannitol

Trehalose

Figure 7.7: Representative TappingModeTM AFM images (with cross sections along the horizontal black line)
of randomly selected 10 µm × 10 µm square areas of the surface of each of the 63-90 µm sieved carrier
materials. The z-scale of the images is shown by the scale bar.
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7.3.1.7 Flowability
As Table 7.4 shows, the flowability of the four 63-90 µm sieved carriers showed considerable
differences. These were found to be significant using ANOVA (p<0.001), with significant
flowability differences being located between all the carriers (apart from of mannitol and
trehalose) using Tukey’s Honestly Significant Difference test.
Table 7.4: The measured flowability of the 63-90 µm sieved carriers (n = 3).
Mean flowability (ffc ± SD)
Erythritol

6.10 ± 0.49

Lactose

4.79 ± 0.27

Mannitol

13.61 ± 0.35

Trehalose

13.01 ± 0.45

As the carriers have already been shown to have different particle size distributions, particle
shapes and surface roughness, which are all variables known to effect powder flow14,25, it is
unsurprising that they were found to have such markedly different flowability. Given the
effects that carrier flowability is known to have on the emission and, possibly, the
performance of DPI formulations14,26-29, these differences should be borne in mind during the
subsequent analysis of such data.
7.3.2

In-vitro Formulation Performance Analysis

7.3.2.1 Formulation Content Uniformity
The CV of the drug content of the sixteen formulations tested is shown in Table 7.5. As these
data show, not all the formulations had a drug CV <6%, which is the value commonly taken
as sufficiently uniform for DPI systems. As previously described (Sections 4.3.1.1 and 4.3.2.1),
however, for the purposes of this study it was important that all formulations were blended
with a consistent, low shear, method. The blending process was therefore not altered in order
to bring the CV of all the formulations to <6%.
As was seen previously using this blending technique (Section 4.3.2.1), the content
uniformities of the various formulations were largely similar to each other, with no apparent
effects of the drug-carrier CAB ratio.
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Table 7.5: Binary formulation drug content uniformity (expressed as coefficient of variation).
Budesonide

FP

FFD

SX

Erythritol Carrier

1.50%

2.99% 3.79% 1.41%

Lactose Carrier

6.88%

5.87% 5.10% 4.93%

Mannitol Carrier

4.35%

8.89% 5.56% 7.67%

Trehalose Carrier

4.75%

8.47% 5.64% 5.69%

7.3.2.2 Drug Impactor Deposition
The mean mass of drug deposited per capsule on each stage of the ACI for each formulation
is shown in Table 7.6 and Figure 7.8. Table 7.6 also shows the ED, FPD (stage 1 and below),
FPF and MMAD of each formulation.
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Table 7.6 (continued on next page): ACI deposition per capsule of drug aerosolised from the various drug-carrier combinations (n = 3).
BUD = budesonide; D & C = device and capsules; MP & T = mouthpiece and throat; PS = pre-separator; S = stage.
Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation

Mean ED
(µg ± SD)

Mean
FPD
(µg ±
SD)

Mean
FPF
(% ±
SD)

MMAD
(µm ±
GSD)

D&C

MP &
T

PS

S0

S1

S2

S3

S4

S5

S6

S7

Filter

BUD Erythritol
Carrier

157.0 ±
42.2

21.6 ±
1.2

283.2 ±
39.4

3.2 ±
0.7

4.9 ±
0.6

4.5 ±
1.2

5.5 ±
1.7

1.9 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

324.8 ± 42.2

16.9 ±
3.7

5.2 ±
0.7

3.8 ± 1.5

FP Erythritol
Carrier

108.7 ±
22.5

18.7 ±
4.8

342.6 ±
17.5

1.4 ±
0.3

1.8 ±
0.3

2.1 ±
0.2

4.2 ±
1.0

2.2 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

373.1 ± 22.5

10.3 ±
2.0

2.8 ±
0.4

3.3 ± 1.6

FFD Erythritol
Carrier

70.2 ±
12.6

13.9 ±
0.8

361.5 ±
11.8

2.8 ±
0.8

2.2 ±
0.7

5.3 ±
0.5

16.4 ±
1.5

7.8 ±
0.7

1.6 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

411.6 ± 12.6

33.4 ±
1.4

8.1 ±
0.5

2.8 ± 1.6

SX Erythritol
Carrier

79.6 ±
18.6

12.4 ±
1.2

341.6 ±
27.7

3.4 ±
0.3

2.6 ±
0.4

4.3 ±
0.9

16.5 ±
3.4

16.9 ±
3.2

4.5 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

402.2 ± 18.6

44.7 ±
8.3

11.2 ±
2.6

2.5 ± 1.7

BUD Lactose
Carrier

235.3 ±
9.3

41.0 ±
2.6

152.6 ±
6.6

11.2 ±
2.2

13.0 ±
1.1

11.3 ±
1.3

12.3 ±
2.0

4.0 ±
0.6

1.1 ±
0.3

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

246.5 ± 9.3

41.7 ±
4.9

16.9 ±
1.5

4.0 ± 1.7

FP Lactose
Carrier

200.4 ±
14.1

36.5 ±
4.1

201.5 ±
15.9

9.0 ±
1.1

9.2 ±
0.8

8.5 ±
0.7

10.7 ±
0.4

4.9 ±
0.2

1.2 ±
0.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

281.4 ± 14.1

34.5 ±
1.8

12.3 ±
0.5

3.8 ± 1.7

FFD Lactose
Carrier

113.1 ±
10.9

24.4 ±
5.1

212.8 ±
11.0

16.4 ±
2.4

19.5 ±
1.6

22.5 ±
2.0

46.1 ±
2.1

22.8 ±
3.7

4.2 ±
0.8

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

368.7 ± 10.9

115.1 ±
5.0

31.2 ±
0.5

3.3 ± 1.6

SX Lactose
Carrier

141.7 ±
25.4

36.3 ±
9.2

236.5 ±
14.5

10.6 ±
2.2

11.1 ±
1.4

9.9 ±
2.5

17.0 ±
2.6

12.4 ±
1.6

4.2 ±
0.1

0.9 ±
0.1

1.0 ±
0.1

0.0 ±
0.0

340.1 ± 25.4

56.6 ±
7.6

16.6 ±
1.0

3.1 ± 2.2

BUD Mannitol
Carrier

111.4 ±
10.4

22.0 ±
3.4

297.3 ±
5.6

9.4 ±
2.0

12.3 ±
2.1

12.7 ±
1.6

11.3 ±
1.3

4.3 ±
0.4

1.1 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

370.4 ± 10.4

41.7 ±
5.4

11.2 ±
1.3

4.0 ± 1.6

FP Mannitol
Carrier

116.3 ±
36.5

17.3 ±
6.8

319.4 ±
29.7

16.6 ±
2.9

4.8 ±
1.5

2.4 ±
0.6

3.2 ±
0.3

1.8 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

365.5 ± 36.5

12.2 ±
2.4

3.3 ±
0.4

6.8 ± 2.1
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Mean Drug Deposition on Impactor Stages
(µg ± SD)

Formulation

Mean ED
(µg ± SD)

Mean
FPD
(µg ±
SD)

Mean
FPF
(% ±
SD)

MMAD
(µm ±
GSD)

D&C

MP &
T

PS

S0

S1

S2

S3

S4

S5

S6

S7

Filter

FFD Mannitol
Carrier

109.6 ±
60.8

22.0 ±
9.1

321.5 ±
66.2

4.0 ±
0.7

2.1 ±
0.3

3.3 ±
0.7

10.7 ±
3.2

6.8 ±
2.1

1.8 ±
0.6

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

372.2 ± 60.8

24.7 ±
3.9

6.7 ±
0.2

2.9 ± 1.7

SX Mannitol
Carrier

118.0 ±
46.9

25.8 ±
6.6

295.7 ±
52.9

10.4 ±
2.9

5.5 ±
2.1

2.3 ±
1.5

10.6 ±
0.4

10.2 ±
2.1

3.2 ±
1.2

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

363.8 ± 46.9

31.8 ±
3.2

8.9 ±
1.8

3.4 ± 2.0

BUD Trehalose
Carrier

151.2 ±
37.4

26.0 ±
13.2

254.6 ±
33.2

7.8 ±
2.5

10.9 ±
2.7

10.3 ±
1.8

14.6 ±
3.1

5.1 ±
0.7

1.3 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

330.6 ± 37.4

42.3 ±
7.7

12.7 ±
0.8

3.7 ± 1.6

FP Trehalose
Carrier

75.2 ±
57.2

18.5 ±
4.0

374.9 ±
59.9

2.0 ±
0.2

2.4 ±
0.6

2.6 ±
0.7

4.5 ±
1.3

1.8 ±
0.5

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

406.6 ± 57.2

11.3 ±
2.7

2.8 ±
0.6

3.5 ± 1.6

FFD Trehalose
Carrier

154.4 ±
10.8

25.0 ±
5.3

267.8 ±
5.4

3.3 ±
0.7

3.9 ±
1.1

6.4 ±
2.5

14.0 ±
2.3

4.9 ±
1.6

1.3 ±
0.2

0.8 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

327.4 ± 10.8

31.2 ±
6.3

9.5 ±
1.6

2.9 ± 1.8

SX Trehalose
Carrier

92.9 ±
16.2

24.8 ±
3.6

327.8 ±
10.7

4.8 ±
1.3

4.3 ±
0.5

3.8 ±
1.2

10.8 ±
2.3

10.0 ±
0.3

2.5 ±
0.1

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

388.9 ± 16.2

31.5 ±
3.8

8.1 ±
0.7

2.9 ± 1.8
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Figure 7.8 (continued on next page): ACI deposition per capsule of drug aerosolised from the various drugcarrier combinations (n = 3). D & C = device and capsules; MP & T = mouthpiece and throat; PS = preseparator.
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Figure 7.8 (continued from previous page): ACI deposition per capsule of drug aerosolised from the various
drug-carrier combinations (n = 3). D & C = device and capsules; MP & T = mouthpiece and throat; PS =
pre-separator.
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As Figure 7.9 shows, using ANOVA significant differences in the EDs of some of the carriers
were found. The EDs of the formulations of budesonide with erythritol, and budesonide and
FP with lactose, were significantly less than the EDs of the formulations containing FFD and
SX formulated with the same carriers (p=0.015 and p<0.001, respectively). There were no
significant differences in the EDs of mannitol and trehalose carrier formulations (p=0.994 and
p=0.056, respectively).
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Figure 7.9: The ED per capsule of each of the various drug-carrier combinations. * = ED significantly less
than ED of FFD and SX formulated with the same carrier.
The variations in ED showed no apparent relationship with either the drug-carrier CAB ratio
or the carrier flowability, as has been previously reported10,14,26,28,29. The absence of a
relationship between flowability and ED can be attributed to the flowability measurements
referring to the carriers alone. It is probable that the addition of different drugs to a carrier
will decrease its flowability by varying degrees. If sufficient material were available, therefore,
measurements of the flowability of the various formulations might have been found to
correlate with ED.
As shown in Figure 7.10, there were a considerable number of significant differences in both
the FPDs and FPFs of the various formulations (p≤0.001 in each case).
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Figure 7.10 (continued on next page): FPD per capsule and FPF of the various drug-carrier combinations. *
= significantly less than budesonide formulation; # = significantly less than FFD formulation; £ =
significantly less than SX formulation.
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Figure 7.10 (continued from previous page): FPD per capsule and FPF of the various drug-carrier
combinations. * = significantly less than budesonide formulation; # = significantly less than FFD
formulation; £ = significantly less than SX formulation.
Using these data, it was possible to draw up rank orders of formulation performance by either
the drug or carrier. The rank orders by carrier were as follows (pairs of formulations enclosed
in brackets can be ranked in either order, depending on whether FPF or FPD is used):
Budesonide formulations: (Lactose > Trehalose) > Mannitol > Erythritol
FP formulations: Lactose > Mannitol > Trehalose > Erythritol
FFD formulations: Lactose > (Trehalose > Erythritol) >Mannitol
SX formulations: Lactose > Erythritol > Mannitol > Trehalose

Inspection of these ranks orders reveals that the lactose carrier produced the best
performance for each of the drugs studied. Although not proven, this may reflect the larger
proportion of intrinsic fines in this material (see Table 7.1), which, as discussed in Chapter 1,
is known to increase formulation performance. The order in which the other carriers were
ranked varied from drug-to-drug however, suggesting that the different levels of performance
of these carriers was not attributable to one or more of their intrinsic properties, but to a
property that changed depending upon the drug with which they were formulated. The
magnitude of the drug-carrier adhesion is an example of such a property. The rank orders of
performance by drug were as follows:
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Erythritol formulations: SX > FFD > Budesonide > FP
Lactose formulations: FFD > (Budesonide > SX) > FP
Mannitol formulations: Budesonide > SX > FFD > FP
Trehalose formulations: Budesonide > (FFD > SX) > FP

Inspection of these ranks orders reveals that formulations of FP produced the poorest
performance with each of the carriers studied. The order in which the other drugs were
ranked varied from carrier-to-carrier, however. Once again, this suggests that the different
levels of performance of these drugs were not attributable to one or more of their intrinsic
properties, but to a property that changed depending upon the carrier with which they were
formulated (for example, the magnitude of the drug-carrier adhesion). Given these findings,
the aim of this study, which was the comparison of formulation performance with drug-carrier
CAB ratios, appears valid, and is, therefore, considered in the following section.
7.3.3

The Relationship Between Drug-Carrier CAB Ratio and Formulation Performance

As in previous chapters, comparison with CAB ratios was made graphically. The FPD was
employed to characterise formulation performance, as the significant differences observed in
ED might have rendered comparison of FPFs invalid. In an attempt to negate the effects of
the differing intrinsic properties of the carriers and drugs, the comparison with drug-carrier
CAB ratio was made in two ways, categorised by either drug (Figure 7.11) or carrier (Figure
7.12).
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Figure 7.11: The relationship between FPD and drug-carrier CAB ratio, categorised by drug.
 = erythritol carrier;  = lactose carrier;  = mannitol carrier;  = trehalose carrier.
As Figure 7.11 shows, there was no apparent relationship between FPD and drug-carrier CAB
ratio when the data was categorised by the drug. The performance data for budesonide and
FFD showed no clear trends in relation to drug-carrier CAB ratio. FP and SX each appeared
to show a weak trend, but the FP FPD decreased with increasing drug-carrier CAB ratio,
whilst the SX FPD increased.
Given the large and significant differences between the carrier materials, in terms of particle
size, shape, surface roughness and flowability (see Section 7.3.1), it is unsurprising that data
relating to one drug formulated with four different carriers did not show any relationship
between drug-carrier CAB ratio and formulation performance. As discussed in Section 7.3.1,
these differences between the carriers are all known to affect DPI performance. Their effects
on FPD can be presumed, therefore, to have been sufficiently large to mask any affects that
changes in the drug-carrier CAB ratio may have had on formulation performance.
Although the four study drugs are also known to have differed from each other in terms of
size and shape (see Chapter 2), and can be presumed to have differed in terms of surface
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roughness and flowability, from the data presented in Chapter 2 and Section 7.3.1, it is
apparent that they were more similar to each other than the carriers were similar to each other.
This is unsurprising, as the drugs had been micronised, which is a sufficiently energetic
process to have overcome differences in size and shape caused by the different drugs having
different crystal habits. The result is that the micronised drugs were, in terms of their physical
characteristics, reasonably similar to each other. On the other hand, the carrier materials had
not been subjected to energetic post-crystallisation processing, meaning that differences in
their size and shape caused by their different crystal habits had not been overcome.
Given that, in terms of their physical characteristics, the drugs were more similar to each other
than the carriers were similar to each other, the comparison between formulation FPD and
drug-carrier CAB ratio was repeated, with the data categorised by the carrier (Figure 7.12). It
was hoped that the comparison of data relating to one carrier formulated with four different
drugs would yield a consistent relationship between drug-carrier CAB ratio and performance,
as the variation in formulation performance caused by the physical differences between the
drugs might not have been sufficiently large to mask the effects of changing the magnitude of
drug-carrier adhesion.
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Figure 7.12: The relationship between FPD and drug-carrier CAB ratio, categorised by carrier.
 = budesonide formulation;  = FP formulation;  = FFD formulation;  = SX formulation.
As Figure 7.12 shows, the comparison of FPD with drug-carrier CAB ratio, categorised by
carrier, was indeed successful in yielding a consistent relationship between the two variables.
Although the absolute FPD associated with a particular drug-carrier CAB ratio varied between
the different carriers (which can be attributed to the varying intrinsic properties of these
materials), the same relative trend in the relationship between performance and drug-carrier
CAB ratio was observed in all cases. For each carrier, FPD was optimised when the drugcarrier CAB ratio was slightly cohesive: the optimum CAB ratio for the erythritol, lactose,
mannitol and trehalose carriers was 1.12, 1.16, 1.12 and 1.07, respectively. Formulation
performance became progressively poorer as the drug-carrier CAB ratio became more
adhesive or cohesive.
Figure 7.13 shows the relationship between binary formulation performance and drug-carrier
CAB ratio found in both Chapter 4 Study II (using the etched lactose carrier) and two
previous studies, which examined salbutamol sulphate10 and budesonide11 formulated with five
different carriers. Performance is represented by FPF, as FPD was not previously reported10,11.
The previous study of budesonide measured drug-carrier CAB ratios using both the {002}
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and {102} faces of the budesonide crystal for the cohesive measurement11, so both these sets
of data are shown. It should be noted that both previous studies used a different drug
concentration (0.61%w/w) and inhaler device (the Cyclohaler®) compared to this study10,11. The
FPFs relating to the Chapter 4 data refer to a cut-off of <6.18 µm to match the data from this
chapter and the previous studies (the cut-off employed in Chapter 4 is <4.46 µm). This was
calculated by fitting the NGI drug deposition data to log-normal distribution and estimating
the FPD <6.18 µm.
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Figure 7.13: The relationship between formulation FPF and drug-carrier CAB ratio found in both Chapter 4
Study II (using the etched lactose carrier) and previous studies of salbutamol sulphate 10 and budesonide (CAB
ratios obtained using both the {002} and {102} faces of the budesonide crystal) 11. The vertical dotted lines
indicate the slightly cohesive drug-carrier CAB ratios that resulted in maximal formulation performance for the
formulations described in this chapter.
Inspection of Figure 7.13 reveals that the findings of both this study and the previous studies
of salbutamol sulphate and budesonide (CAB ratio measured using the {002} budesonide
crystal face) are in accordance with each other. These previous studies did not include
formulations with a slightly cohesive drug-carrier CAB ratio and so do not show maximal
performance in this area. Extrapolation of the available data suggests, however, that had these
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studies included a drug-carrier combination with a slightly cohesive CAB ratio, it might have
produced the best performance.
The data relating to budesonide produced using the {102} crystal face to measure the CAB
ratio do not fit as well with the data from this study. This may be related to the inclusion of a
formulation with an extremely cohesive drug-carrier CAB ratio (11.42), which may have
behaved very differently to less cohesive formulations. The data from Chapter 4 that were
produced using the etched lactose carrier (as opposed to the unetched carriers used in this
chapter) showed maximum performance when the drug-carrier CAB ratio was slightly
adhesive, as opposed to the slightly cohesive optimum seen in the data from this study. This
difference may be attributable to the effects of the etching process, which include reducing the
intrinsic fines content (compare Tables 2.4 and 7.1) and decreased surface roughness30. Such
changes may have produced subtle changes in the dispersion behaviour of the etched lactose
formulations, resulting in a slightly different relationship between formulation performance
and drug-carrier CAB ratio. In addition, the etched lactose formulations were aerosolised into
a different type of impactor (an NGI) to that used in this chapter and the previous studies10,11,
and their FPFs <6.18 µm calculated by extrapolation. Variation resultant from both of these
factors may also account for the slightly different relationship between formulation
performance and drug-carrier CAB ratio seen with the etched lactose formulations.
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7.3.4

Scanning Electron Microscopy

Once again, the conclusions that could be drawn from inspection of SEM images of the
various formulations were limited by the subjective and relatively imprecise nature of the
technique. In general, the formulations appeared similar to each other. When comparing
formulations with extremely adhesive drug-carrier CAB ratios to those with extremely
cohesive drug-carrier CAB ratios, however, the images did suggest a greater degree of drugdrug agglomeration in the cohesive formulations, as demonstrated by the representative
images shown in Figure 7.14.
FP-Lactose

SX-Lactose

Figure 7.14: Representative SEM images of the FP-lactose and SX-lactose formulations (drug-carrier CAB
ratios 0.22 and 2.39, respectively). There appears to be more drug-drug agglomeration in the more cohesive
SX-lactose formulation.
7.3.5

Interpreting the Relationship between Drug-Carrier CAB Ratio and Formulation Performance

The results presented in this chapter suggest that the performance of binary DPI formulations
containing carriers produced by standard techniques is optimised when the drug-carrier CAB
ratio is slightly cohesive. They also provide additional evidence, supplementing that in Chapter
5, to suggest that the more cohesive a drug-carrier CAB ratio, the greater the degree of drugdrug agglomeration in the formulation. There are at least two explanations for these findings.
Firstly, a more cohesive drug-carrier CAB ratio represents relatively weaker drug-carrier
adhesion. If this were a reflection of weaker absolute drug-carrier adhesion, the greater
performance seen with more cohesive drug-carrier CAB ratios could be attributed to the
decreased force required to detach a drug particle from the carrier, resulting in the
aerosolisation of a greater number of respirable drug particles. Secondly, the formation of
larger drug-only agglomerates when the drug-carrier CAB ratio was more cohesive might also
have resulted in improved formulation performance via the deagglomeration mechanism
outlined for drug-fines agglomerates in Section 4.3.4. It is also possible that both of these
mechanisms acted alongside each other.
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The first of these proposed mechanisms cannot explain why binary formulation performance
decreased when the drug-carrier CAB ratio increased above the slightly cohesive region, as this
represented a continued decrease in relative drug-carrier adhesion, which might have been
expected to yield further increases in performance. Under the agglomeration mechanism
discussed in Section 4.3.4, it was suggested that very small drug-fines CAB ratios might result
in the formation of extremely strong drug-fines agglomerates that resist extensive
deagglomeration, resulting in decreased ternary formulation performance. The same
explanation can be applied to binary formulations to explain why increasing the drug-carrier
CAB ratio beyond the slightly cohesive region resulted in poorer performance. High drugcarrier CAB ratios represent relatively stronger drug cohesion, which might have resulted in
the formation of extremely strong drug-only agglomerates, giving poorer binary formulation
performance. Of the two mechanisms proposed to explain the findings of this study,
therefore, the deagglomeration hypothesis fits the data better and so is more likely to
accurately reflect reality.
7.4

Conclusions

The in-vitro performance of sixteen different binary formulations produced using four carriers
and four drugs was investigated and related to the drug-carrier CAB ratio. In addition, the
particle size and shape, surface roughness and flowability of the carriers were characterised
and found to vary significantly. It was, therefore, not possible to compare the performance of
formulations containing different carriers to their respective drug-carrier CAB ratio. Due to
the greater similarity of the drugs to each other, however, it was possible to compare the
performance of formulations containing different drugs but the same carrier to their
respective drug-carrier CAB ratios.
Such comparisons consistently showed that formulation performance was maximal when the
drug-carrier CAB ratio was slightly cohesive. As the CAB ratio either increased or decreased
from this value, performance became poorer. This trend was found to fit, at least in part, with
those from similar previous studies, although due to the limited number of formulations
investigated previously, the full extent of the relationship between performance and drugcarrier CAB ratio had not been revealed. It can be suggested, therefore, that when developing
a new carrier-based DPI system using a carrier produced by standard techniques, a drugcarrier combination with a slightly cohesive CAB ratio should be selected if optimum
performance is required. Further work to confirm the applicability of these findings to
formulations produced by different techniques and containing different components in
different proportions would be beneficial.
264

After consideration of the possible explanations for this relationship, it was concluded that it
was mostly likely caused by a slightly cohesive drug-carrier CAB ratio enabling the formation
of drug-only agglomerates that led to improved formulation performance via the a
deagglomeration mechanism similar to that previously outlined for ternary formulations
(Section 4.3.4). In addition to being interesting in its own right, this finding lends further
support to the agglomeration hypothesis as applied to ternary formulations.
7.5
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Chapter 8:

General Conclusions and Further
Work

8.1

Introduction

The efficient delivery of drugs to the respiratory tract requires the inhalation of an aerosol of
drug particles of respirable size (<5 µm). Carrier-based DPI systems achieve this by blending
respirable drug particles with larger, inert carrier particles, in order to produce an easily
manufactured, flowable formulation. The patient’s inspiratory manoeuvre provides the energy
necessary to overcome the adhesion between drug and carrier particles, thus enabling the
former to be inhaled. Many studies have demonstrated that the addition of a small amount of
fine excipient (< 10 µm) to such systems can increase the mass of drug delivered to the lungs,
by enabling the aerosolisation of more drug particles in the respirable size range. The
mechanism by which this is achieved has been the subject of considerable discussion in the
literature. It is clear, however, that the addition of fines to a formulation must, in some way,
modulate the balance between interparticulate adhesions and the forces acting to overcome
them during inhalation.
This study,

therefore,

investigated

the

relationship

between

ternary

formulation

interparticulate forces and performance, with the aim of further elucidating the mechanism(s)
by which fines produce their effects. This was achieved through the use of four drugs, four
fines materials and a lactose carrier. The relative interparticulate forces between these materials
were quantified and compared to the performance of the respective formulations.
8.2

Summary

Following an extensive physical characterisation of the study materials, the relevant
interparticulate forces between them were quantified using the cohesive-adhesive balance
approach to colloidal probe AFM. This revealed a range of CAB ratios and highlighted the
importance of carefully choosing the most appropriate CAB ratio to describe the system being
studied. These CAB ratios were related to a study of binary mixtures of micronised drug and
fines, revealing that systems with an adhesive CAB ratio were agglomerated, with smaller CAB
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ratios resulting in the formation of larger drug-fines agglomerates. Systems with a cohesive
drug-fines CAB ratio did not extensively form drug-fines agglomerates.
All possible binary and ternary formulations containing the study materials were then
produced, using a low energy blending technique. Their performance was assessed by inertial
impaction and then compared to the relevant CAB ratios. It was found that the magnitude of
the drug-fines CAB ratio was critical to determining formulation performance. When this
CAB ratio was adhesive, formulation performance increased as the CAB ratio decreased,
possibly reaching an optimum when the CAB ratio was ~0.4-0.5. When the drug-fines CAB
ratio was cohesive, however, formulation performance did not alter. This, together with the
results of studies of the impactor deposition of the fines and the particle size distribution of
the aerosol cloud emitted from the inhaler, suggested that when the drug-fines CAB ratio was
adhesive, formulation performance was increased by the formation of drug-fines
agglomerates. Due to their larger diameter, such structures would be subject to greater
deagglomeration forces during inhalation, thus producing more respirable drug particles and
giving greater formulation performance. The mechanism responsible for improving the
performance of formulations with a cohesive drug-fines CAB ratio could not be determined.
A study of the interaction between ternary formulation blending order, drug-fines CAB ratios
and formulation performance was, therefore, undertaken, but this simply highlighted the
complexity of the effects of blending order and did not provide further mechanistic evidence.
Finally, in order to find further evidence that agglomeration is key to the performance of DPI
formulations, and to extend previous work in the field, a study was then undertaken
examining the relationship between drug-carrier CAB ratio and binary DPI formulation
performance. This was achieved by producing coarse carriers using the four fines materials,
blending them with the four study drugs and assessing their performance by inertial
impaction. This study demonstrated that binary formulation performance was maximised
when the drug-carrier CAB ratio was slightly cohesive, a novel finding that lent further
support to the hypothesis that a degree of agglomeration within a DPI formulation results in
improved performance.
8.3

General Conclusions

It is clear from the work presented in this study, and in those of other authors, that, for certain
ternary formulations, the formation of drug-fines agglomerates is responsible for their
improved performance. It is also clear that a certain amount of drug-drug agglomeration can
improve the performance of binary formulations. Such findings, which at first sight appear
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counterintuitive, highlight the complexity of DPI formulations and the current limited state of
the knowledge about the fundamental principles by which they operate.
The studies have also highlighted the potential usefulness of the CAB procedure as a
preformulation tool in the development of new carrier-based DPI products. The analysis of
appropriate CAB ratios should enable the rational selection of the optimum combination of
drug or salt form, carrier and, possibly, fine excipient, thus avoiding extensive and time
consuming in-vitro analysis of the performance of a matrix of formulations.
8.4

Further Work

There are three elements of this study which would benefit from further investigation. Firstly,
the mechanism by which fines increase the performance of ternary formulations with a
cohesive drug-fines CAB ratio is still unclear. All that is known is that the mechanism results
in formulation performance that is independent of the magnitude of the drug-fines
interparticulate interaction. Further study could therefore be directed towards investigating
this phenomenon. In Section 4.3.4, it is hypothesised that this mechanism might relate to the
increased number of particle-particle collisions during aerosolisation when fines are included
in a formulation, so such further investigations might begin by investigating this proposal,
possibly via the use of high-speed video imaging techniques and computer modelling, which
have proved useful for investigating other mechanistic problems in DPI formulations1,2.
The second area that would benefit from further study is the complex relationship between
ternary formulation blending order, drug concentration and formulation performance. It is
clear from Chapter 6 that these factors interact with each other in complex ways; a greater
understanding of these interactions might further the mechanistic knowledge of these
formulations, especially when the drug-fines CAB ratio is cohesive. Such studies could also be
extended to included different blending techniques, to investigate whether the relationships
between CAB ratios and formulation performance found in this study are still seen when
higher shear blending is used.
The data presented in this thesis and various previous studies3-6 clearly demonstrate the power
of the cohesive-adhesive balance approach to explain the behaviour DPI formulations and,
potentially, to predict their performance. A major drawback to the use of the technique during
DPI formulation development is the amount of the time the measurements take. For example,
the measurement of the CAB ratios described in Chapter 3 took approximately eight months
to complete. Such a time scale is clearly a limitation to the use of the CAB approach for the
270

rapid preformulation screening of candidate drugs, salt forms or excipients in the industrial
setting. Further research aimed at developing a method by which CAB data could be acquired
more quickly would, therefore, be extremely valuable. Appendix 2 describes initial,
unsuccessful, attempts at developing such a technique, based upon the measurement of the
surface energies of the study materials and the subsequent calculation of their theoretical
works of adhesion and cohesion. This failure indicates that a more sophisticated approach is
required. Research into improved techniques for the quantification of surface energy
(especially its acidic and basic components) would, therefore, be valuable. An alternative
approach worthy of investigation is the computer modelling of crystal structures to determine
the chemical groups exposed at crystal faces, from which it might be possible to calculate
surface energy. In addition, it may prove necessary to employ additional material properties in
the calculation of theoretical CAB ratios, for example Young’s modulus and Poisson ratio, as
these are known to have a significant effect on interparticulate adhesion7-10.
8.5
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Appendix 1: The Dehydration of Trehalose
Dihydrate at Low Relative Humidity
and Ambient Temperature

A1.1

Introduction

α,α-trehalose, the disaccharide of α-D-glucose, is a naturally occurring sugar thought to confer
anhydrobiotic properties (the ability to survive desiccation for long periods of time and rapidly
resume metabolism upon rehydration) on various organisms in which it is found1. The
observation of this property has led to its investigation as a stabilising excipient for the
formulation of labile biological molecules and liposomes2. Trehalose has also been studied as a
potential carrier for DPI formulations3-5.
The polymorphism of α,α-trehalose has been the subject of intense research in recent times.
In addition to the dihydrate, the crystal structure of which has been known since the early
1970s6,7, up to four anhydrous polymorphs have been identified. Of these, the β-form is the
best characterised, with a known crystal structure8. It can be formed from trehalose dihydrate
by heating at 130ºC for 4 hours9 or by heating in a calorimeter under highly humid conditions,
when it forms at 90ºC10. It can also be formed by a cold crystallisation of the glassy
amorphous state or by a solid-solid transition from the γ anhydrous form within a
calorimeter11. The α-anhydrous form (also referred to by some authors as the Κ-form or form
II) is produced from the dihydrate by a slow thermal dehydration or supercritical CO2 fluid
extraction of the water of crystallisation12,13. It has been proposed that thermal treatment of
trehalose dihydrate produces the α-form when it induces the removal of water at a rate below
a certain threshold level; at faster rates of removal, the amorphous phase is produced13. The γ
anhydrous form is only produced in a calorimeter under certain conditions, when at about
115ºC, a cold crystallisation follows partial dehydration of the dihydrate14. It is thought that
this polymorph is made up of crystals with a dihydrate core surrounded by a layer of the βform. Finally, a recent publication reports the discovery of a new anhydrous polymorph of
trehalose, the ε-form10. This was formed by thermal dehydration in a calorimeter in an
atmosphere with a partial water vapour pressure of 3-5 kPa.
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This appendix reports the results of investigations carried out following the observation of the
unusual behaviour of trehalose dihydrate during DVS experiments. The first stage of a typical
DVS protocol (as described in Section 2.9) is the drying of the sample at 0% RH and 25ºC.
Under these conditions, sugars typically lose <1% of their initial mass before reaching
equilibrium, whereas trehalose dihydrate was found to lose >9% of its initial mass, prompting
further enquiries to ascertain what was causing this unusual phenomenon.
A1.2

Materials and Methods

A1.2.1 Materials
α,α-trehalose dihydrate was obtained from British Sugar (Peterborough, UK). As supplied, the
material had a polydisperse particle size distribution and since particle size is known to affect
the dehydration of trehalose dihydrate15-17, the powder was sieved and the <63 µm fraction
used for subsequent experiments. Cyclohexane and ethanol (analytical grade) were supplied by
Fisher Scientific UK (Loughborough, UK) and water was prepared by reverse osmosis
(MilliQ, Millipore, Molsheim, France). Lecithin was supplied by Acros Organics (Geel,
Belgium). Karl Fischer anolyte solution was supplied by Sigma-Aldrich Co. Ltd. (Gillingham,
UK) and Karl Fischer catholyte solution was supplied by Fisher Scientific UK
(Loughborough, UK).
A1.2.2 Methods
A1.2.2.1

Exposure of Trehalose Dihydrate to Dry Conditions

For each exposure, approximately 150 mg of trehalose dihydrate was loaded into the sample
pan of a DVS-1 instrument (Surface Measurement Systems Ltd, London, UK). The
instrument was programmed to expose the sample to 0% RH at 25ºC and to continuously
record sample mass, temperature and relative humidity. This continued until the rate of
change of the mass of the sample (dm/dt) reached 0.0000%, at which point the sample was
removed from the instrument and immediately subjected to further characterisation.
A1.2.2.2

Differential Scanning Calorimetry

DSC was performed with a DSC 2910 instrument (TA Instruments, Surrey, UK), calibrated
with indium and tin standards. Approximately 6 mg of sample was loaded into an open
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aluminium pan and scanned from 30ºC to 230ºC at 5ºC.min-1. The calorimeter head was
flushed with nitrogen gas at 25 ml.min-1 during all measurements.
A1.2.2.3

X-Ray Powder Diffraction

X-ray powder diffraction (XRPD) spectra were obtained using a Phillips analytical X-ray
powder diffractometer (Cambridge, UK) with a CuKα source (λ = 1.5418Å) operated at 40 kV
and 25 mA. A single sweep between diffraction angles (2θ) 5º and 30º was employed for each
measurement.
A1.2.2.4

Karl Fischer Moisture Titration

The total water content of trehalose before and after exposure to low humidity was
determined using Karl Fischer coulometric moisture titration. 10-20 mg of each sample was
accurately weighed into the titration cell of a MKC-510 Karl Fischer coulometric moisture
titrator (Kyoto Electronics, Tokyo) and analysed to determine the %w/w water content of the
sample. The total water content of three aliquots of each sample was determined in this way
and the mean and SD calculated.
A1.2.2.5

Particle Size Analysis

Sample particle size was determined by laser diffraction using a Malvern Mastersizer X
(Malvern Instruments Ltd., Malvern, UK) equipped with a small volume stirred cell and 100
mm lens. A small amount of the sample was suspended in a 1 mg/ml lecithin in cyclohexane
solution and sonicated for 5 minutes prior to drop-wise addition to the sample cell. The
particle size of five aliquots taken from different parts of the powder bed of each sample were
measured in this way and the data combined and analysed by the instrument software to give a
distribution by volume.
A1.2.2.6

Scanning Electron Microscopy

SEM was used to investigate particle morphology. Samples were coated with gold using a
sputter coater (model S150B, Edwards High Vacuum, Sussex, UK) and examined using a
scanning electron microscope (model JEOL 6310, Japanese Electron Optics Ltd., Tokyo,
Japan) at 10 KeV.
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A1.2.2.7

Environmentally Controlled Atomic Force Microscopy

The effect of relative humidity on the surface topography of trehalose dihydrate crystals was
investigated using environmentally controlled atomic force microscopy (EC-AFM). To ensure
that any topographical changes were easily observed, the supplied trehalose dihydrate was
recrystallised to produce crystals with smooth surfaces, by precipitation from a saturated
aqueous solution using ethanol as an antisolvent. Crystals produced in this manner were
analysed by DSC (30ºC to 300ºC) and Karl Fischer moisture titration to identify the trehalose
polymorph produced.
AFM imaging was carried out in TappingModeTM using a Multimode AFM, J-type scanner,
Nanoscope IIIa controller (all from Veeco, Cambridge, UK) and a silicon tapping tip (OMCLAC240TS, Olympus, Japan) to image 10 µm × 10 µm square areas of the crystal surface with a
high resolution of 512 × 512 pixels and a scan rate of 1 Hz. The AFM head was enclosed and
perfused with nitrogen of a controlled humidity, as described in Section 3.3.1.4 and
elsewhere18. A sensitive humidity and temperature sensor (Rotronic AG, Bassersdorf,
Switzerland) within the AFM head enabled the environmental conditions in the sample area to
be monitored.
A crystal of trehalose dihydrate was mounted on an AFM stub and positioned in the
instrument. A visually smooth area of the dominant {110} face was imaged under ambient
conditions (22ºC and 35% RH) before the relative humidity of the EC-AFM head was rapidly
reduced to <1% RH (at 22 ± 1ºC) whilst continuously imaging the same area of the crystal
surface. When no further topographical changes were observed, the humidity of the AFM
head was rapidly increased to 50 ± 3% RH (at 22 ± 1ºC); imaging continued until no further
changes were observed. The crystal was then removed from the AFM and rapidly transferred
to the SEM for imaging. In another experiment, the crystal was removed after reaching
topographical stasis at <1% RH and immediately imaged using SEM.
Using these conditions, each EC-AFM image was completed in 8.58 minutes by raster
scanning the imaged area.

As described in greater detail elsewhere19, it is important to

consider the scan direction and lag time between the top and bottom of each image. All
images presented here were therefore recorded in the downward scan direction.
The roughness of each image was quantified using the root mean square of the variations in
the height of the imaged surface (rugosity, Rq, Equation 3.3), as calculated by the AFM
software.
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A1.2.2.8

Dynamic Vapour Sorption

DVS was employed to study the effect of the conditions encountered during EC-AFM on the
recrystallised trehalose. Approximately 150 mg of recrystallised trehalose (~30 crystals) was
loaded into the sample pan of a DVS-1 instrument (Surface Measurement Systems Ltd,
London, UK) and its mass continually recorded whilst being subjected to a relative humidity
cycle designed to mimic that used during EC-AFM. This cycle consisted of 15 minutes
equilibration at 35% RH, followed by 3 hours at 0% RH and finally 2 hours at 50% RH. The
temperature of the instrument was maintained at 22ºC throughout the experiment, to mimic
the temperature encountered during EC-AFM. Transmission light micrographs of
representative trehalose crystals before and after exposure to this DVS cycle were recorded
using a 2.5× lens and CCD camera.
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A1.3

Results

A1.3.1 The Effect of Low Humidity on Mass of Trehalose Dihydrate
The temperature and humidity within the DVS instrument were maintained at 25.0 ± 0.2ºC
and 0.1 ± 0.1% RH throughout each exposure of trehalose dihydrate to low humidity. As
Figure A1.1 shows, the mass of trehalose decreased steadily after introduction into the low
humidity conditions within the DVS instrument. After approximately 2000 minutes,
equilibrium was reached at 9.43% mass loss, which is virtually equal to the loss of mass seen
upon the complete dehydration of trehalose dihydrate (9.52%)20.
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Figure A1.1: Example of trehalose dihydrate mass loss as a function of time since exposure to 0.1% RH at
25ºC.
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A1.3.2 Differential Scanning Calorimetry
The thermograms obtained from <63 µm sieve fraction trehalose samples before and after
exposure to low humidity are shown in Figure A1.2. Comparison of the pre-low humidity
thermogram with those in the literature obtained under the same DSC conditions11,21
confirmed the material’s identity to be trehalose dihydrate. The large endotherm between 60
and 114ºC represents dehydration and is followed by a very small endotherm between 120 and
135ºC representing the glass transition of resultant amorphous phase. Between 165 and 220ºC,
a large exotherm is immediately followed by a sharp endotherm, corresponding to the
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crystallisation and then melting of β anhydrous trehalose.
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Figure A1.2: DSC thermograms obtained from <63 µm sieve fraction trehalose samples before (upper
thermogram) and after (lower thermogram) exposure to low humidity. The inset shows an expanded view of the
115ºC to 145ºC range of the upper thermogram.
The trehalose thermogram obtained after exposure to low humidity (Figure A1.2) is different
to that of trehalose dihydrate (described above) and similar to those in the literature obtained
from α-anhydrous trehalose using the same DSC conditions21. There is a weak endotherm
between 120 and 140ºC which is both larger and at a slightly higher temperature than that
corresponding to the glass transition of the amorphous form that was observed in the
thermogram of trehalose dihydrate. This endotherm may therefore correspond to the melting
of the α-form21. Once again, there is a large exotherm and followed by a sharp endotherm
between 165 and 220ºC, representing the recrystallisation and subsequent melting of the βform. There is, however, also a weak endotherm between 50 and 70ºC which presumably
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represents dehydration, although its enthalpy is only 9.99% of the dehydration enthalpy seen
in the trehalose dihydrate thermogram.
A1.3.3 X-Ray Powder Diffraction
Figure A1.3 shows the XRPD spectra obtained from <63 µm sieve fraction trehalose samples
before and after exposure to low humidity. The spectrum obtained before exposure to low
humidity is clearly comparable to those in the literature relating to trehalose dihydrate. In
particular, it shows an intense peak at 23.9º and a small peak at 8.8º, both of which are not
seen in spectra obtained from any other trehalose polymorph10,17,22,23. Exposure of trehalose to
low humidity conditions causes significant changes to its XPRD spectrum. The new spectrum
is similar to those in the literature obtained from the α-anhydrous form of trehalose,
containing peaks at 16.0º and 17.8º that are characteristic only this polymorph10,22,23. There is a
small upward deviation in the baseline at 8.8º and also a small peak at 23.9º, suggesting that
the sample might also contain a small amount of trehalose dihydrate. Neither spectrum is
comparable to published spectra of the β-form of trehalose, as they lack the peaks at 6.7º,
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20.5º and 22.5º that are characteristic only of this polymorph10,22.
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Figure A13: XRPD spectra of <63 µm sieve fraction trehalose sample before (upper spectrum) and after
(lower spectrum) exposure to low humidity. Labels show position of peaks characteristic of the dihydrate or αanhydrous polymorph of trehalose.
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A1.3.4 Karl Fischer Moisture Titration
The mean total water content of the <63 µm sieve fraction of trehalose before exposure to
low humidity was 9.73%w/w (SD = 0.13%w/w), suggesting that the sample was trehalose
dihydrate (water of crystallisation content = 9.52%w/w)20 with a small amount of water
adsorbed to its surface, as the sample had been stored under ambient laboratory conditions
(30-40% RH and 22-25ºC). The mean total water content of the <63 µm sieve fraction of
trehalose after exposure to low humidity was 0.47%w/w (standard deviation 0.19%w/w).
Assuming that there was no water adsorbed to the surface of the samples, this suggests that
exposure of trehalose dihydrate to low humidity removed >95% of the water of crystallisation.
A1.3.5 Particle Size Analysis
Particle size descriptors of the <63 µm sieve fraction trehalose samples before and after
exposure to low humidity are shown in Table A1.1. Their similarity suggests that low humidity
treatment did not affect trehalose particle size.
Table A1.1: Particle size descriptors of <63 µm sieve fraction trehalose samples before and after exposure to
low humidity.
D10 (µm) D50 (µm) D90 (µm)
Before low humidity

2.76

16.83

59.52

After low humidity

2.66

17.07

58.75
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A1.3.6 Scanning Electron Microscopy
Representative SEM images of the surfaces of trehalose particles in the <63 µm sieve fraction
before and after exposure to low humidity are shown in Figure A1.4. These show that the
starting material had relatively smooth surfaces with adhered fine particles (Figure A1.4a and
A.4b), whereas after exposure to low humidity an irregular system of interconnected cracks
had opened in the surface of both the large particles and the adhered fines (Figure A1.4c and
A.4d).
A

B

C

D

Figure A1.4: Representative SEM images of the surfaces of trehalose particles before (A and B) and after (C
and D) exposure to low humidity.
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A1.3.7 Environmentally Controlled Atomic Force Microscopy

The recrystallisation of trehalose produced crystals approximately 2×1×1 mm in size (see
Figure A1.5) containing 9.96%w/w (SD = 0.44%w/w, n= 3) water as analysed by Karl-Fischer
moisture titration, suggesting them to be trehalose dihydrate (9.52%w/w water content20), as
would be expected given the recrystallisation method6.

Figure A1.5: Representative SEM image of recrystallised trehalose crystal.
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A typical single crystal DSC thermogram obtained from this material is shown in Figure A1.6.
This is significantly different to those obtained from trehalose powder samples (volume
median diameter ≈ 17 µm, see Figure A1.2), however this is to be expected given the
difference in the particle size of the two materials and the effect this is known to have on
trehalose thermograms17. The thermogram shows a large, sharp endotherm at 101.6ºC, which
is comparable to the dehydration peak seen at this temperature in thermograms of a >425 µm
sieve fraction of trehalose dihydrate17, suggesting the recrystallised material is itself trehalose
dihydrate. There is then a broad, irregular endotherm between 122ºC and 175ºC, which is not
seen in the published thermograms of a >425 µm sieve fraction of trehalose dihydrate,
although a similar peak does occur between 110ºC and 125ºC in such thermograms17. The
absence of peaks associated with the crystallisation and melting of β anhydrous trehalose
between 165ºC and 220ºC should also be noted. There is, however, a broad endotherm
between 220ºC and 270ºC, which may represent the melting of the β-form. If this were the
case, crystallisation to the β-form might have occurred over a broad range of temperatures
without producing a noticeable exothermic peak, as has previously been observed in certain
situations11. Although no attempt is made to explain these anomalous observations, they are
presumably related to the well characterised effect that particle size has on the pathway and
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kinetics of the polymorphic transformations of trehalose15-17.
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Figure A1.6: Single crystal DSC thermogram obtained from recrystallised trehalose.
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AFM TappingModeTM images and cross sections of the surface of the recrystallised trehalose
dihydrate crystals under ambient conditions revealed a generally smooth surface (~4 nm
between highest and lowest points of the cross section, Rq = 1.115 nm, Figure A1.7a) which
was initially stable upon exposure to low humidity. After ~30 minutes at <1% RH, surface
morphology began to show changes, initially in the form of small, irregularly shaped
indentations (Figure A1.7b). Over the next 30 minutes, the surface morphology continued to
change, producing a pattern of regular roughness (Figure A1.7c). Morphological change
continued with large cracks beginning to form in the surface (Figure A1.7d) which grew until
topographical stasis was reached (Figure A1.7e) after over two hours at <1% RH. The
morphology of this surface was completely different to the initial smooth surface, consisting
of a series of cracks with a rough surface in between. This is exemplified by the cross section
shown in Figure A1.7e, which shows a crack ~50 nm in depth.
Upon increasing the relative humidity to 50%, immediate changes were seen in surface
morphology. Figure A1.7f was recorded by a downward scan, beginning immediately after
humidification began and being completed ~8 minutes later, by which time humidity had
stabilised at 50 ± 3% RH. The morphology of the upper part if this image, recorded very soon
after humidification commenced, is very similar to that seen at topographical stasis at <1%
RH (see Figure A1.7e), whereas the lower parts of the image, recorded a few minutes after
humidity had been introduced, become progressively smoother. The bottom of the image is
very similar in appearance to the image showing topographical stasis at 50% RH (Figure
A1.7g), although it should be noted that this surface is not as smooth as it was initially (Figure
A1.7a), as it still contains a number of cracks. This is exemplified by the large crack still
present in the cross section, the depth of which has decreased from ~50 nm to ~27 nm.

Figure A1.7 (next two pages): Representative AFM TappingModeTM images and cross sections of a 10 µm ×
10 µm portion of the surface of a recrystallised trehalose dihydrate crystal. A: under ambient conditions; B:
image completed 36 minutes after humidity reduced to <1% RH; C: image completed 53 minutes after
humidity reduced to <1% RH; D: image completed 87 minutes after humidity reduced to <1% RH; E:
image completed 139 minutes after humidity reduced to <1 %RH showing topographical stasis; F: image
completed 8 minutes after humidity increased to 50% RH showing transition from rough surface at the top of
the image (captured first as scan direction was downwards) to a smoother surface at the bottom the image; G:
image completed 25 minutes after humidity increased to 50% RH showing topographical stasis. The bar shows
the greyscale used to depict height in the images and the horizontal black line shows position of the cross section,
which is taken from the same position in each image.
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In order to glean quantitative information on the effect of humidity changes on the surface
morphology of trehalose dihydrate crystals, the rugosity of each sequential AFM image was
calculated and plotted against the time recorded upon completion of each scan. (Figure A1.8).
This quantitative analysis confirmed the qualitative description of the images given above.
After a period of stability, rugosity began a rapid increase ~45 minutes after the relative
humidity was decreased to <1%. It then stabilised at roughly 9 times its initial value ~2 hours
after the relative humidity was decreased to <1%. When the relative humidity was increased to
50%, rugosity showed a rapid decrease (over less than 30 minutes) before stabilising at roughly
3 times its initial value.
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Figure A1.8: Effect of relative humidity on the surface roughness of a trehalose dihydrate crystal, as measured
by TappingModeTM AFM. Relative humidity was reduced to <1% at 0 minutes and increased to 50 ± 3%
at 180 minutes.
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SEM images of the surface of the recrystallised trehalose crystals showed a largely flat and
smooth topography with a few minor imperfections (Figure A1.9a). After reaching
topographical stasis at <1% RH however, SEM images showed that cracks and pores had
formed in the surface (Figure A1.9b). These were comparable in size and shape to those
observed by EC-AFM (Figure A1.7e). The surface of the crystal that had reached
topographical stasis at 50% RH proved difficult to image by SEM, as rounded features rapidly
appeared during focusing and image capture (Figure A1.9c). Despite these features, Figure
A1.9c clearly shows a series of cracks in the surface that appear to have partially closed when
compared to those seen before exposure to 50% RH (Figure A1.9b). This observation is
consistent with the images obtained using EC-AFM (compare Figures A1.7e and A.7g).

B

A

C

Figure A1.9: Representative SEM images of the surface of recrystallised trehalose crystals. A: starting
material; B: after reaching topographical stasis at <1% RH in the EC-AFM; C: after reaching topographical
stasis at 50% RH in the EC-AFM (the rounded features in this image are artefacts caused by the imaging
process).
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A1.3.8 Dynamic Vapour Sorption
The DVS profile of the recrystallised trehalose during exposure to a relative humidity cycle
designed to mimic that used during EC-AFM is shown in Figure A1.10. The trehalose mass
was stable during the 15 minute equilibration period at 35% RH, but showed a small, rapid
decrease as soon as relative humidity was decreased to 0%. This is presumed to be due to the
desorption of water molecules from the crystal surface. The mass then stabilised once again
until ~50 minutes after the decrease to 0% RH, when it began a steady decrease, which was
only reversed (from a minimum of 99.9776% of the original mass) when the humidity was
increased to 50% RH. At this point the mass rapidly increased, reaching 99.9989% of the
original mass after 30 minutes and an equilibrium mass of 99.9995% after an hour.
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Figure A1.10: DVS profile of recrystallised trehalose exposed to relative humidity cycle mimicking that used
during EC-AFM.
After exposure to this DVS cycle, the previously clear trehalose crystals were opaque with a
“frosted” appearance (crystals removed from the EC-AFM after the same humidity cycle had
a similar appearance). This effect can be seen in Figure A1.11, which clearly shows that the
crystal exposed to a humidity cycle transmitted much less light than an untreated crystal.
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Figure A1.11: Transmission light micrograph of recrystallised trehalose before (left-hand crystal) and after
(right-hand crystal) exposure to DVS cycle described in text.
A1.4

Discussion

The results presented in this appendix clearly demonstrate that trehalose dihydrate may be
isothermally dehydrated to the α-form at ambient temperature under low humidity conditions.
To the author’s knowledge, this is the first report of such a phenomenon, although it has
previously been predicted that “dehydration could occur even below 40ºC, if dry conditions
were satisfied”12. It is unsurprising, however, that the α-form is produced by this dehydration,
as this polymorph has previously been shown to be the product of a slow rate of water loss, as
observed in this work13. These findings were subsequently confirmed by a recent report of use
of positron annihilation lifetime spectroscopy (PALS), which found that trehalose dihydrate
could be dehydrated to the α-anhydrous form of trehalose under a vacuum at 25ºC22.
It is clear from the small dehydration endotherm seen in the α-form thermogram and from the
small peaks at 8.8º and 23.9º in the α-form XRPD spectrum that these samples also contained
a small amount of trehalose dihydrate. It is hypothesised that this originated from two sources,
incomplete initial dehydration (9.43%w/w mass loss was seen upon exposure to low humidity
compared to 9.52%w/w water of crystallisation in trehalose dihydrate) and/or subsequent
rehydration during the transfer from low humidity conditions to the DSC or XRPD
instrument. It has previously been shown that >80% of the α-form will rehydrate to the
dihydrate within 30 minutes of exposure to 43% RH and 25ºC23. It is therefore unsurprising
that DSC and XRPD data should show evidence of rehydration having occurred during the 510 minutes it took to remove the dehydrated sample from low humidity conditions and
prepare it for subsequent analysis under ambient laboratory conditions of 30-40% RH and 2225ºC. In addition, it was not possible to carry out XRPD under low humidity conditions, so
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rehydration would have continued during the analysis, which took ~30 minutes to sweep from
5º to 30º. This may explain why the dihydrate peak at 23.9º is more pronounced than that at
8.8º in the dehydrated trehalose spectrum.
The relative easy with which trehalose dihydrate can be dehydrated and subsequently
rehydrated has been explained by reference to its crystal structure, in which “water molecules
occupy adjacent positions along channels which lead to the crystal surface”1. Computer
simulations have suggested that water molecules are liberated from the crystal lattice by
“hoping from site to site along these channels”, at such a rate that the trehalose structure
cannot relax into a more compact form1. Such a prediction has been confirmed through the
use of PALS22. In this way, the sugar architecture of trehalose dihydrate is thought to be
maintained in the α-anhydrous polymorph, as the “extensive interconnections between sugar
molecules in the lattice can energetically support the lattice structure even after the water
removal”1.
The observation by SEM of the formation of cracks in the surface of trehalose dihydrate upon
dehydration is corroborated by the EC-AFM experiments. These revealed the propagation of
cracks in real time, but also a nano-scale roughening of the surface too small to be observed
by SEM. Both of these mechanisms contribute to the observed increase in surface roughness
upon dehydration, a change which is not completely reversed by rehydration. It is postulated
that these changes occur as water molecules liberated from the crystal structure within a
trehalose particle force their way to the surface in order to escape into the surrounding low
humidity environment. A similar observation has previously been made using hot-stage
microscopy17.
Comparison of the effect of 0% RH followed by 50% RH on recrystallised trehalose surface
roughness (Figure A1.8) and mass (Figure A1.10) is striking. Rugosity was seen to increase
~45 minutes after relative humidity was decreased to 0%, whilst the decrease in mass was
observed to begin after ~50 minutes. This confirms that the changes in surface morphology
observed during EC-AFM are indeed caused by dehydration and suggests that there is a lag
time before the dehydration of the large, recrystallised trehalose crystals begins. This was not
observed with the trehalose powder used in the rest of the study, which may be due to its
much larger surface area:volume ratio.
Rugosity stabilised ~2 hours after relative humidity was decreased to 0%, whereas mass
continued to decrease (showing no sign of reaching equilibrium) until the increase to 50% RH,
at which point the maximum mass loss was only 0.0224%, as opposed to the 9.52% loss seen
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on complete dehydration. This suggests that changes in surface morphology are caused by the
dehydration of only the surface layers of the crystal, so a sample of trehalose dihydrate may
not have to be exposed to dehydrating conditions for very long to bring about this effect.
Upon exposure to 50% RH, rugosity decreased to a stable level within 30 minutes, at which
point mass had virtually returned to the original level (99.9989%). Equilibrium mass
(99.9995%) was reached approximately an hour after relative humidity was increased to 50%
and no further change in rugosity was observed during this time. This confirms that the
change in surface morphology observed when relative humidity was increased to 50% was
caused by rehydration of the dehydrated surface layers of the crystal. As rehydration was
observed to be complete after an hour (by mass), at which point rugosity had stabilised at a
value roughly 3 times its initial value, it is also confirmed that the observed changes in surface
morphology are irreversible by rehydration. This irreversibility is further established by the
change in the visual appearance of recrystallised trehalose after dehydration and rehydration
(Figure A1.11), which is presumed to be caused by its rougher surfaces allowing the
transmission of less light.
Given these findings, when considering the use of trehalose dihydrate in pharmaceutical
formulations, there must be an appreciation that dehydration can occur at ambient
temperatures and that this process causes rapid, irreversible changes in particle surface
morphology before dehydration is complete, as such an event might cause serious changes in
the behaviour and performance of the product. For example, the roughness of carrier particles
in DPI systems is widely acknowledged to affect formulation performance24,25. In addition,
such formulations are commonly stored at low humidity, to prevent the formation of capillary
bridges between particles. Were trehalose dihydrate used as the carrier in such a formulation,
as it has been (under ambient conditions) in some investigations (including this thesis)3,4, great
care would be needed to avoid dehydration and the subsequent changes in rugosity and
surface chemistry that might have a detrimental effect on formulation performance. Since
rehydration occurs rapidly under ambient conditions23 without fully reversing morphological
changes, it would not be sufficient to simply assay the final product to ensure it contained only
the dihydrate, as this may mask a previous dehydration and change in surface roughness.
Rather, the processing and storage conditions of trehalose dihydrate throughout its lifetime
would need to be carefully controlled to prevent dehydration, otherwise severe batch-to-batch
variation might be expected.
It should also be noted that various methods used for the basic characterisation of
pharmaceutical powders, for example dynamic vapour sorption, inverse gas chromatography,
surface area determination by nitrogen adsorption and helium pycnometry to determine true
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density, require samples to be dried prior to analysis. Under these conditions, it is likely that
trehalose dihydrate will dehydrate, causing changes in sample mass, morphology and
polymorph that might lead to erroneous results. The interpretation of such measurements
should therefore be undertaken very carefully.
A1.5

Conclusions

This study has demonstrated that trehalose dihydrate dehydrates to the α-anhydrous
polymorph when stored at low humidity and ambient temperature. This dehydration is
accompanied by rapid changes in the morphology of particle surfaces (in particular the
formation of cracks) which occur before dehydration is complete and are not fully reversible
upon rehydration. This finding has particular relevance for the use of trehalose dihydrate as a
pharmaceutical excipient in situations where surface properties are key to behaviour (for
example, carrier-based DPI formulations), as exposure of this material to conditions that may
be obtained during processing or storage may lead to morphological changes and subsequent
variations in formulation performance.
A1.6
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Appendix 2: The Relationship Between Surface
Energy and Cohesive-Adhesive
Balances

A2.1

Introduction

The data presented in Chapters 3, 4, 5 and 7 demonstrate the power of the cohesive-adhesive
balance approach to explain the behaviour of binary and ternary carrier-based DPI
formulations and, potentially, to predict their performance. This has also been demonstrated
by a number of previous studies1-4. A major drawback to the use of the technique during DPI
formulation development, however, is the amount of the time the measurements take. For
example, the measurement of the CAB ratios described in Chapter 3 took approximately eight
months to complete. Such a time scale is clearly a limitation to the use of the CAB approach
for the rapid preformulation screening of candidate drugs, salt forms or excipients in the
industrial setting. Any method by which CAB data could be acquired more quickly would,
therefore, be extremely valuable.
The options for increasing the speed by which AFM CAB data can be acquired are limited to
improvements in general AFM technology allowing shorter scan times and a smaller likelihood
of probe damage. It might be possible, however, to produce CAB-like data by use of
alternative, faster, techniques. For example, it was recently shown that for model pMDI
formulations (where the particles were immersed in HFA propellant) the ratios between the
works of cohesion and adhesion of a number of drugs, as calculated from surface energy
measurements, correlated well with actual CAB ratios measured by colloidal probe AFM5.
Two methods of surface energy determination were employed, inverse gas chromatography
(IGC) and the measurement of the contact angles (CA) between a number of liquids and the
solids in question. It was found that the data produced by the determination of contact angles
most closely matched the AFM data, as this technique enabled both the dispersive and polar
components of surface energy to included in the calculation of works of adhesion and
cohesion5. It should be noted that the interparticulate forces at work in a suspension in HFA
propellant are different to those found between particles in air (as found in a DPI
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formulation), as they are dominated by dispersive and polar van der Waals forces and possibly
electrostatic double layer forces, whilst capillary forces are absent5.
IGC has also been used in its own right in various studies attempting to predict the
performance of DPI formulations from the surface energy of their components. The first
study in this area used IGC derived surface energy measurements to calculate interparticulate
work of adhesion6. Current IGC technique is limited by its inability to calculate the dispersive
and polar components of surface energy in the same units, a problem apparently overcome in
this study, enabling comparison of works of adhesion derived from total surface energy with
DPI performance6. The predictive model proposed appeared promising, but its validity was
subsequently questioned, due to a fundamental error in the polar surface energy calculation7. A
number of subsequent studies have proposed models for the prediction of DPI performance
from IGC derived surface energy measurements, some of which also involve other
parameters, such as surface area and solubility parameter8-12, but the validity of these models is
uncertain, due to the severely limited number of formulations studied in each case.
IGC can also be used to determine solubility parameter of a material, which is a measure of its
cohesive energy (the amount of energy that holds it together)13. From solubility parameters,
the strength of the cohesive and adhesive interactions between particles can be calculated14.
Recent work using this approach established a correlation between DPI performance and the
interactions of particles in each formulation14. Although this method appears to have
potential, its validity is once again uncertain, due to the small number of formulations studied
and various limitations in the in-vitro formulation testing method employed.
Given this background, the aim of the work presented in this appendix was to examine
whether surface energy measurements could be used to model AFM CAB ratios in DPI
formulations, as has previously been successful for pMDI formulations5. If possible, the
calculation of CAB-like data from surface energies would have the potential to greatly increase
the speed with which such data could be produced, making the industrial application of the
technique a more realistic proposition. As in the previous study discussed above5, both the
IGC and CA approach to the determination of surface energy were employed. These two
techniques, together with particle interaction theory, are, therefore, reviewed in the following
sections.
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A2.1.1 Particle Interaction Theory
As described in Section 1.5, a number of different types of force can affect the adhesive force
measured by colloidal probe AFM. Given the conditions under which CAB measurements
were made (25ºC, 35% RH), it is likely that the most dominant were van der Waals forces, as
the humidity was sufficient high to allow the dissipation of electrostatic charges without
causing significant capillary forces, whilst the smooth substrate surface would have prevented
mechanical interlocking.
The van der Waals forces of adhesion between particles can be related to the thermodynamic
work of adhesion (and so to surface energy, see Section 1.6.5) by the application of the work
of Hertz (which describes the deformation of elastic bodies)15 to take account of the
separation distance and contact geometry of the two surfaces. Depending on the properties of
the materials in question, either the Johnson, Kendall and Roberts (JKR)16 or the Derjaguin,
Müller and Toporov (DMT)17 model can be used for this purpose18. Both follow the same
general form in describing the van der Waals force of adhesion (Fad) between two spheres:
Fad = NR*Wa

Equation A2.1

where N is a constant (3/2 for JKR and 2 for DMT), R* is the harmonic mean of the particle
radii (the contact radius) and Wa is the work of adhesion between the two materials. Equation
A2.1 may also be applied to describe a force of cohesion by substituting the work of cohesion
for the work of adhesion.
As described in Chapter 3, a CAB ratio is calculated by dividing a force of cohesion by a force
of adhesion. It is clear, therefore, that the CAB ratio for a particular interaction is equal to the
ratio between the work of cohesion and the work of adhesion, as the other variables in
Equation A2.1 cancel themselves out. It is therefore possible, in theory, to determine a CAB
ratio by the calculation of the relevant works of cohesion and adhesion, which are related to
the surface energy of the interacting materials, as described in Section 1.6.5.
Van Oss proposed that the total surface energy (γTOT) of a material could be split into two
components: the Lifshitz-van der Waals component (γLW) and the polar acid-base component
(γAB), as described by the following equation19-22:
γ TOT = γ LW + γ AB

Equation A2.2
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It was further proposed that the polar component was made up of contributions from
electron acceptor/Lewis acid (γ+) and electron donor/Lewis base (γ-) components, as
described by the following equation:
γ AB = 2 γ + γ −

Equation A2.3

This is known as the surface component approach. By applying the Good-Girifalco-Fowkes
approach23,24 to such surface energy components, the free energy of interaction between solids
1 and 2 in vacuo (∆G12) can be calculated:

(

∆ G12 = −2 γ 1LW γ 2LW + γ 1+ γ 2− + γ 1− γ 2+

)

Equation A2.4

The free energy of interaction can be considered analogous to the work of adhesion, so by
taking a ratio between a cohesive free energy of interaction and an adhesive free energy of
interaction it should be possible to obtain the relevant CAB ratio. It was this approach that led
to the successful correlation of surface energy data with CAB ratios in pMDI systems that was
described above5 and it is also, therefore, the approach that was taken in the work described in
this study.
A2.1.2 Inverse Gas Chromatography
IGC probes the surface properties of a solid by examining its interaction with organic
vapours25. The material of interest is packed into a column through which an inert carrier gas
is passed. A number of organic vapours (known as probes) are injected into the column and
their retention times measured: the longer the retention time, the greater their interaction with
the solid.
By measuring the retention times of a series of n-alkanes, the dispersive surface energy of the
solid (γSLW) may be determined using the following equation25:
R G T ln V N = a i γ LLW 2 N 0 γ SLW + C

Equation A2.5

where RG is the gas constant, T is the absolute temperature, VN is the probe net retention
volume (retention time standardised for flow rate and column void space), ai is the interaction
surface area of the probe, γLLW is the dispersive free energy of the probe, N0 is Avogadro’s
number and C is a constant. So long as ai and γLLW are known, a plot of RGT ln VN against
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a i γ LLW for the series of n-alkanes will yield a straight line with gradient 2 N 0 γ SLW , from
which the dispersive surface energy of the solid can be calculated.
When injected into the IGC column, organic molecules such as ethanol and ethyl acetate
interact with the solid via polar as well as dispersive forces, and are thus known as polar
probes25. They are, therefore, retained in the column for a longer period of time than would
otherwise be expected. When this is plotted on the graph of RGT ln VN against a i γ LLW , the
vertical deviation from the alkane line is equal to the specific component of the surface free
energy of the solid (∆GASP)25. The polar properties of polar probes can be described using the
Guttmann numbers, DN (electron donor/basic properties) and AN* (electron acceptor/acidic
properties corrected for dispersive properties), which are related to the specific component of
the surface free energy of the solid by the following equation25:
∆ G ASP = K A DN + K D AN *

Equation A2.6

where KA and KD are the electron acceptor and electron donor parameters of the surface.
These reflect the polarity of the surface and as such are analogous (but not equal) to the
electron acceptor and donor components of surface energy described under the surface
component approach. Inspection of Equation A2.6 reveals that measuring ∆GASP for a
number of polar probes with known Guttmann numbers and plotting ∆GASP/AN* against
DN/AN* will yield a straight line with gradient KA and intercept KD.
IGC may therefore be used to comprehensively characterise the surface energetics of a
pharmaceutical powder, as has been demonstrated by a variety of studies examining the effects
on these properties of various phenomena such as processing techniques26-28, optical
isomerism29, physical state30-32 and batch-to-batch variation33,34.
A2.1.3 The Calculation of Surface Energy from Contact Angle Measurements
When a liquid is placed on a surface, the shape of the droplet formed is a consequence of the
balance between molecular adhesion between the solid and the liquid, which acts to spreads
the liquid over the surface, and cohesion between molecules of the liquid, which acts to round
up the drop. If the properties of the liquid are known, it is therefore possible to determine the
properties of the surface (i.e. surface energy) by measurement of the contact angle (θ) between
the liquid and the surface, which is a measure of the tendency of the liquid to spread over the

301

surface. As Figure A2.1 shows, the contact angle is defined as the angle between the surface
and a line drawn tangential to the drop at the air-liquid-solid interface.

θ

θ

Figure A2.1: Schematic showing the measurement of the contact angle (θ) between a liquid drop and a solid
surface.
The relationship between the contact angle (θ) between a liquid and a solid and the three
components of that solid’s surface energy defined under the surface component approach
(γSLW, γS+ and γS-) is described by the following equation20:

(

γ L ( 1 + cos θ ) = 2 γ SLW γ LLW + γ S+ γ L− + γ S− γ L+

)

Equation A2.7

where γL is the surface tension of the liquid, γLLW is the dispersive component of the surface
tension of the liquid, γL+ is the electron acceptor/Lewis acid component of the surface tension
of the liquid and γL- is the electron donor/Lewis base component of the surface tension of the
liquid. By measuring the contact angle between a solid and three liquids (one apolar and two
polar) with known surface tension components, the three components of the solid surface
energy can be calculated using Equation A2.720. The contact angle of the apolar liquid is used
to calculate γSLW, since γL+ = γL- = 0. Subsequently, the γS+ and γS- are solved simultaneously
using the contact angles and surface tension components of the two polar liquids.
When measuring contact angles on a powder, there are two alternative techniques by which
the sample may be prepared35. The powder may be compacted in order to prepare a smooth
and uniform surface that is ideal for contact angle measurement. Unfortunately, the physical
stress applied to the powder during compaction may be sufficient to alter its surface energy35.
Alternatively, the powder may be adhered to an inert support. Although this does not risk
alteration of the surface energy of the powder, concerns remain over the effects of exposed
adhesive and the roughness of the powder bed on the measured contact angles35. A
comparison of these two techniques found that powder bed method resulted in data that
correlated more closely with surface energies measured by IGC, so it was concluded that the
powder bed technique was more desirable35,36. The contact angle measurements described in
this study were, therefore, carried out on powder beds.
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When carrying out contact angle measurements to determine surface energy under the surface
component approach, the best combination of test liquids includes water37. Four of the eight
materials investigated in this study (erythritol, lactose, mannitol and trehalose) are highly
soluble in water however, which could have a detrimental effect on the accuracy of the
resultant contact angles. Formamide was, therefore, substituted for water in this study, as, like
water, it is a polar liquid with both γL+ and γL- contributions to its surface tension38.

A2.2

Methods

The surface energy of the four micronised drugs and the four micronised fines was
determined by both IGC and CA, applying the theories described in Sections A2.1.2 and
A2.1.3.
A2.2.1 Inverse Gas Chromatography

An appropriate mass of each material was weighed into two 300 mm × 3 mm pre-silanised
glass columns (Analytical Columns, Croydon, UK), the ends of which were plugged with
silanised glass wool (Supelco, Bellefonte, PA, USA). Each column was tapped for 15 minutes
on a jolting voltameter (Surface Measurement Systems Ltd,. London, UK) to produce uniform
column packing.
The retention times of a series of organic probes passed through each column were measured
using an SMS iGC inverse gas chromatograph (Surface Measurement Systems Ltd,. London,
UK). Each pair of columns were fitted to the instrument and allowed to equilibrate to the
experimental conditions of 30ºC, 0% RH and 10 ml.min-1 helium carrier gas flow for 10 hours.
The probes were then injected sequentially at infinite dilution and detected by flame
ionisation. Each column was analysed three times in this way, giving a total of six analyses of
each material. Details of the organic probes used are given in Table A2.1.
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Table A2.1: Details of organic probes used for IGC.

Guttmann number
Probe

Source

Probe type

Methane

BOC Gases, Guildford,
UK

Heptane

AN*
(kcal.mol-1)

DN
(kcal.mol-1)

Inert reference to
calculate column void
space

-

-

Sigma-Aldrich,
Gillingham, UK

Apolar

-

-

Octane

Sigma-Aldrich,
Gillingham, UK

Apolar

-

-

Nonane

Sigma-Aldrich,
Gillingham, UK

Apolar

-

-

Decane

Sigma-Aldrich,
Gillingham, UK

Apolar

-

-

Methanol

Fisher Scientific UK,
Loughborough, UK

Polar

12.0

20.0

Acetone

Sigma-Aldrich,
Gillingham, UK

Polar

2.5

17.0

Acetonitrile

Fisher Scientific UK,
Loughborough, UK

Polar

4.7

14.1

Ethanol

Fisher Scientific UK,
Loughborough, UK

Polar

10.3

19.0

Ethyl
acetate

Sigma-Aldrich,
Gillingham, UK

Polar

17.1

1.5

The retention time data were analysed using the SMS iGC analysis software (Surface
Measurement Systems Ltd,. London, UK) to calculate the dispersive surface energy and the
KA and KD values of each powder under investigation, following the principles discussed in
Section A2.1.2.
Given the ease with which trehalose dihydrate may be dehydrated (see Appendix 1), this
material was not analysed by IGC, as the conditions of 30ºC and 0% RH would have led to
dehydration and probable surface energy changes.
A2.2.2 Contact Angle Measurement
Contact angle measurements were obtained using the sessile drop method on beds of powder
adhered to a glass slide with double-sided adhesive tape. Powder beds were prepared by
pressing the glass slide and tape into a crystallising dish containing the powder and tapping off
the excess. This was repeated three times to ensure all areas of the adhesive tape were covered
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with powder, before any unadhered powder was removed with a jet of compressed air. This
produced a powder bed that appeared uniform to the naked eye.
The contact angle of between diiodomethane, ethylene glycol and formamide (all from SigmaAldrich, Gillingham, UK) and powder beds of each of the eight materials were measured using
an FTÅ188 automatic contact angle and surface tension analyser (First Ten Ångstroms,
Portsmouth, VA, USA). A drop of liquid was introduced onto the powder bed surface using a
Gilmont microsyringe, which triggered the computerised capture of a video of the drop
interacting with the surface. Subsequently, this video was analysed by the instrument software
to measure the equilibrium contact angle between the liquid drop and the powder bed. The
contact angles of three drops of each liquid on each material were determined in this way and
the mean angles used to calculate the three components of surface energy, following the
principles outlined in Section A2.1.3. Details of the surface tension components of the three
test liquids are given in Table A2.2.
Table A2.2: Surface tension components of the three test liquids at 20ºC22,38.

Type

Surface tension components (mJ.m-2)

γL

γLLW

γL+

γL-

γLAB

Diiodomethane Apolar

50.80

50.80

0.00

0.00

0.00

Ethylene glycol

Polar

48.00

29.00

1.92

47.00

19.00

Formamide

Polar

58.00

39.00

2.28

39.60

19.00

A2.2.3 Calculations
The surface energies of the eight materials, as determined by both IGC and CA, were used to
calculate the various free energies of interaction needed to calculate theoretical CAB ratios,
using Equation A2.4. Since IGC is only able to measure the dispersive component of surface
energy, γ+ and γ- were set to zero for these calculations. For comparison, free energies of
interaction were calculated from the CA surface energies both with and without the use of the
measured polar components of surface energy. Theoretical CAB ratios were calculated by
dividing the appropriate cohesive free energy of interaction by the appropriate adhesive free
energy of interaction.
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A2.3

Results and Discussion

A2.3.1 Inverse Gas Chromatography

As expected from the discussion in Section A2.1.2, plots of RGT ln VN against a i γ LLW for
the apolar probes and plots of ∆GASP/AN* against DN/AN* for the polar probes yielded
straight lines with a high degree of correlation for each series of injections through each
column. Examples of these plots are shown in Figure A2.2. Using these graphs, the dispersive
surface energy and the KA and KD values for each material were calculated for each injection
sequence into each column. The mean of each of these values for each of the materials is
shown in Table A2.3.
Table A2.3: Mean surface energy components of each material determined by IGC (n = 6)

Micronised material

Surface energy components determined by IGC

γSLW (mJ.m-2 ± SD)

KA (± SD)

KD (± SD)

Budesonide

60.21 ± 0.27

0.131 ± 0.001

0.053 ± 0.007

FP

60.83 ± 1.07

0.149 ± 0.001

0.099 ± 0.007

FFD

57.47 ± 1.71

0.125 ± 0.003

0.066 ± 0.021

SX

47.92 ± 0.30

0.108 ± 0.001

0.147 ± 0.008

Erythritol

38.29 ± 0.24

0.184 ± 0.002 -0.009 ± 0.001

Lactose

48.64 ± 0.40

0.174 ± 0.002

0.013 ± 0.004

Mannitol

84.22 ± 0.30

0.182 ± 0.000

0.031 ± 0.003

306

14000

Apolar probes
Polar probes

Decane

12000

R2 = 0.99931

RGT ln VN

10000

Ethanol
Nonane

8000
Ethyl actetate
Methanol

Octane

6000
4000

Acetonitrile
Acetone

2000
2.0e-20

4.0e-20

Heptane

6.0e-20

8.0e-20

1.0e-19

1.2e-19

ai(γLLW)0.5
2.5
Ethyl acetate

2.0
*
SP
∆GA /AN

R2 = 0.9634

1.5

1.0

Acetone
Acetonitrile

0.5

Methanol

Ethanol

0.0
0

2

4

6

8

10

12

DN/AN*

Figure A2.2: Representative plots of RGT ln VN against a i γ LLW (to calculate dispersive surface energy and
polar probe ∆GASP) and ∆GASP/AN* against DN/AN* (to calculate KA and KD). Data are those from
micronised lactose column 1, injection sequence 1.
A2.3.2 Contact Angle Measurement
The contact angles between each of the liquids and powder beds of each of the study materials
are shown in Table A2.4.
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Table A2.4: Mean contact angle (º ± SD) between each liquid and powders beds of each
study material (n = 3).

Diiodomethane Ethylene glycol Formamide
Budesonide

15.21 ± 1.85

45.90 ± 2.62

52.50 ± 1.29

FP

18.63 ± 1.41

54.06 ± 2.91

43.97 ± 2.55

FFD

30.52 ± 2.39

60.46 ± 3.82

52.21 ± 0.72

SX

27.52 ± 2.61

54.97 ± 1.48

82.71 ± 0.62

Erythritol

48.77 ± 2.10

63.51 ± 2.07

66.34 ± 1.01

Lactose

48.51 ± 2.38

28.94 ± 2.90

32.14 ± 4.77

Mannitol

18.63 ± 2.32

25.08 ± 2.68

18.99 ± 1.26

Trehalose

40.99 ± 2.94

24.70 ± 0.23

16.68 ± 0.04

Using these contact angles, the three components of surface energy (under the surface
component approach), were calculated, using the method outlined in Section A2.1.3 and the
surface tension components of the three test liquids given in Table A2.2. These surface energy
components are presented in Table A2.5.
Table A2.5: Surface free energy components of the study materials, as calculated from contact angle
measurements.

Surface Energy Components (mJ.m-2)

γSLW

γS+

γS-

γSAB

Budesonide

49.04

0.08

0.58

0.43

FP

48.17

23.89

609.89

5.01

FFD

44.01

16.78

413.96

166.69

SX

45.21

87.45

2037.47

844.21

Erythritol

34.96

0.26

20.88

4.62

Lactose

35.10

3.77

363.38

74.06

Mannitol

48.17

11.37

515.95

153.17

Trehalose

39.11

14.69

768.24

212.50

Despite the measurement of reproducible contact angles (Table A2.4), many of the polar
components of surface energy shown in Table A2.5 are one or two orders of magnitude larger
than those usually seen. This may be attributable to the non-optimum combination of liquids
with which contact angles were measured, which, given the solubility of the excipients in
water, was necessary. This phenomenon is discussed further in Section A2.3.4.
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Comparison of the dispersive surface energies determined by IGC and CA reveals that the
latter were consistently lower than the former. This is consistent with previous results and the
theory that, as IGC is carried out at infinite dilution, it preferentially probes the highest energy
sites on the surface and so produces higher surface energies than the CA approach34,39,40.
Comparison between KA /KD and γS+/γS- is not possible, as they are defined and measured in
different ways34,39,40.
A2.3.3 Calculation Of Theoretical CAB Ratios
As described in Section A2.2.3, theoretical CAB ratios were calculated using the surface
energies calculated by IGC and CA measurements. Only those CAB ratios that were actually
measured (see Table 3.4) were calculated and these are presented in Tables A2.6 to A2.8.
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Table A2.6: Theoretical CAB ratios calculated from dispersive surface energies measured by IGC.
Cohesion

Adhesion

Budesonide

FP

FFD

SX

Erythritol Lactose Mannitol

Budesonide

-

-

0.98

0.89

0.80

0.94

1.18

FP

-

-

0.97

0.89

0.79

0.93

1.18

FFD

1.02

1.03

-

-

0.82

0.96

1.21

SX

1.12

1.13

-

-

0.89

1.05

1.33

Erythritol

1.25

1.26

1.23

1.12

-

1.13

-

Lactose

1.16

1.16

1.13

1.03

0.89

-

1.32

Mannitol

0.85

0.85

0.83

0.75

-

0.76

-
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Table A2.7: Theoretical CAB ratios calculated from dispersive surface energies determined from CA measurements.
Cohesion

Adhesion

Budesonide

FP

FFD

SX

Erythritol Lactose Mannitol Trehalose

Budesonide

-

-

0.95

0.96

0.84

0.85

0.99

0.89

FP

-

-

0.96

0.97

0.85

0.85

1.00

0.90

FFD

1.06

1.05

-

-

0.89

0.89

1.05

0.94

SX

1.04

1.03

-

-

0.88

0.88

1.03

0.93

Erythritol

1.18

1.17

1.12

1.14

-

1.00

-

-

Lactose

1.18

1.17

1.12

1.13

1.00

-

1.17

1.06

Mannitol

1.01

1.00

0.96

0.97

-

0.85

-

-

Trehalose

1.12

1.11

1.06

1.08

-

0.95

-

-
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Table A2.8: Theoretical CAB ratios calculated from the three components of surface energy determined from CA measurements.
Cohesion

Adhesion

Budesonide

FP

FFD

SX

Erythritol Lactose Mannitol Trehalose

Budesonide

-

-

3.81

13.28

0.92

2.26

3.50

4.61

FP

-

-

0.85

1.79

0.52

0.60

0.83

0.92

FFD

0.89

1.17

-

-

0.58

0.70

0.97

1.08

SX

0.74

0.58

-

-

0.38

0.36

0.49

0.53

Erythritol

1.15

3.81

3.08

8.43

-

2.04

-

-

Lactose

1.02

1.59

1.34

2.91

0.74

-

1.35

1.53

Mannitol

0.86

1.19

1.01

2.16

-

0.73

-

-

Trehalose

0.91

1.06

0.90

1.88

-

0.67

-

-
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In order to compare the theoretical CAB ratios presented in Tables A2.6 to A2.8 with the
actual CAB ratios shown in Table 3.4, a series of graphs were drawn, plotting theoretical CAB
ratio against actual CAB ratio. These are shown in Figure A2.3.
These graphs demonstrate that, whatever method was employed to calculate the theoretical
CAB ratios, the expected relationship with actual CAB ratios was not present, as, in all cases,
there was an apparently random relationship between the two sets of data. This was true
whether each graph was considered as a whole or with each set of CAB ratios relative to a
different cohesive measurement considered separately. This suggests that the methods used to
determine the theoretical CAB ratios are, for some reason, not valid, as if they were valid, an
increased actual CAB ratio would be expected to be associated with an increased theoretical
CAB ratio, even if the two CAB ratios were not of the same magnitude. Such a relationship
was seen in the previous study which attempted such a correlation for pMDI formulations5.

Figure A2.3 (next page): Comparison of actual and theoretical CAB ratios (calculated from IGC dispersive
surface energies, CA dispersive surface energies and CA total surface energies). Data are grouped according to
the cohesive measurement to which they refer.
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A2.3.4 Explanations for the Failure to Determine Valid Theoretical CAB Ratios
There are numerous possible explanations for the failure of the methods described to
determine valid theoretical CAB ratios, despite their previously successful use for pMDI
formulations5. Firstly, and as previously discussed in Section 3.4.1.4, a CAB ratio is determined
from the adhesion and cohesion of a micronised particle to defined faces of molecularly
smooth crystals. The theoretical CAB ratios, however, were determined from surface energy
measurements on micronised powders, and so describe the adhesion and cohesion between
micronised particles. Due to the unknown crystal face(s) and amorphous regions present on
the surface of a micronised particle41, this might result in differences between actual and
theoretical CAB ratios.
Another possible explanation relates to the initial assumption that capillary and electrostatic
forces were relatively insignificant during the measurement of actual CAB ratios (see Section
A2.1.1). It was, therefore, decided to ignore these forces in the calculation of the theoretical
CAB ratios. If this assumption was incorrect, and capillary or electrostatic forces were
significant during the measurement of the actual CAB ratios, the invalidity of the theoretical
CAB ratios would be explained. As the previous study in which theoretical CAB ratios were
successfully calculated related to pMDI formulations, its actual CAB ratios were measured
following immersion in HFA propellant, thus eliminating capillary forces5. This explanation
may, therefore, explain the failure of the methods employed in this study, despite their
previous success.
It was previously shown that, in pMDI formulations, the measurement of the two polar
components of surface energy is vital for the successful calculation of theoretical CAB ratios5.
It is, therefore, unsurprising that the theoretical CAB ratios calculated in this study from the
IGC data and from the dispersive CA surface energies were not valid. The invalidity of the
theoretical CAB ratios calculated using all three components of the CA surface energies is
more puzzling, however, but might be explained by more detailed consideration of the surface
component approach to the calculation of surface energies proposed by van Oss19-22.
In recent times, a number of limitations of this approach have been highlighted37. Firstly, the
method used by van Oss for the determination of liquid polar surface tension components has
been criticised, as it appeared to make the assumption that water is equally strong as a Lewis
acid and as a Lewis base. As this is not true and as the polar surface tension components of
other liquids were calculated relative to those of water, the result is that it is not possible to
compare the acidic and basic components of the surface energy of a material37. Such a
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comparison was necessary in the calculation of theoretical CAB ratios (during the application
of Equation A2.4). The use of this invalid comparison might explain the failure to calculate
valid theoretical CAB ratios.
Furthermore, it has been demonstrated that the choice of test liquids for use with the van Oss
surface component approach has a dramatic effect on the measured surface energies37. The
most favourable liquid combinations are thought to be water, glycerol and bromonaphthalene,
and water, diiodomethane and glycerol. It has also been shown that even for these liquid
combinations, a difference of 1º in a measured contact angle can result in a 6-8% difference in
the calculated surface energy, with greater errors being associated with less favourable liquid
combinations. In this study, the use of one the favourable liquid combinations was not
possible, due to the high solubility of the excipients in water. A less favourable combination
was, therefore, employed, with greater resultant errors.
In particular, water has the highest γL+ surface tension component of any characterised liquid
(25.5 mj.m-2), so any liquid used to replace it has a much lower γL+ surface tension component
(2.28 mj.m-2 in the case of formamide, as used in this study). This limits the sensitivity of the
liquid combination to the Lewis base surface energy (γS- ) of the solid and can lead to higher
than expected values. This is emphasised by careful inspection of the contact angles and
surface energies presented in Tables A2.4 and A2.5. Despite the measurement of reproducible
contact angles (Table A2.4), the polar surface energies shown in Table A2.5 are one to two
orders of magnitude greater than those typically determined for pharmaceutical materials using
more favourable liquid combinations5,39,42. This too might explain, therefore, the failure of the
methods employed in this study to calculate valid theoretical CAB ratios.
A2.4

Conclusions

The surface energies of the eight study materials were determined by both IGC and CA
measurement and used to calculate theoretical CAB ratios. These were found to bear no
relation to the actual CAB ratios presented in Chapter 3, suggesting that the method employed
for the determination of theoretical CAB ratios was invalid. This may have been due to the
assumption that capillary and electrostatic forces were not significant, the use of only the nonpolar components of surface energy or errors associated with the van Oss surface component
approach to the measurement of polar surface energies.
It is clear that the ability to estimate CAB ratios from simple physicochemical measurements,
such as those of surface energy, would be extremely useful in the development of new DPI
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products. However, the relatively simple approach to this problem described here was clearly
inadequate. Extensive further research is therefore required to attempt to overcome some of
the limitations discussed above, in order to facilitate the development of such a technique.
A2.5

References

1.

Hooton, J.C., Jones, M.D. and Price, R. (2006). Predicting the behavior of novel sugar
carriers for dry powder inhaler formulations via the use of a cohesive-adhesive force
balance approach. Journal of Pharmaceutical Sciences, 95(6), pp. 1288-1297.

2.

Begat, P., Price, R., Harris, H., Morton, D.A.V. and Staniforth, J.N. (2005). The
influence of force control agents on the cohesive-adhesive balance in dry powder
inhaler formulations. KONA, 23, pp. 109-121.

3.

Begat, P., Morton, D.A.V., Staniforth, J.N. and Price, R. (2004). The cohesive-adhesive
balances in dry powder inhaler formulations II: influence on fine particle delivery
characteristics. Pharmaceutical Research, 21(10), pp. 1826-1833.

4.

Hooton, J.C., Jones, M.D. and Price, R. (2005). The effect of the use of a cohesive
drug when predicting performance of dry powder inhalation formulations through the
cohesive adhesive balance technique. In Proceedings of Drug Delivery to the Lungs 16,
Edinburgh, UK, 8th-9th December 2005, pp. 143-146. The Aerosol Society.

5.

Traini, D., Rogueda, P., Young, P.M. and Price, R. (2005). Surface energy and
interparticle force correlation in model pMDI formulations. Pharmaceutical Research,
22(5), pp. 816-825.

6.

Cline, D. and Dalby, R. (2002). Predicting the quality of powders for inhalation from
surface energy and area. Pharmaceutical Research, 19(9), pp. 1274-1277.

7.

Chow, A.H.L., Tong, H.H.Y., Shekunov, B.Y. and York, P. (2004). Use of inverse gas
chromatography (IGC) to determine the surface energy and surface area of powdered
materials. Pharmaceutical Research, 21(9), pp. 1718-1719.

8.

Jiang, R.G., Pan, W.S., Wang, C.L. and Liu, H. (2005). Use of recrystallized lactose as
carrier for inhalation powder of interferon α2b. Pharmazie, 60(8), pp. 632-633.

9.

Wagner, K.G., Dowe, U. and Zadnik, J. (2005). Highly loaded interactive mixtures for
dry powder inhalers: prediction of the adhesion capacity using surface energy and
solubility parameters. Pharmazie, 60(5), pp. 339-344.

10.

Sethuraman, V.V. and Hickey, A.J. (2002). Powder properties and their influence on
dry powder inhaler delivery of an antitubercular drug. AAPS PharmSciTech, 3(4), p. 28.

11.

Bernhard, F. and Steckel, H. (2005). Proposing a model that correlates surface energy
values to aerosol data. In Proceedings of Drug Delivery to the Lungs 16, Edinburgh, UK, p.
97. The Aerosol Society.
317

12.

Thielmann, F., Naderi, M., Traini, D. and Young, P.M. (2006). Impact of lactose
polymorphism on salbutamol sulphate lactose interactions in DPI formulations. In
Proceedings of Respiratory Drug Delivery 10, Boca Raton, Florida, USA (R.N. Dalby, et al.
eds.), pp. 793-795.

13.

Hancock, B.C., York, P. and Rowe, R.C. (1997). The use of solubility parameters in
pharmaceutical dosage form design. International Journal of Pharmaceutics, 148(1), pp. 121.

14.

Tong, H.H.Y., Shekunov, B.Y., York, P. and Chow, A.H.L. (2006). Predicting the
aerosol performance of dry powder inhalation formulations by interparticulate
interaction analysis using inverse gas chromatography. Journal of Pharmaceutical Sciences,
95(1), pp. 228-233.

15.

Hertz, H. (1881). On the contact of elastic bodies. Journal für die Reine und Angewandte
Mathematik, 29, pp. 156-171.

16.

Johnson, K.L., Kendall, K. and Roberts, A.D. (1971). Surface energy and contact of
elastic solids. Proceedings of the Royal Society of London Series A - Mathematical and Physical
Sciences, 324(1558), pp. 301-313.

17.

Derjaguin, B.V., Muller, V.M. and Toporov, Y.P. (1975). Effect of contact
deformations on the adhesion of particles. Journal of Colloid and Interface Science, 53(2),
pp. 314-326.

18.

Podczeck, F. (1998). Particle-particle adhesion in pharmaceutical powder handling. London:
Imperial College Press.

19.

Brant, J.A. and Childress, A.E. (2002). Assessing short-range membrane-colloid
interactions using surface energetics. Journal of Membrane Science, 203(1-2), pp. 257-273.

20.

van Oss, C.J., Good, R.J. and Chaudhury, M.K. (1988). Additive and nonadditive
surface-tension components and the interpretation of contact angles. Langmuir, 4(4),
pp. 884-891.

21.

Brant, J.A. and Childress, A.E. (2004). Colloidal adhesion to hydrophilic membrane
surfaces. Journal of Membrane Science, 241(2), pp. 235-248.

22.

van Oss, C.J. (1994). Interfacial forces in aqueous media. New York: Marcel Dekker.

23.

Good, R.J. and Girifalco, L. (1960). A theory for estimation of surface and interfacial
energies III: estimation of surface energies of solids from contact angle data. Journal of
Physical Chemistry, 64, pp. 561-565.

24.

Fowkes, F.M. (1963). Additivity of intermolecular forces at interfaces I: determination
of the contribution to surface and interfacial tension of dispersion forces in various
liquids. Journal of Physical Chemistry, 67, pp. 2538-2541.

318

25.

Grimsey, I.M., Feeley, J.C. and York, P. (2002). Analysis of the surface energy of
pharmaceutical powders by inverse gas chromatography. Journal of Pharmaceutical
Sciences, 91(2), pp. 571-583.

26.

Feeley, J.C., York, P., Sumby, B.S. and Dicks, H. (1998). Determination of surface
properties and how characteristics of salbutamol sulphate, before and after
micronisation. International Journal of Pharmaceutics, 172(1-2), pp. 89-96.

27.

Feeley, J.C., York, P., Sumby, B.S. and Dicks, H. (2002). Processing effects on the
surface properties of α-lactose monohydrate assessed by inverse gas chromatography
(IGC). Journal of Materials Science, 37(1), pp. 217-222.

28.

Ohta, M. and Buckton, G. (2004). Determination of the changes in surface energetics
of cefditoren pivoxil as a consequence of processing induced disorder and
equilibration to different relative humidities. International Journal of Pharmaceutics, 269(1),
pp. 81-88.

29.

Grimsey, I.M., Sunkersett, M., Osborn, J.C., York, P. and Rowe, R.C. (1999).
Interpretation of the differences in the surface energetics of two optical forms of
mannitol by inverse gas chromatography and molecular modelling. International Journal
of Pharmaceutics, 191(1), pp. 43-50.

30.

Newell, H.E., Buckton, G., Butler, D.A., Thielmann, F. and Williams, D.R. (2001).
The use of inverse phase gas chromatography to measure the surface energy of
crystalline, amorphous, and recently milled lactose. Pharmaceutical Research, 18(5), pp.
662-666.

31.

Tong, H.H.Y., Shekunov, B.Y., York, P. and Chow, A.H.L. (2001). Characterization of
two polymorphs of salmeterol xinafoate crystallized from supercritical fluids.
Pharmaceutical Research, 18(6), pp. 852-858.

32.

Tong, H.H.Y., Shekunov, B.Y., York, P. and Chow, A.H.L. (2005). Surface
characterization of salmeterol xinafoate powders by inverse gas chromatography at
finite coverage. Journal of Pharmaceutical Sciences, 94(3), pp. 695-700.

33.

Ticehurst, M.D., York, P., Rowe, R.C. and Dwivedi, S.K. (1996). Characterisation of
the surface properties of α-lactose monohydrate with inverse gas chromatography,
used to detect batch variation. International Journal of Pharmaceutics, 141(1-2), pp. 93-99.

34.

Ticehurst, M.D., Rowe, R.C. and York, P. (1994). Determination of the surfaceproperties of 2 batches of salbutamol sulfate by inverse gas-chromatography.
International Journal of Pharmaceutics, 111(3), pp. 241-249.

35.

Buckton, G. (1997). Characterisation of small changes in the physical properties of
powders of significance for dry powder inhaler formulations. Advanced Drug Delivery
Reviews, 26(1), pp. 17-27.
319

36.

Dove, J.W., Buckton, G. and Doherty, C. (1996). A comparison of two contact angle
measurement methods and inverse gas chromatography to assess the surface energies
of theophylline and caffeine. International Journal of Pharmaceutics, 138(2), pp. 199-206.

37.

Della Volpe, C. and Siboni, S. (1997). Some reflections on acid-base solid surface free
energy theories. Journal of Colloid and Interface Science, 195(1), pp. 121-136.

38.

van Oss, C.J. (1993). Acid-base interfacial interactions in aqueous-media. Colloids and
Surfaces A - Physicochemical and Engineering Aspects, 78, pp. 1-49.

39.

Ahfat, N.M., Buckton, G., Burrows, R. and Ticehurst, M.D. (2000). An exploration of
inter-relationships between contact angle, inverse phase gas chromatography and
triboelectric charging data. European Journal of Pharmaceutical Sciences, 9(3), pp. 271-276.

40.

Planinsek, O., Trojak, A. and Srcic, S. (2001). The dispersive component of the surface
free energy of powders assessed using inverse gas chromatography and contact angle
measurements. International Journal of Pharmaceutics, 221(1-2), pp. 211-217.

41.

Buckton, G. and Darcy, P. (1999). Assessment of disorder in crystalline powders - a
review of analytical techniques and their application. International Journal of Pharmaceutics,
179(2), pp. 141-158.

42.

Begat, P.M. (2004). Quantification and control of cohesive and adhesive forces in dry powder
inhaler formulations. PhD Thesis. University of Bath.

320

