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Abstract

The inclusion of different carrier materials in a dry powder inhaler (DPI) system can alter formulation performance, which might be
attributable to variation in the adhesion between drug and carrier particles. The aim of this study was, therefore, to further examine the
relationship between drug-carrier adhesion and performance, by comparing data relating to many different drug-carrier combinations.
Four drugs and four carriers were employed, giving a total of 16 combinations. The relative magnitude of the drug-carrier adhesion for
each combination was quantified using the cohesion—adhesion balance (CAB) approach to colloidal probe atomic force microscopy. The
in vitro inhalation performance of the 16 formulations (1.5% w/w drug) was investigated and found to vary significantly. Plots of fine
particle dose against drug-carrier CAB ratio revealed that performance was optimised when the drug-carrier CAB ratio was slightly cohe-
sive. This trend was found to fit with those from similar previous studies, although due to the smaller number of formulations investi-
gated previously, the full extent of this relationship had not been revealed. It was concluded, therefore, that when developing a carrier-

based DPI, the selection of a drug-carrier combination with a slightly cohesive CAB ratio might result in optimal performance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The delivery of a drug to the lungs can only be achieved
by a combination of inhaler device, drug formulation and
inhalatory manoeuvre capable of producing an aerosol of
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drug particles with an aerodynamic diameter smaller than
5um [1,2]. This is often achieved in dry powder inhalers
(DPIs) through the use of a micronised drug with a particle
size smaller than 5 pm, which is dispersed during inhalation
to ensure it reaches the patient’s lungs [3]. Unfortunately,
micronised powders are intrinsically cohesive and have
poor flowability, leading to manufacturing problems, dose
variability and poor aerosolisation [4]. The most common
solution to the first two of these problems is to blend fine
respirable drug particles with coarser particles of an inert
excipient (usually a-lactose monohydrate), known as the
carrier [4]. This results in a mixture with at least some of
the fine drug particles adhered to the surface of the coarse
carrier particles, and is known as a carrier-based DPI for-
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mulation. Such blends exhibit the necessary improvement
in powder flow properties to enable metering and fluidiza-
tion of the highly cohesive fine drug particles.

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 aero-
solisation [4,5]. This is the key process that governs the per-
formance of such formulations, and is dependent upon the
balance between the cohesive and adhesive forces between
drug and carrier particles and the aerodynamic drag forces
acting to overcome them during aerosolisation [2,5].

It is, therefore, unsurprising that numerous studies have
shown that changing the carrier material can influence fine
particle delivery and, therefore, formulation performance,
as such a change will also lead to different levels of drug-
carrier adhesion [6]. Many different non-lactose carriers
have been investigated, such as B-cyclodextrin, erythritol,
glucose, maltitol, maltose, mannitol, raffinose pentahy-
drate, sorbitol, trehalose dihydrate and xylitol [7-19]. Dif-
ferences in the performance of formulations containing
different carrier materials have been attributed to differ-
ences in hygroscopicity [13,19], surface roughness [9,10],
particle size or shape [15], surface energy [9,18] and drug-
carrier adhesion [9,11].

DPI performance may also be altered by keeping the
carrier material constant but changing its physicochemical
properties. For example, whilst there have been conflicting
results with regard to the effects of “average’ carrier parti-
cle size (usually measured as volume equivalent diameter
by laser diffraction) on drug delivery [6], it is widely
acknowledged that carriers containing a higher proportion
of fine particles produce greater formulation performance
than carriers with a smaller proportion of fine particles
[20]. Carrier particle shape is also known to affect perfor-
mance, with more elongated particles of lactose being asso-
ciated with increased drug delivery [21-23]. Formulation
performance can also be affected by the surface roughness
of carrier particles, but the relationship is complicated and
appears to depend upon the scale of the roughness in rela-
tion to the size of the drug particles [6]. Finally, carrier
flowability is known to effect the emission of drug from a
DPI device and possibly the subsequent delivery of that
drug to the lungs [6,24-26].

Despite the influence of the physicochemical properties
of carrier particles on DPI performance, recent studies
have suggested that the varying performance of formula-
tions containing carriers of different materials could be
attributed to differences in the relative drug-carrier adhe-
sion, which could be measured by colloidal probe atomic
force microscopy (AFM) [7,12]. This work utilised the
recently developed cohesive-adhesive balance (CAB)
approach, which can be used to measure the ratio between
the cohesion of the drug with itself and its adhesion to the
carrier [27]. A CAB ratio <1 indicates that, all other vari-
ables being equal, the drug is more adhesive to the carrier
than cohesive with itself, and so might be expected to form
a stable, ordered mixture upon blending [28]. A CAB ratio

>1, however, indicates that the drug is more cohesive with
itself than adhesive to the carrier, suggesting that upon
blending a less uniform mixture might be produced, con-
taining agglomerates of drug [28]. It was found that
drug-carrier combinations with a higher CAB ratio
resulted in a higher fine particle fraction (FPF) upon aero-
solisation, despite potential difference between the carriers
in terms of size, shape, roughness and flowability [7,12].
Such an approach might, therefore, represent a useful pre-
formulation tool for the screening of potential formulation
components during DPI development, but to date studies
investigating this method have only employed a limited
number of formulations with a limited range of drug-car-
rier CAB ratios [7,12]. In particular, only a limited number
of drug-carrier combinations with a slightly adhesive (i.e.
slightly <1) or slight cohesive (i.e. slightly >1) CAB ratio
have been examined.

The CAB technique has also been employed to study the
dispersion mechanisms of carrier-based DPI formulations
containing different fine excipients [29]. The interactions
of four drugs (budesonide, fluticasone propionate, formo-
terol fumarate dihydrate and salmeterol xinafoate) and
four excipients (erythritol, a-lactose monohydrate, p-man-
nitol and a,a-trehalose dihydrate) were measured, giving a
total of 16 CAB ratios, many of which fell in the slightly
adhesive or cohesive region (Table 1). These ratios were
measured between micronised drug particles and extremely
smooth crystalline excipient surfaces using the standard
CAB methodology employed originally by Begat et al.
[27]. The aim of the work described here was, therefore,
to further investigate the relationship between carrier-
based formulation performance and drug-carrier CAB
ratio, especially for formulations with a slightly adhesive
or slightly cohesive CAB ratio. This was achieved by
assessing the performance of the 16 binary (i.e. no added
fines) formulations that could be produced using the four
drugs and four excipients whose CAB ratios are listed in
Table 1. Materials from the same batches as those used pre-
viously [29] were employed, to ensure that this comparison
was valid. In addition, the four carriers were characterised
using a number of techniques designed to assess their sim-
ilarity in terms of the variables discussed above that are
known to affect formulation performance, in order to val-
idate (or otherwise) the comparison of formulations con-
taining different carriers.

2. Materials and methods
2.1. Materials

Micronised fluticasone propionate (FP) and salmeterol
xinafoate (SX) were donated by GlaxoSmithKline Research
and Development (Ware, UK). Micronised budesonide and
formoterol fumarate dihydrate (FFD) were supplied by
Sicor (Santhia, Italy). Erythritol was donated by Cerestar
(Castelmassa (Ro), Italy), p-mannitol was obtained from
Sigma—Aldrich (Gillingham, UK), a-lactose monohydrate
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Table 1

CAB ratios (4 SD) for the interactions of drug colloidal probes with extremely smooth crystalline excipient substrates (data taken from Jones et al. [29],

which used the same batches of material as this study)

CAB ratio + SD Colloidal probe

Micronised budesonide

Micronised FP

Micronised FFD

Micronised SX

Crystalline substrate

Erythritol 0.96 +0.02
Lactose 0.82 +0.08
Mannitol 1.12 +0.06
Trehalose 1.07 + 0.06

0.77 £0.05 1.00 £ 0.05 1.12 £0.02
0.22+0.00 1.16 £ 0.11 2.39 +£0.02
0.46 +0.03 1.18 +0.07 0.65+0.01
0.70 +0.05 1.024+0.10 1.37 +£0.06

(Lactohale) was donated by Friesland Foods Domo-Pharma
(Zwolle, The Netherlands) and o,a-trehalose dihydrate was
donated by British Sugar (Peterborough, UK). From this
point forward, these excipients will be referred to as erythri-
tol, lactose, mannitol and trehalose. All solvents were sup-
plied by Fisher Scientific UK (Loughborough, UK) and
were of at least analytical grade. Water was purified by
reverse osmosis (MilliQ, Molsheim, France).

2.2. Methods

2.2.1. Recrystallisation of carrier particles

As supplied, erythritol and trehalose had a coarse parti-
cle size to large for sieving into a 63-90 um fraction. They
were therefore recrystallised from solution to produce a
more appropriate particle size range. Saturated solutions
of each material in water were prepared, to which an
anti-solvent (ethanol) was added at a rate of 20 ml min~'
until a water/ethanol mass ratio of 5:95 was reached. The
resultant crystalline powder was collected by filtration
and washed with ethanol. The erythritol powder was dried
under a vacuum at 40 °C for 24 h. Given the ease with
which trehalose dihydrate is known to dehydrate [30], the
trehalose powder was left to air dry for 7 days.

2.2.2. X-ray powder diffraction

Erythritol and trehalose were analysed by X-ray powder
diffraction (XRPD) to determine their crystallinity and
polymorphism after recrystallisation. Diffractograms of
each material before and after recrystallisation were
obtained using a Phillips analytical X-ray powder diffrac-
tometer (Cambridge, UK) with a CuK, source
(L=1.5418 A) operated at 40 kV and 25 mA. A single
sweep between diffraction angles (26) 5° and 60° with a step
size of 0.02° and step time of 1.3 s was employed for each
measurement.

2.2.3. Sieving

The as received Lactohale (lactose) and mannitol, and
the recrystallised erythritol and trehalose were sieved to
produce 63-90 um fraction carriers, using stainless steel
sieves (Endecotts Limited, London, UK) and an Analysette
3 PRO vibratory sieve shaker (Fritsch GmbH, Idar—-Ober-
stein, Germany) at an amplitude of 0.8 mm and frequency
of 50 Hz.

2.2.4. Particle size analysis

Particle size analysis was carried out in the dry state.
Powders were dispersed with compressed air at 3 bar
(drugs) or 2 bar (carriers) 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). Dispersion pressures were
chosen following pressure titration experiments, to ensure
complete separation of particles without the breakage of
whole particles. The particle size analysis was performed
using WINDOX 4.0 software (Sympatec GmbH, Claus-
thal-Zellerfeld, Germany). Size distributions and summary
statistics are the average of three determinations.

2.2.5. Scanning electron microscopy

Particle size and shape were qualitatively assessed using
scanning electron microscopy (SEM). 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 (~20 nm thickness) using a S150B sputter
coater (Edwards High Vacuum, Sussex, UK) and examined
using a scanning electron microscope (model JSM6310,
Japanese Electron Optics Ltd., Tokyo, Japan) at 10 KeV.

2.2.6. Particle shape analysis

The particle shape of the sieved carriers was quantita-
tively 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 anal-
ysis sensor (both from Sympatec GmbH, Clausthal-Zeller-
feld, 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. The aspect
ratio of each particle was defined as the ratio between its
minimum and maximum Feret’s diameters (i.e. aspect
ratio = minimum Feret’s diameter/maximum Feret’s diam-
eter). The circularity of each particle 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 (i.e. circularity = circumference of equiva-
lent area circle/actual circumference of particle). Both these
parameters could, therefore, vary between 0 and 1, with 1
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representing perfect sphericity and smaller values progres-
sively more irregular particle shapes.

2.2.7. Atomic force microscopy

The surface topography of the 63-90 um carriers was
investigated with TappingMode™ atomic force microscopy
(AFM) using a Multimode AFM, J-type scanner, Nano-
scope Illa controller (all from DI, Cambridge, UK) and
a silicon tip (model number OMCL-AC240TS, Olympus,
Japan) to image three randomly selected 10 pm x 10 pm
square areas on the surface of particles of each material
with a resolution of 512 x 512 pixels and a scan rate of
1 Hz. The roughness of imaged areas was quantified using
the mean (R,) and root mean square (R,) of the variations
in the height of the imaged surface, as calculated by the
AFM software using the following equations [31]:

Raiizn:|yi| (1)

nP i=1

1 n
Ry=y|— Zylz (2)
-

where n), is the number of points in the image and y; is the
distance of point i from the centre line.

2.2.8. Flowability

The flow properties of the 63-90 um carriers were mea-
sured using a RST-XS annular ring shear tester controlled
by RST-Control 95 software (both from Dietmar Schulze
Schiittgutmesstechnik, Wolfenbiittel, Germany). Powders
were stored at 25 4+ 1 °C and 44% RH for 48 h prior to anal-
ysis, whilst analysis was carried out in an air conditioned lab-
oratory maintained at 25 + 1 °C 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. This was presheared
with a normal stress of 2500 Pa (o,,.) until steady-state
flow was achieved. A oy, value of 2500 Pa was chosen to
reflect the consolidation stresses encountered by pharma-
ceutical powders during small scale powder handling and
dosing operations [32], 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 ope (500 Pa, 1000 Pa, 1500 Pa and
2000 Pa) and the flowability calculated using the instru-
ment software. Each powder was tested three times and
the mean flowability ratio (ff;) calculated. This is the ratio
between the consolidation stress and unconfined yield
strength of the powder (parameters which can be deter-
mined from the yield locus) and is a dimensionless param-
eter which increases as powder flowability improves [32].

2.2.9. In vitro formulation testing

2.2.9.1. Formulation blending. Each sieved carrier was
blended in turn with each drug to produce 16 different bin-
ary DPI formulations. Four grams blends containing 1.5%

w/w drug were prepared by geometrically mixing the drug
and carrier lactose in a 15 ml glass tube for 60 s on a Whirl-
imixer (Fisons Scientific Equipment, Loughborough, UK).
Each resultant blend was further mixed using a Turbula
shaker-mixer (Willy A Bachofen AG, Basel, Switzerland)
at 46 rpm for 40 min.

2.2.9.2. Content uniformity determination. Following blend-
ing, the drug content uniformity of all the formulations was
assessed. Each formulation was spread evenly over a clean
surface and ten samples of 33 + 1 mg taken from random
positions. Each sample was dissolved in a suitable solvent
to 50 ml final volume and drug concentration assessed
using high performance liquid chromatography (HPLC).
The proportion of drug in each sample was calculated
and the content uniformity expressed as the relative stan-
dard deviation (RSD).

2.2.9.3. Capsule filling. Each formulation was manually
loaded into size 3 gelatin capsules (donated by Capsugel,
Bornem, Belgium). Fill weight was 33 + 1 mg, giving a
nominal dose of 482 4+ 15 pug drug per capsule. Following
filling, capsules were stored in a sealed desiccator contain-
ing a saturated solution of potassium carbonate (giving a
relative humidity of 44% [33]) for at least 24 h prior to
analysis.

2.2.9.4. Formulation performance analysis. The perfor-
mance of each formulation was assessed using an Ander-
sen cascade impactor (ACI) with a pre-separator
containing 10 ml water. Before use, the impaction plates
were coated with silicone oil by immersion in a 1% solu-
tion in hexane and air drying. A Rotahaler® (Glaxo-
SmithKline, Ware, UK) was attached to the throat of
the ACI (Copley Scientific Ltd., Nottingham, UK) 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 at a flow rate of
60 1min~! for 4s. Once the contents of ten capsules
had been aerosolised, the inhaler and capsules, and each
part of the ACI, were washed down into separate known
volumes of a suitable solvent. The concentration of drug
in each solution was determined by HPLC, from which
the mass of drug deposited on each part of the ACI
could be determined.

Each formulation was tested three times. To allow valid
comparison of formulations with different recovered doses,
the results were normalised to 100% drug recovery. This
enabled the following parameters to be calculated: emitted
dose per capsule (ED, mass of drug recovered from all
parts of the ACI), fine particle dose per capsule (FPD,
the mass of drug recovered from stages 1 and below of
the ACI (<6.18 um [34,35])) and 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 (HSD) test.



500 M.D. Jones et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 496-507

3. Results and discussion
3.1. X-ray powder diffraction

Comparison of the XRPD patterns of the recrystallised
carriers with those of the starting materials confirmed that
the recrystallisation process resulted in crystalline erythri-
tol (of which there is only one known polymorph) and tre-
halose dihydrate, as each pair of diffractograms showed
peaks at the same diffraction angles. In addition, the dif-
fraction patterns of trehalose dihydrate were comparable
with previously published data for this material [30]. There
were changes in the relative intensity of the diffraction
peaks before and after recrystallisation, which can be
attributed to variation in sample geometry and particle
size.

3.2. Particle size analysis

The particle size distributions of the drugs each
approximated to a log-normal distribution, and were
therefore summarised using the djy, dso and dyy values
and the proportion of particles smaller than 5 um (see
Table 2). These distributions and summary statistics were
essentially similar, with the vast majority of particles
smaller than 5 pum diameter, suggesting that the drug
powders were suitable for DPI formulation [2]. However,
it should be noted that laser diffraction measures geomet-
ric diameter, whereas particle deposition is determined by
aerodynamic diameter, so a direct comparison between
proportion of particles <5 pm diameter and FPD cannot
necessarily be drawn.

The particle size distributions of the sieved carriers each
approximately followed a negatively skewed log-normal
distribution and so were summarised using the djq, dsg
and dy( values and the proportion of particles smaller than
10 um diameter (see Table 2). Comparison of these particle
size distributions and the summary statistics revealed that
despite careful sieving into the same size fraction, the four
carrier materials did not have identical particle size distri-
butions. This is reflected by the results of statistical analysis
using ANOVA, which found significant differences in the
data for each of the carrier particle size descriptors shown
in Table 2 (p < 0.001 in all cases). In particular, the particle

size distributions differed towards smaller particle diame-
ters (<50 pm), which is reflected by considerable differences
in the djg and % <10 um values (Table 2).

3.3. Scanning electron microscopy

Inspection of SEM images of the four micronised drugs
(Fig. 1) confirms the particle size data presented above,
with the majority of particles <5 um diameter. Inspection
of SEM images of the four 63-90 pum sieved carrier materi-
als (Fig. 2) also correlates with the particle size data. The
materials appeared to have approximately the same aver-
age particle size, but with varying proportions of intrinsic
fines. These were especially evident in the SEMs of the lac-
tose carrier, which was also found to have the largest pro-
portion of intrinsic fines by laser diffraction particle size
analysis (Table 2).

The particle shape of the four carriers differed consider-
ably and was related to their underlying crystal habits.
Erythritol particles had an irregular but smooth and
rounded morphology, whilst lactose particles displayed
the tomahawk shape typical of a-lactose monohydrate
[36], with a considerable number of irregularly shaped fine
particles both adhered and unadhered to the larger parti-
cles. Mannitol particles were elongated, with some almost
needle shaped. They appeared to have been formed by
the granulation of smaller particles, producing a rough sur-
face. 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.

3.4. Particle shape analysis

The aspect ratio and circularity distributions of the four
carriers (not shown) showed considerable differences
between the materials in terms of particle shape. These dif-
ferences are reflected in the shape factor 50th percentile val-
ues shown in Table 3. 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, indicating
that it was the least spherical of the carriers, which reflects
its elongated shape observed by SEM. The remaining car-

Table 2
Summary particle size statistics of the study materials (n = 3)

dyo (Lm + SD) dso (pm %+ SD) dyo (pm + SD) % <5 um (+SD) % <10 um (£SD)
Micronised budesonide 0.46 £ 0.02 1.44 4+ 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 4 0.00 3.30 +£0.02 99.2 +0.04 —
Micronised SX 0.53 +0.01 1.524+0.02 3.54 +£0.02 97.8 +0.06 —
Erythritol carrier 14.50 £1.28 67.74 +1.48 112.33 +£2.14 — 7.24+0.7
Lactose carrier 9.98 +0.92 60.69 + 1.55 119.14 £ 2.26 — 10.0+0.9
Mannitol carrier 18.49 +0.71 71.17 +0.80 140.38 +0.49 — 5.0+0.3
Trehalose carrier 26.22 +0.72 74.16 +1.12 118.65 4+ 1.09 — 34401
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Fig. 2. Representative SEM images of the four 63-90 pm sieved carriers.

riers approached sphericity in the order lactose <treha-  elongated and rounded morphologies of these respective
lose < erythritol, which reflected the tomahawk, slightly materials as observed by SEM.
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Table 3

Particle shape, surface roughness and flowability data for the four 63-90 pm carriers

Aspect ratio 50th percentile  Circularity 50th percentile

Mean R, (nm £ SD)

Mean Ry (nm £ SD)  Mean flowability (fi; & SD)

Erythritol ~ 0.75 0.89
Lactose 0.64 0.87
Mannitol 0.56 0.84
Trehalose  0.71 0.88

R, = mean roughness (Eq. (1)); R, = root-mean-square roughness (Eq. (2)).

3.5. Atomic force microscopy

TappingMode™ AFM was employed to quantify the
nanoscale surface roughness of the carrier materials.
Inspection of the AFM images (not shown) revealed qual-
itative differences between the roughness of the carriers,
with erythritol appearing reasonably smooth, lactose and
trehalose exhibiting an irregular pattern of rounded asper-
ities and mannitol displaying a series of linear feature that
might reflect its granulated appearance when observed by
SEM. This qualitative impression was upheld by the differ-
ences in the roughness parameters (Table 3). ANOVA
found significant differences in both the R, (p =0.001)
and the R, (p=0.003), with subsequent analysis using
Tukey’s HSD test revealing that the trehalose carrier was
significantly rougher than the other materials and that
the lactose carrier was significantly rougher than the eryth-
ritol carrier.

3.6. Flowability

As Table 3 shows, the flowability of the four 63-90 pm
sieved carriers showed considerable differences. These were
found to be significant using ANOVA (p <0.001), with sig-
nificant flowability differences being located between all the
carriers (apart from mannitol and trehalose) using Tukey’s
HSD test. As the carriers have already been shown to have
different particle size distributions, particle shapes and sur-
face roughness, which are all variables known to effect
powder flow [35,37], it is unsurprising that they were found
to have such markedly different flowability. In particular, it
is evident from studying Tables 2 and 3 that lactose and
erythritol had poorer flowability than mannitol and treha-
lose, which may be related to the greater fine excipient con-
tent of both lactose and erythritol.

3.7. In vitro formulation testing

3.7.1. Content uniformity

The RSD of the drug content of the 16 formulations
tested is shown in Table 4. As these data show, not all
the formulations had a drug RSD <6%, which is the value
commonly taken as sufficiently uniform for DPI systems.
As in previous work [7,29], however, for the purposes of
this study it was important that all formulations were
blended with a consistent method, in order to allow the
effects of varying drug-carrier CAB ratios to be seen. In

16.46 + 13.65 23.77 +20.09 6.10 +£0.49

52.09 +9.44 75.43 +13.89 4.79 £0.27

30.22 +9.55 49.25 +£21.21 13.61 £0.35

85.20 + 16.13 113.46 +22.11 13.01 £ 0.45
Table 4
Content uniformity (RSD, %) of each drug-carrier blend

Budesonide FP FFD SX

Erythritol 1.50 2.99 3.79 1.41
Lactose 6.88 5.87 5.10 4.93
Mannitol 4.35 8.89 5.56 7.67
Trehalose 4.75 8.47 5.64 5.69

addition, a relatively low shear blending procedure was
employed to ensure that subtle differences in blend struc-
ture caused by varying CAB ratios would not be overcome
by putting a large amount of energy into the formulation
during mixing. The blending process was therefore not
altered in order to bring the RSD of all the formulations
to <6%. There was no apparent relationship between con-
tent uniformity and drug-carrier CAB ratio.

3.7.2. Drug impactor deposition

Log-probability plots (not shown) of the aerodynamic
particle size distribution of drug deposited on the ACI
stages from each formulation were linear (R*>0.945),
demonstrating that the use of a pre-separator and coat-
ing of the impaction plates prevented particle bounce
and re-entrainment within the ACI [38]. The in vitro per-
formance of the formulations tested is summarised in
Fig. 3. As shown, there were a considerable number of
significant differences between both the FPD and FPF
of the various formulations (p < 0.001 in each case).
Using these data, it was possible to draw up rank orders
of formulation performance categorised by either the
drug or carrier. The rank orders by carrier were as fol-
lows (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:
Erythritol

FFD formulations.: Lactose > (Trehalose > Erythritol) >
Mannitol

SX formulations:
Trehalose

Lactose > Mannitol > Trehalose >

Lactose > Erythritol > Mannitol >

Inspection of these rank orders reveals that the lactose
carrier produced the best performance for each of the drugs
studied. This may reflect the larger proportion of intrinsic
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Fig. 3. FPD per capsule and FPF of the various drug-carrier combinations. “Significantly less than budesonide formulation; *significantly less than FEFD

formulation; *significantly less than SX formulation.

fines in this material (see Table 2), which is known to
increase formulation performance [20]. 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 are not attributable to one or more of their
intrinsic properties, but to a property that changes depend-
ing upon the drug with which they are 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:

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 formula-
tions 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 are not attributable to one or more of their
intrinsic properties, but to a property that changes depend-
ing upon the carrier with which they are 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.

3.8. The relationship between drug-carrier CAB ratio and
formulation performance

As in previous work [7,12,29], comparison between for-
mulation performance (FPD) and CAB ratio was made
graphically. CAB ratios (Table 1) were obtained from the
previous study (discussed above), which employed the
same batches of drugs and excipients as this study [29].
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 or carrier.

There was no consistent relationship between FPD and
drug-carrier CAB ratio when the data were categorised by
the drug (not shown). The performance data for budeso-
nide 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 FPD of FP decreased with increasing
drug-carrier CAB ratio, whilst the FPD of SX increased.

Given the large and significant differences between the
carrier materials, in terms of particle size, shape, roughness
and flowability, 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 for-
mulation performance. As discussed above, these differ-
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ences between the carriers are all known to affect DPI per-
formance in complex and possibly interacting ways. Their
effects on FPD can be presumed, therefore, to have been
sufficiently large to mask any effects that changes in the
drug-carrier CAB ratio may have had on formulation
performance.

From the data presented above, it is apparent that the
four drugs 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 formu-
lation FPD and drug-carrier CAB ratio was repeated, with
the data categorised by the carrier (Fig. 4). As Fig. 4 shows,
this was successful in revealing a consistent relationship
between the two variables. Although the absolute FPD
associated with a particular drug-carrier CAB ratio varied
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between the different carriers (which can be attributed to
the varying intrinsic properties of these materials), the
same relative trend in the relationship between perfor-
mance and drug-carrier CAB ratio was observed in all
cases. For each carrier, FPD was optimised when the
drug-carrier CAB ratio was slightly cohesive: the optimum
CAB ratio for the erythritol, lactose, mannitol and treha-
lose 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.

Fig. 5 shows the relationship between binary formula-
tion performance and drug-carrier CAB ratio found in
two previous studies, which examined salbutamol sulphate
[7] and budesonide [12] formulated with five different carri-
ers. Performance is represented by FPF, as FPD was not
reported. The study which examined budesonide measured
drug-carrier CAB ratios using both the {002} and {102}
faces of the budesonide crystal for the cohesive measure-
ment [12], so both these sets of data are shown. It should
be noted that these studies used a different drug concentra-
tion (0.61% w/w) and inhaler device (the Cyclohaler®) com-
pared with this study [7,12].

Inspection of Fig. 5 reveals that the findings of both this
study and the previous studies of salbutamol sulphate and
budesonide (CAB ratio measured using the {002} budeso-
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nide 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 did not
show maximal performance in this area. Extrapolation of
the available data suggests, however, that had these studies
included a drug-carrier combination with a slightly cohe-
sive CAB ratio, it might have produced the best perfor-
mance. 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.

3.9. Interpreting the relationship between drug-carrier CAB
ratio and formulation performance

The results of this study suggest that carrier-based DPI
formulation performance is optimised when the drug-car-
rier CAB ratio is slightly cohesive. 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 abso-
lute 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 (as would be
expected with a relatively more cohesive drug [28]) might
also have resulted in improved formulation performance
via an agglomeration mechanism recently proposed for
other types of DPI formulation [28,29]. This proposes that
larger agglomerates of particles are subject to greater deag-
glomeration forces in an airstream, as these forces are pro-
portional to the square (drag force) or cube (collisions) of
the diameter of the agglomerate. Larger agglomerates
might therefore give rise to greater performance, as they
might be more extensively broken down during aerosolisa-
tion and dispersion of the formulation. It is also possible
that these two mechanisms might act alongside each other.

The first of these proposed mechanisms cannot explain
why binary formulation performance decreased when the
drug-carrier CAB ratio increased above the slightly cohe-
sive region, as this represents a continued decrease in rela-
tive drug-carrier adhesion, which might have been expected
to yield further increases in performance. However, under



506 M.D. Jones et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 496-507

the agglomeration mechanism, high drug-carrier CAB
ratios represent relatively stronger drug cohesion. This
might result in the formation of extremely strong drug-only
agglomerates that resist extensive deagglomeration, giving
poorer formulation performance.

4. Conclusions

The performance of the carrier-based DPI formula-
tions employed in this study was optimised when a
slightly cohesive drug-carrier CAB ratio was achieved.
It can be concluded, therefore, that when developing a
new formulation, the selection of a drug-carrier combina-
tion with a slightly cohesive drug-carrier CAB ratio
might lead to optimum formulation performance. This
finding might be explained by the agglomeration mecha-
nism recently outlined for other types of DPI formula-
tion [28,29]. In addition to being interesting in its own
right, the applicability of this hypothesis to another type
of formulation lends it further support. Further research
is required to investigate whether these findings are
applicable to formulations prepared using different tech-
niques (especially higher shear blending) and aerosolised
under different conditions.
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