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Purpose. Lactose dry powder inhaler (DPI) carriers, constructed of smaller sub units (composite
carriers), were evaluated to assess their potential for minimising drug–carrier adhesion, variability in
drug–carrier forces and influence on drug aerosol performance from carrier–drug blends.
Methods. Lactose carrier particles were prepared by fusing sub units of lactose (either 2, 6 or 10 μm) in
saturated lactose slurry. The resultant composite particles, as well as supplied lactose, were sieve
fractioned to obtain a 63–90 μm carriers. The carriers were evaluated in terms of size (laser diffraction)
morphology (electron microscopy and atomic force microscopy), crystallinity and drug adhesion (colloid
probe microscopy). In addition, blends containing drug and carrier were prepared and evaluated in terms
of drug aerosol performance.
Results. The surface morphology and physico-chemical properties of the composite carriers were
significantly different. Depending on the initial primary lactose size, the composite particles could be
prepared with different surface roughness. Variation in composite roughness could be related to the
change in drug adhesion (via modification in contact geometry) and thus drug aerosol performance from
drug–lactose blends.
Conclusion. Composite based carriers are a potential route to control drug–carrier adhesion forces and
variability thus allowing more precise control of formulation performance.

KEY WORDS: colloid probe microscopy; DPI composite; dry powder inhalation; inhalation.

INTRODUCTION

The delivery of dry powder particulates to the lung for
respiratory therapy requires the active pharmaceutical ingre-
dient (API) to have an aerodynamic diameter <6 μm (1).
Furthermore, the dose of API (often ≤400 μg dose−1)
requires dilution with excipient material to increase dose
reproducibility and improve flow during manufacturing and
handling. The most common formulation approach is to blend
the API with a larger ‘inert’ excipient (referred to as a
carrier); such as lactose.

The dynamic blending process between two materials
(containing size differentials of an order of magnitude as seen
in DPI formulations) results in an ordered mix (2). Although
the distribution of API throughout such ordered mixes tend
to be uniform (observed via content uniformity measurement)
variations in the properties of the API, carrier and environment
may cause large variations in inter-particle forces. Clearly, any
change in the force of API–carrier interaction will have a direct
affect on the aerosolisation efficiency of the API when inhaled,
since the force required to separate the drug from carrier will be
altered.

Inter-particle adhesion in carrier-based DPI systems may
be attributed to multiple factors including surface energy (3),
relative humidity (4–7), morphology of the API (8–10), the
presence of ternary components (11–13) and morphology of
the carrier (14–16). To complicate matters, the lack of
homogeneity across the surface of a carrier results in a
distribution of adhesion forces which may be classified as iso-
energetic regions or ‘active sites’ (2,17). The distribution of a
range of adhesion forces across the surface of a carrier may
promote variability in drug detachment with the higher
energy sites terminating drug liberation (18).

To overcome high drug–carrier adhesion and/or variability,
the carrier may be modified using processes such as coating
(15,19–21), etching (15,22) or the addition of fine material
(11,12,23). However, these processes either introduce ternary
components that require regulatory scrutiny or reduce vari-
ability in adhesion with little control over the median adhesion
value (i.e. surface variability is reduced but adhesion is limited
to the contact geometry of the planar surface of each crystal
face).

To overcome the limitations of conventional carrier
surfaces, we have investigated the potential use of composite
carriers for controlling adhesion variability and drug–carrier
contact geometry (24). By constructing a course carrier from
smaller sub units, of similar or smaller size than the API, the
contact geometry may be varied and thus adhesion con-
trolled. Furthermore, since the carrier is constructed from
many smaller units, a homogeneous surface roughness may
be produced. In the previous study, the group used a sugar
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alcohol, mannitol, as the excipient of choice (due to its highly
crystalline nature) (24). To expand on this study, the authors
investigate commonly used DPI excipient; lactose.

A series of lactose composite particles were engineered
and evaluated in terms of morphology, size, drug–carrier
adhesion and aerosolisation performance from conventional
DPI systems.

MATERIALS AND METHODS

Materials

Lactose monohydrate (Lactochem® crystals) was supplied
by Friesland Foods Domo (Zwolle, The Netherlands). The
model drug, micronised salbutamol sulphate was supplied by
3M (St. Paul, MN, USA). Water was purified by reverse
osmosis (Milli-Q, Sydney, Australia). All solvents used
throughout were supplied by Biolab (Clayton, VIC, Australia)
and were of analytical grade.

Preparation of Carrier Particles

A series of primary micron-sized lactose particles were
prepared by spray drying an aqueous solution of lactose using
a Mini Spray Dryer (Büchi, B-290, Switzerland). Spray drying
conditions for each target particle diameter are shown in
Table I. The prepared powders were stored in a tightly sealed
container with silica gel for a minimum of 24 h prior to
composite formation. After storage, the primary lactose
particles were mixed with a 10% v/w saturated lactose
aqueous slurry and passed through a 180 μm sieve. The
resultant aggregates were dried at 150°C for 1.5 h in a mini
fluid bed dryer (Umang Pharmatech Ltd. Easton, PA, USA).
The composite powders were collected and stored for 24 h as
before, prior to sieving. The subsequent fused aggregates
were processed through a nest of sieves to produce a 63–
90 μm sieve fraction. In addition, the starting α-lactose
monohydrate raw material was processed through the same
nest of sieves to obtain a similar size fraction for comparison.
Four carrier powders were produced; composites based on 2,
6 and 10 μm primary particles (referred to as 2, 6 and 10 μm
carriers for ease of reference) as well as the regular carrier
(sieved directly from the starting material).

Scanning Electron Microscopy

The morphology of the carrier particles was investigated
using scanning electron microscopy (SEM). Samples were
deposited on carbon sticky tabs, mounted on a SEM stubs
and sputter coated with 15–20 nm gold prior to imaging. The
carrier particles were imaged at 10 keV using a field emission
SEM (FESEM JEOL 6000, JEOL, Japan).

Atomic Force Microscopy

The topography of each carrier was studied with
conventional Tapping Mode® atomic force microscopy
(AFM) (Multimode AFM, Nanoscope IIIa controller, Veeco
Inc., California, USA). Samples were mounted on carbon
sticky tabs and imaged with a high aspect ratio silicon probe
(MicroMasch tips, Group Scientific Ltd, Adelaide, Australia)
at a scan rate of 1.0 Hz. Three 10×10 μm areas were studied
for each carrier.

Particle Size Analysis

The particle size distributions of the micronised salbutamol
sulphate, primary lactose particles and carriers were investigated
using laser diffraction. Samples were analysed using theMalvern
Mastersizer 2000 with Scirocco dry powder feeder (Malvern,
UK). The micron-sized powders were analysed using a 400 kPa
pressure differential while the carrier systems were analysed at
100 kPa. Samples were analysed in triplicate at an obscuration
between 0.3% and 10.0%. Refractive indices of 1.540 and 1.553
were used for lactose and salbutamol sulphate samples,
respectively.

X-ray Powder Diffractometry

The crystalline properties of the primary lactose particles
and four carriers were investigated using X-ray powder
diffraction. Samples were analysed at room temperature with
a XRPD D5000 (Siemens, Munich, Germany) using CuKα
radiation at 30 mA and 40 kV. An angular increment of 0.05°s−1

and count time of 2 s was used.

Differential Scanning Calorimetry

The thermal response of the primary lactose particles
and carrier systems were evaluated using differential scanning
calorimetry (DSC). Approximately 10 mg of the sample was
accurately weighed into DSC sample pans and crimp-sealed.
Samples were analysed using a DSC 823E (Mettler Toledo,
Melbourne, Australia). Thermal properties analysed at between
10°C and 250°C a 10°C min−1 temperature ramp.

Colloidal Probe Microscopy

Colloid probe microscopy was used to measure the force
of adhesion between individual salbutamol sulphate particles
and each carrier. Individual particles of micronised salbutamol
sulphate were mounted onto the apex of 0.58 N m−1 spring
constant tipless AFM cantilevers (NP-OW, Veeco, Cambridge
UK), using methods and validation described elsewhere (25–27).
Prior to measurement, particles of each carrier were mounted

Table I. Spray Drying Conditions for the Preparation of Primary Lactose Particulates

Target particle
size (μm)

Inlet temperature
(°C)

Outlet temperature
(°C) Aspiration (%)

Atomising air
flow (Normlitre h−1)

Liquid feed
rate (mL min−1)

Aqueous lactose
solution (g L−1)

2 150 80 100 819 5 150
6 150 89 100 357 5 150
10 150 97 100 246 5 200
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on carbon sticky tabs and attached to AFM sample stubs.
The force of cohesion between each drug probe and both
regular and composite carrier was investigated in Force
Volume mode, where 4,096 individual force curves were
conducted over 10×10 μm. The following settings were
utilised: approach-retraction cycle, 2 μm; cycle rate, 8.33 Hz;
and constant compliance region 60 nm. Each curve in the
force volume matrix was analysed using custom-built
software and exported as 4,096 force of cohesion values for
data analysis. Three salbutamol sulphate tips were studied
on each carrier at 45% RH and 25°C.

Preparation and Characterisation of Drug–Carrier Blends

Each 63–90 μm sieve fractioned carrier was blended with
salbutamol sulphate based on methods described elsewhere
(5). Briefly, salbutamol sulphate was blended geometrically
with carrier at a ratio of 1:67.5, prior to a final mix in a Turbula
(Willy A. Bachofen AG Maschinenfabrik, Basel, Switzerland)
at 46 rev−1 for 30 min. After blending samples were stored in
tightly sealed containers at 45% RH and 25°C, for a minimum
of 24 h prior to analysis.

High performance liquid chromatography (HPLC) was
utilised to analyse salbutamol sulphate from the in vitro
aerosol performance studies and content uniformity measure-
ments. The HPLC used was a Waters™ Millennium system
(Waters Ltd., Sydney, Australia) using system components and
conditions reported previously (5).

The mobile phase used consisted of a 60:40 v/v methanol:
water mixture containing 0.1% w/v sodium lauryl sulphate.
Samples were dissolved in MilliQ water. Linearity was
obtained between 0.5 and 100 μg mL−1 (R2=0.9990) with a
retention time of approximately 5 min. Collected samples
were appropriately diluted to fit within this region.

Prior to in vitro aerosol evaluation of the blends, each
formulation was tested for content uniformity. Approximately
33 mg of each blend was diluted with MillQ water and
analysed using the HPLC method described previously.
Analysis of the content uniformity data suggested all for-
mulations to have a coefficient of variance <5% (n=5).

The aerosol performance of micronised salbutamol
sulphate from each drug–carrier formulation was investigated
using the next generation impactor (NGI). TheNGI (Apparatus
E, British Pharmacopeia, Appendix XXI F) is an eight-stage
inertial impactor that separates an aerosol cloud into discrete
size ranges based on aerodynamic diameter. The method
followed that specified for DPIs in the pharmacopoeia
(Appendix XXI F). All in vitro measurements were conducted
at 60 L min−1, (obtained using a Rotary vein pump and
solenoid valve timer, Erweka GmbH, Germany) which was set
using a calibrated flow meter (TSI 3063, TSI instruments Ltd.,
Buckinghamshire, UK). Prior to testing, all eight-collection
stages were coated with silicon oil to eliminate particle bounce
and the NGI pre-separator was accurately filled with 15 mL of
MillQ water.

A Cyclohaler™ (Novartis, Surrey, UK) was used as a
model DPI device. Approximately 33 mg of formulation was
accurately weighed into a size-3 gelatine capsule (Capsugel,
Sydney, Australia), which was placed into the sample
compartment of a DPI. The device was activated, connected
to a mouthpiece adapter, inserted into a United State

Pharmacopoeia (USP) throat (connected to the NGI) and
tested for 4 s at 60 L min−1. After actuation, the device,
capsule, mouthpiece adapter, throat, pre-separator and all
sample stages were washed into separate volumetrics using
water. Each blend was tested in triplicate.

Statistical Analysis

Data were subjected to analysis of variance (ANOVA)
(Minitab 12.1, Minitab Ltd., Coventry, UK). Significant
differences between formulations were analysed using post
hoc multiple comparisons and p values of <0.05 (Fisher Pair
wise) were considered to be significant.

RESULTS AND DISCUSSION

Particle Size Analysis

Size distributions of the primary particles and salbutamol
sulphate are shown in Fig. 1A, while the engineered carriers
are shown in Fig. 1B. The salbutamol sulphate particle size
distribution had a median diameter (d0.5) of 1.39±0.05 μm
with 90% of particles (d0.9) less than 2.71±0.14 μm, suggest-
ing the micronised drug to be of a suitable size for inhalation.
The spray dried primary lactose particles, used to engineer
the composite carriers had d0.5 diameters of 2.27±0.12, 6.15±

Fig. 1. Particle size distributions of the A micronised drug samples
and primary lactose particles, B carrier particles.
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0.50 and 10.75±0.09 μm. These particle size distributions
were labelled as 2, 6 and 10 μm, for easy reference. Analysis
of the sieve fractioned carriers (Fig. 1B) suggested similar d0.5
values of 77.72, 74.67, 78.82 and 94.88 μm for the 2, 6, 10 μm
based composite and regular carriers, respectively. Such
observations are expected, since the four carriers were
fractioned through a 63–90 μm sieve.

Scanning Electron Microscopy

Representative scanning electron micrographs of the
sieve fractioned composite and regular carrier particles are
shown in Fig. 2. All carriers appeared to have similar
macroscopic morphology and size distributions. This is
expected since all carriers were processed through a 63–
90 μm sieve. Higher resolution images showed distinct
variations between the regular carrier (Fig. 2A) and the
composite carriers (Fig. 2B,C). In general, the regular carrier
particles were formed as discrete singular crystals of the sieve
fractioned range whereas the composite carriers were macro-
scopically similar in dimension to the regular carrier, but were
composed of multiple micron-sized particles appearing crys-
talline in nature. In addition, qualitative analysis of the
composite carriers suggested an increase the in the primary
micro-particle size between the 2 and 10 μm based
composite carriers, respectively. However, it is interesting to
note, that the individual particles making up the composite
(particularly, for example, in the larger 10 μm-based carriers)
did not have a similar diameter to the median d0.5 of the
primary particles, measured by laser diffraction. Such obser-
vations can be explained by the re-crystallisation of the
primary particles during the drying process. To further
quantify the variations in surface morphology, atomic force
microscopy was utilised to study the surface topography of
each carrier.

Atomic Force Microscopy

Representative topographical images of the composite
and regular carriers are shown in Fig. 3A–D. Clear variations
in the topography could be observed across the carrier types.
Specifically, the regular carrier (Fig. 3A) had a smooth planar
morphology while the composite materials were granular in
nature; most likely due to the individual microparticles, which
make up their construction. To further evaluate these
variations the root mean square roughness (RRMS) for each
image was calculated using Eq. 1:

RRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

y2i

s
ð1Þ

where n is the number of points in topography profile and yi
is the distance of a point i from the centre line.

Analysis of the RRMS suggested the carriers (n=3 for
each carrier) followed the rank order 2 μm>6 μm>10 μm
composite carriers>regular carrier. Specifically, analysis of the

10 µm
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Fig. 2. Scanning electron microscopy images of fractioned A regular
carrier, B 2 μm based carrier, C 6 μm based carrier and D 10 μm
based carrier.

b
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RRMS indicated significantly different values of 0.50±0.01,
0.36±0.01, 0.32±0.01 and 0.09±0.05 μm for 2, 6, 10 μm
composite carriers and regular carrier, respectively. Such
observations suggest that variation in primary particle size
has a significant effect on the composite particle roughness.

X-ray Powder Diffractometry

X-ray powder diffractograms of the primary lactose
particles and carriers are shown in Fig. 4A and B, respectively.
The diffuse diffraction patterns for the primary lactose particles
(Fig. 4A) are indicative of an amorphous material. In
comparison, the diffraction patterns for the carrier materials
had intensity patterns characteristic of crystalline material. In
general, the diffraction patterns for the carrier materials
(Fig. 4B) were similar and had peaks characteristic of α-lactose
monohydrate at 12.4° 2θ (28). The composite carrier diffraction
patterns had intensities less than that of the regular carrier,

Fig. 3. Representative topographical images of the 63–90 μm sieve
fractioned A regular carrier, B 2 μm composite carrier, C 6 μm
composite carrier and D 10 μm composite carrier.

R

Fig. 4. X-ray powder diffractograms for the A primary lactose
particles and B composite carriers.
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most likely due to the significant difference in the primary
crystal size (2–10 μm in comparison to 63–90 μm). Interestingly,
the composite carriers had an additional peak at 10.6° 2θ,
suggesting the presence of β-lactose (28) which is produced
due to the mutarotation of the α-form during the drying
process (29).

Differential Scanning Calorimetry

Differential scanning thermograms for the four primary
lactose particles and four carriers are shown in Fig. 5A and B,
respectively. As expected, the thermal response for the
primary particles was indicative of an amorphous material.
Specifically, an exothermic peak for each powder was
observed with an onset between 130°C and 140°C. This is

similar to previous reports (30) for re-crystallisation of
amorphous lactose. Interestingly, the onset increased with
increasing median particle diameter. It is suggested that this
increase is due to an increase in heat capacity and reduction
in surface area to mass ratio. In comparison, the thermal
response of the carrier materials (Fig. 5B) was characteristic
of crystalline material. For all samples, an endothermic peak
was observed between 140°C and 150°C, which could be
attributed to the heat of dehydration (30,31) from α-lactose
monohydrate. In addition, comparison of the regular and
composite carrier suggested different endothermic peaks at
216°C for the regular and peaks at 216°C and 235°C for the
composite carriers. These peaks at 216°C and 235°C correspond
to the α-lactose monohydrate and β-lactose, respectively (31).
Such observations suggest that the composite carriers were a
mixture of both α-lactose monohydrate and β-lactose, most
likely due to the mutarotation of the α-form during the final
drying stage (post slurry) (28).

Colloidal Probe Microscopy

Adhesion data collected between each salbutamol sulphate
drug probe (n=3 probes×4,096 force measurements over
10×10 μm areas) were processed to produce median force
values (f0.5) and percentile under-force values. The processing
methodology followed that for log-normal force distributions
as described previously (24). In addition the spread of force
values was calculated from the geometric standard deviation
(GSD) (32):

GSD ¼ f0:84
f0:16

� �0:5
ð2Þ

where fx are the respective percentile force values for the
lognormal distribution (32).

Analysis of the adhesion data suggested significant
differences in adhesion force between the salbutamol sul-
phate drug probes (n=3) and the different carriers. In
general, the median adhesion force followed the rank order:
2 μm composite carrier<6 μm composite carrier<10 μm
composite carrier<regular carrier. Specifically, median adhe-
sion forces (±standard deviations) of 30.15±0.75, 33.31±6.32,
46.43±3.83 and 113.11±15.10 nN were observed for the 2, 6,
10 μm composite carriers and regular carrier, respectively.
Post-hoc analysis suggested the variation in adhesion to be
significant between all paired and unpaired samples except
for the 2 and 6 μm paired analysis. Such observations are
most likely due to the large standard deviation in adhesion
forces on the 6 μm based carrier. Since variation in adhesion
across the surface may be directly related to the propensity
for drug liberation during aerosolisation, the GSD for each
data set was calculated and processed to represent mean GSD
values (±standard deviations) and are shown along represen-
tative adhesion maps in Fig. 6. The degree of colour variation
in Fig. 6 indicates the distribution in force values. Analysis of
the mean GSD, suggested a rank order of 2 μm<10 μm<
6 μm<regular based carrier systems. Furthermore, analysis of
the GSD between samples (n=3 carrier measurements)
resulted in a greater variation in the 6 μm and regular carriers,
where a coefficient of variation (CV) of 15.1% and 10.5% was

Fig. 5. Differential scanning calorimetry thermograms of A primary
lactose particles and B composite carriers.
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observed, respectively. In comparison, the 2 and 10 μm carriers
exhibited reduced adhesion value distributions.

In vitro Aerosol Characterisation

The drug recovered from all components of the NGI and
device was measured by HPLC as previously described and

the data was processed to produce various descriptors of
aerosolisation efficiency. These were the total recovered dose
from the device and all NGI components (TD); the emitted
dose (ED), representing TD excluding capsule and device
components; the fine particle dose (FPD) representing drug
recovered from stage 3 to 8 of the NGI (equivalent to the
mass of particles with an aerodynamic diameter <4.46 μm). In
addition, the percentage drug deposited on each stage was
calculated for each formulation and is plotted in Fig. 7.
Analysis of the TD and ED suggested no significant differ-
ences with recoveries of 514.9±44.8 and 431.7±32.5 μg being
observed across all formulations. Subsequently, no variations
in drug removal efficiency were observed (ED/TD×100). An
efficiency of 84±6% across all formulations was in good
agreement with previous findings (5). Since the efficiency
remained constant it may be assumed that the variation in
FPD may be due to drug carrier detachment during
aerosolisation and not due to formulation segregation prior
to analysis. This is further substantiated by the content
uniformity results, which showed all formulations to have a
variability (CV) less than 5%.

Analysis of the percentage stage deposition (Fig. 7)
showed the regular carrier had less drug deposited on the
lower stages with the majority being captured on the pre-
separator. High depositions on the pre-separator stage may
be associated with drug still adhered to carrier after the
aerosolisation process. In comparison, the deposition profiles
of drug from the composite carrier systems indicated higher
depositions in the lower stages of the NGI suggesting
improved aerosol performance. To further analyse the
relationship between carrier type and aerosolisation efficiency,
the fine particle fraction was calculated based on the ED
(where FPF=FPD/ED×100). Analysis of the FPF data sug-
gested the carrier type to have a significant effect on the

Fig. 6. Adhesion distribution matrix (10×10 μm areas) for a single
salbutamol sulphate probe on each composite carrier lactose. Mean
GSD values are given for n=3 probes with standard deviations and
percent CV.

Fig. 7. In vitro NGI stage deposition of salbutamol sulphate aerosolised from each of the
composite carriers.
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aerosolisation performance where the FPF varied between
21.3±5.4% and 31.3±1.3% between regular lactose and the
2 μm composite lactose, respectively. In addition, analysis of
the standard deviations of the FPFs from each formulation
suggested CV to be dependent upon formulation type where
FPF CV’s of 4%, 13%, 5% and 25% were observed for the
2 μm, 6 μm, 10 μm and regular carrier, respectively.

Relationship between Drug Aerosol Performance
and the Physico-chemical Parameters of the Carrier Systems

To further understand the relationship between the
different carrier systems and drug aerosol performance, the
FPF was investigated in terms of each of the physico-chemical
parameters studied. One of the primary differences between
the regular and composite carriers was the presence of β-
lactose in the composite samples. Interestingly, there was still
variation in the FPF in the composite samples although the
heat of dehydration remained constant. Such observations
indicate that particle morphology plays an important role in
the aerosolisation phenomena. Furthermore, previous studies
have suggested that β-lactose results in significantly poorer
aerosolisation performance than α-lactose monohydrate (33).
In this previous study, formulations containing micronised
salbutamol sulphate were used with identical formulation and
testing protocols (33). Subsequently, it may be concluded that
in this study, while there was variation in carrier chemistry,
the variation between the regular and composite carriers is
more dependent on morphology.

Evaluation of the topographic roughness suggested
significant differences between the carrier particles. To
investigate the relationship between roughness and aerosoli-
sation performance, the FPF was plotted as a function of
RRMS and is shown in Fig. 8. Regression analysis of the FPF
vs. RRMS indicated a positive linear relationship with an R2

value of 0.9672. Such an increase in FPF with respect to
roughness may be related to the reduced contact area
between drug particles and carrier surface (10,14,24).

As previously discussed, a reduction in drug–carrier
contact area would result in reduced inter-particle adhesion.
To investigate the relationship between aerosolisation effi-
ciency and drug–carrier adhesion, the FPF was plotted vs. the
median adhesion force values and are shown in Fig. 9. An
inverse relationship between FPF and the median adhesion
force was observed, with a regression coefficient of R2=
0.9658 (similar to that for the FPF-roughness analysis). It may
be concluded that a clear relationship exists between contact
area (in this case measured by a RRMS roughness parameter),
drug–carrier adhesion and aerosol performance. In addition,
it is interesting to note, the relationship between the standard
deviation of the FPF measurements and the geometric
standard deviation of the adhesion measurements. For
example, a large standard deviation is associated with the
FPF of drug from the 6 μm composite carrier even though
content uniformity was <5% and the aerosolisation efficiency
was not significantly different than the other carrier systems.
Subsequently, it may be concluded that the variation in FPF is
due to a wider distribution in the adhesion force between
drug and carrier on the surface. Indeed, analysis of the
median adhesion forces for drug on the 6 μm composite
carriers had a greater standard deviation than for the other
composite systems (Fig. 9). Such observations are further
corroborated when studying the GSD values for the adhesion
measurement (indicative of data spread) and the CV
associated with multiple area analysis (Fig. 6). As expected,
larger variations in adhesion and FPF were found in the
regular carrier, which could be associated to the poorer FPF
and standard deviation.

CONCLUSIONS

A series of crystalline composite carriers were prepared
from smaller sub-units of lactose. The surface morphology
and physico-chemical properties of the composite carriers
were significantly different than regular α-lactose monohy-
drate. Depending on the initial primary lactose size, the
composite particles could be prepared with different surface

Fig. 8. In vitro aerosol performance (FPF) of the composite carriers
as a function of roughness (RRMS). Error bars indicate standard
deviations (n=3).
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Fig. 9. Relationship between median adhesion force (n=3 tips±SD)
and the aerosol efficiency (FPF%, n=3) of the composite carriers.
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roughness. Variation in composite roughness could be related
to the change in drug adhesion (via modification in contact
geometry) and thus drug aerosol performance from drug–
lactose blends. Although, in all cases the composite carriers
resulted in improved drug aerosol performance, it should be
noted that the distribution of adhesion potential across each
carrier was specific to the primary size. Thus it may be
concluded that, careful selection of surface roughness is
required to optimise aerosol performance and reduce the
variability in respiratory delivery.
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