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ABSTRACT
Purpose To co-crystallise mannitol and lactose with a view to
obtaining crystals with more favourable morphological features
than either lactose or mannitol alone, suitable for use as carriers
in formulations for dry powder inhalers (DPIs) using simulta-
neous engineering of lactose-mannitol mixtures.
Methods Mannitol and lactose individually and the two sugars
with three different ratios were crystallised/co-crystallised using anti-
solvent precipitation technique. Obtained crystals were sieved to
separate 63–90 μm size fractions and then characterised by size,
shape, density and in vitro aerosolisation performance. Solid state of
crystallized samples was studied using FT-IR, XRPD and DSC.
Results At unequal ratios of mannitol to lactose, the elongated
shape dominated in the crystallisation process. However, lactose
exerted an opposite effect to that of mannitol by reducing elon-
gation ratio and increasing the crystals’ width and thickness. Crys-
tallised β-lactose showed different anomers compared to
commercial lactose (α-lactose monohydrate). Crystallised α-
mannitol showed different polymorphic form compared to com-
mercial mannitol (β-mannitol). Crystallised mannitol:lactose
showed up to 5 transitions corresponding to α-mannitol, α-
lactose monohydrate, β-lactose, 5α-/3β-lactose and 4α-/1β-lac-
tose. In vitro deposition assessments showed that crystallised
carriers produced more efficient delivery of salbutamol sulphate
compared to formulations containing commercial grade carriers.
Conclusion The simultaneous crystallization of lactose-mannitol
can be used as a new approach to improve the performance of
DPI formulations.

KEY WORDS fine carrier . in vitro aerosolisation . mannitol:
lactose ratio . salbutamol sulphate . shape . size . solid state .
roughness

INTRODUCTION

The respiratory tract provides an attractive delivery
route due to a number of potential advantages that it
confers, such as the avoidance of the harsh conditions of
the gastrointestinal tract, the provision of fast drug action
or absorption, and the ability to target specific lung cells.
Indeed, systems designed for both local and systemic
action can be administered via the pulmonary portal.
In local systems, a number of patient factors pose unique
challenges to effective drug delivery including: the pat-
tern of inspiratory airflow, the physiology and anatomy
of the respiratory tract and the proficiency of the patient
in handling the aerosolization device. In addition to
obtain successful local pulmonary delivery, it is crucial
to consider several formulation-related factors including:
selection of the specific drug, identification of the recep-
tor locations, the design of the device and the nature of
the incorporated formulation. Dry powder inhalers
(DPIs) are one type of delivery device with the capacity
to deliver respirable drugs to the lungs and have poten-
tial advantages which include the containment of propellant-
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free formulations and patient-initiated actuation. Most
powdered formulations intended for aerosolization from
DPIs comprise a blend of 1–5 μm drug with a sugar
carrier (approximately 100 μm diameter). However, de-
spite their current widespread use as a delivery system;
drug-carrier formulations performance is dependent on
several factors. For example, the inhalable fraction
obtained from a DPI is dependent on inhaler device
design (1), patient inhalation effort (2) and powder for-
mulation properties (3). Generally the amounts of drug
delivered to the lower airway regions from the current
DPIs are still low (often ≤25% of theoretical dose),
indicative of low delivery efficiency (4). In order to
enhance DPI performance, several attempts have been
made such as using engineered drug (5) and carrier (6)
particles. Nevertheless, the effects of carrier physical
properties on DPI aerosolization efficiency are equivo-
cal. For example, the fine particle fraction (FPF) of drug
generated by aerosolization of the powder has been
reported to be dependent on the drug-carrier cohesive-
adhesive balance ratio, regardless of other carrier phys-
icochemical properties such as size, shape, rugosity, and
flowability (7). Generally, larger carrier particles generat-
ed poorer DPI aerosolization performance (8). However,
other studies have indicated that poor aerosolization per-
formance is a not a property inherent to larger size of
carrier particles (9,10). Also, it has been suggested that it
is the presence of fine carrier particles and not the carrier
particle size that directly affects DPI performance (11).
Two major mechanisms are believed to control drug
particle detachment from carrier particles during inhala-
tion which are detachment by the flow stream (fluid
forces) (flow detachment) and detachment by impaction
(mechanical forces) (mechanical detachment) (12). Detach-
ment by flow is facilitated for flat, smooth surface carrier
particles and large drug particles, whereas detachment by
mechanical forces is facilitated for large drug and carrier
particles (9). It was shown that the aerodynamic perfor-
mance of carrier particles is dependent not only on
their physical properties (e.g. size and morphology),
but also on the inhaler device design (12). DPI formu-
lations containing carriers with different size distribu-
tions generated similar emitted dose and recovery of
drug upon inhalation (13). DPI performance was report-
edly enhanced by employing carrier particles with
higher elongation ratio (14,15). However, other studies
showed that engineered carrier particles produced bet-
ter DPI performance despite their lower elongation
ratio in comparison to control (3,16). Several reports
have confirmed that fine carrier particles can enhance

DPI performance, but the estimated optimal concen-
tration of fine carrier particles to maximize FPF ap-
parently varies from 5% (17), 9–10% (18), 20% (19),
37.5% (20) to 50% (21). Also, carrier specific surface
area has been correlated both positively (14) and nega-
tively (22) with FPF of drug. Better aerosolization per-
formance was observed when the carrier powder tap
density was lower (14), whilst formulations with good
flow properties (23) and poor flow properties (14) pro-
duced increased FPF. A higher FPF was obtained when
using DPI blends containing particles with either in-
creased surface rugosity (3) or increased surface smooth-
ness (6).

These conflicting results could, in part, be attributed
to inter-dependence of different carrier physical proper-
ties on each other. For example, both carrier surface
roughness (24) and polymorphic form (25) were reported
to dominate over carrier particle size while fine carrier
particle content can dominate over both carrier size and
surface roughness in terms of their influence on DPI
performance (26). Accordingly, there are no definite con-
clusions showing the optimum morphology for carrier
particles in DPI systems. Mannitol presents several
advantages compared to lactose and other sugar alco-
hols, since it does not contain a reducing functional
group and does not contain or made of animal material.
Lactose and mannitol are expected to crystallise with
considerably different morphologies as reported in our
previous work (3,14). Thus, co-crystall isation of
mannitol-lactose at different ratios of mannitol to lactose
might generate suitable crystals with the desired mor-
phological features with applicability for use as a carrier
in DPIs. In addition, mannitol or lactose may act as an
impurity in the crystallisation medium, modifying the
co-nucleation or co-growth, of each sugar leading to
particles with different size and shape properties. Addi-
tives such as surfactants and polymers are commonly
used to inhibit crystal growth. However, there is con-
cern with the use of such additives with respect to
their safety for delivery to the lungs. Any adsorbed
material on the surface of the formed crystals requires
removal using an organic solvent and in addition to
possible toxicological considerations, care is required
to avoid crystal morphological changes. The primary
aim of this work was to crystallise mannitol and lac-
tose separately and co-crystallise mannitol:lactose using
different ratios of mannitol to lactose (15:05, 10:10,
05:15w/w). The objective was then to employ this
range of carriers, alongside commercial lactose (CL),
commercial mannitol (CM) to prepare DPI formulations
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to investigate the deposition profiles of salbutamol sul-
phate in vitro.

MATERIALS AND METHODS

Materials

D-mannitol and α-Lactose-monohydrate (Pharmatose,
100 M) were obtained from Roquett, France and
DMV International, the Netherlands respectively. Mi-
cronized salbutamol sulphate was obtained from LB
Bohle, Germany. Acetone was purchased from Roquett,
France.

Preparation of Different Carrier Powders

Different batches of crystallised powders containing
mannitol:lactose in different ratios were prepared using
anti-solvent precipitation technique. First, physical mix-
tures were prepared by mixing different ratios of com-
mercial mannitol (CM):commercial lactose (CL) (20:0,
15:05, 10:10, 05:15, 0:20) in Turbula mixer for
15 min/100 rpm. After blending, each mannitol:lactose
powder (20 g) was dissolved in distilled water (solution
final volume is 100 mL)under stirring (200 rpm) and
heating (35°C) to produce 20% (w/v) different sets of
saturated solutions maintained at 35°C. Both mannitol
and lactose are poorly soluble in acetone which is
miscible with the lactose:mannitol solvent (water), and
therefore, acetone was selected as anti-solvent to pre-
pare crystallised mannitol:lactose products. This anti-
solvent was raised to 30±1°C and maintained at this
temperature throughout the co-solvent induced precipi-
tation process for all samples. A 20 mL portion of each
mannitol:lactose saturated solution was added using a
syringe to a constant volume of acetone (100 mL) at a
constant rate of 2.5 mL/min, whilst the mixture was
stirred (300 rpm). After adding the total volume of
mannitol:lactose, the resultant suspensions were removed
from heating and left uncovered in a 250 mL beaker to
cool to room temperature (ca. 22°C) and maintained at
this temperature for 30 min. The crystals were collected by
filtration (under vacuum) through a Whatman cellulose filter
paper (pore size <0.45 μm) fitted into a filtration unit. The
crystals were spread on a glass Petri dish and left to dry in a
ventilated oven (LTE Scientific Ltd, UK) for 24 h at 60°C.
The dried crystals were transferred to glass vials, which were
sealed and the batches stored under ambient laboratory con-
ditions (21±2°C, 50±5% RH) until required for further

investigation. Each batch was prepared in duplicate under
identical conditions at different times with a view to providing
some assessment of the reproducibility of the process.

Selecting of Carrier Particle Size Fraction

In order to minimize the effect of carrier particle size on
subsequent tests, similar sieved size fractions (63-90 μm)
were used for all carrier samples. This was achieved by
mechanical sieving for 15 min as described in details else-
where (14). All analyses described below were performed on
sieved fractions.

Particle Size Measurements

Particle size analysis was conducted using a Sympatec (Claus-
thal-Zellerfeld, Germany) laser diffraction particle size ana-
lyzer operated according to the experimental procedure
described previously (6).

True Density Measurements

The true density of all carrier samples was determined using
an ultrapycnometer 1000 (Quantachrom, USA) under helium
gas. The input gas pressure was 19 psi and the equilibrium
time was 1 min.

Particle Image Analysis

Quantitative optical image analysis was performed using
a computerized morphometric analyzing system (Leica
Q Win Standard Analyzing Software and Leica DMLA
Microscope; Leica Microsystems Wetzlar GmbH, Wet-
zlar, Germany). For each sample, a small amount of
powder (~20 mg) was homogenously sprinkled onto a
microscope slide and a minimum 3000 particles were
detected and measured. Several morphology descriptors
were employed to quantify the morphology of carrier
particles including elongation ratio (Relongation, Eq. 1:a
fundamental first order form descriptor), shape factor
(Fshape, Eq. 2) and surface factor (Fsurface, Eq. 3:second
order form descriptors reflecting variations in particle
shape regularity and surface roughness), simplified shape
factor (eR, Eq. 4:a morphology descriptor which takes
into account, in combination, variation in surface
roughness and circularity), angularity (Eq. 5:a second
order shape descriptor which is complimentary to Fshape
and independent of both particle surface texture and
Relongation), compactness (Eq. 6:a measure of circular
particle cross sectional circularity), and roughness (Eq. 7:a
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third order shape property which is independent of both first
order properties and second order parameters):

Relongation ¼ Length
Width

ð1Þ

Fshape ¼ 4� p � Area
perimeter2

ð2Þ

Fsurface ¼ Fshape �
1þ Relongation
� �2

p � Relongation
ð3Þ

eR ¼ ConvxPerim
Perimeter

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� breadth
length

� �2
s

ð4Þ

Angularity ¼ Perimeterconvexffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þAR2

2�AR Perimetercircle
q

2

ð5Þ

Compactness ¼ Perimeter2

Area
ð6Þ

Roughness ¼ Perimeter
ConvxPerim

ð7Þ

A circle or ellipse will have an angularity of 1 whereas particles
that are more angular in shape will have a higher value. Also,
a perfect circle has a compactness value of 4π whereas a line
will have compactness of infinity.

Scanning Electron Microscope (SEM)

Scanning electron micrographs of salbutamol sulphate (SS),
carriers, and SS-carrier formulations were obtained using a
scanning electron microscope (Philips XL 20, Eindhoven,
Netherlands) operated at 15 kV. The specimens were
mounted on a metal stub with double-sided adhesive tape
and coated under vacuum with gold in an argon atmosphere
prior to observation.

Fourier Transform Infrared Spectroscopy (FT-IR)

All samples were assayed using a SPECTRUM-ONE FT-
IR (PerkinElmer, Massachusetts, USA) spectrometer, using
a scanning range of 450–4000 cm−1with a 1 cm−1 resolution
at room temperature. Each sample (several milligrams) was
placed on the middle of the sample stage and force was
applied by the top of the arm of the sample stage. A Force

gauge was applied (50±2 arbitrary units of the device’s
pressure meter) to make the necessary contact to yield a
characteristic spectrum. After obtaining sharp peaks with
reasonable intensities, the spectra acquired were the results
of averaging four scans.

Differential Scanning Calorimetry (DSC)

A DSC7 (Mettler Toledo, Switzerland) was employed with
nitrogen as the purge gas and the latter was adjusted to a
flow rate of 50 mL min−1 through the DSC cell. Aluminium
non-hermetic DSC pans were used through the study. The
mass of each empty sample pan was matched with the mass
of the empty reference pan to ±0.1 mg. The instrument was
calibrated using an indium and zinc standards; approxi-
mately 4–5 mg of sample was used for each run. After
sealing, the pans were placed in the DSC furnace which
had been pre-equilibrated at 25°C. Before each measurement,
the sample was allowed to equilibrate for 5 min at 25°C and
was then heated to 300°C at a heating rate of 10°C min−1.
Each sample was analysed in triplicate.

X-Ray Powder Diffraction (XRPD)

A Siemens diffractometer (Siemens, D5000, Germany) was
used with the cross-section of samples being exposed to X-ray
radiations (Cu Kα) which had a wavelength of 1.5406 Å.
Samples were placed into a stainless steel holder and the
surface of powder was levelled manually for analysis. The
sample was scanned between 5 and 50 of 2θ with a step size
and time of 0.019° and 32.5 s, respectively.

Preparation of SS-Carrier Formulations

Salbutamol sulphate powder (16) was mixed separately with
each carrier powder (3 g) in a ratio of 1:67.5 (w/w), in
cylindrical aluminium container (6.5×8 cm). This blending
was carried out using a Turbula® mixer (Willy A. Bachofen
AG, Maschinen fabrik, Basel, Switzerland) at standard mix-
ing conditions (100 rpm speed and 30 min mixing time) for
preparation of all formulations. A total of 7 formulations
with CM, CL, and 5 different crystallised mannitol:lactose
carrier powders were prepared using identical mixing
conditions.

Homogeneity Test

After blending, the homogeneity of SS content in each of the
formulation was examined by taking a minimum of five
randomly selected samples (33±1.5 mg, corresponding to
a unit SS dose: 481±22 μg) from different sites within the
formulation mixture (this weight of powder was then equal-
ized to the filling weight in each capsule). Each sample was
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subsequently dissolved in 100 mL of distilled water and
assayed for SS content using the HPLC method described
elsewhere (14). The homogeneity of powder formulations
was assessed using the coefficient of variation (% CV).

Drug-Carrier Adhesion Assessments

Air depression sieving was employed to assess SS-carrier
adhesion forces. A 45 μm sieve (Retsch®GmbhTest Sieve,
Germany) was employed and the air jet sieving machine
(Copley Scientific, Nottingham, UK) was operated at a gas
volume flow that generated a negative pressure of 40 hPa
(4 KPa). No effective loss of particles was detected from any
of the 63–90 μm carrier samples after 3 min of air jet
sieving, indicating the suitability of 45 μm sieve to assess
SS-carrier adhesion. An accurately weight quantity of 1 g of
each formulation was placed on top of the 45 μm sieve and
four samples (33±1.5 mg) were removed from different
areas of the formulation after different functional sieving
times. The SS content in each formulation sample was
quantified using HPLC (14) and expressed as a percentage
of the average SS content determined initially in each blend
before sieving. Assuming that particle adhesion force cor-
relates with particle detachment force, should less amounts
of SS remain on top of 45 μm sieve then this is indicative
of weaker drug-carrier adhesion. Adhesion assessments
were conducted in an air-conditioned laboratory
(21°C and 50% RH).

In Vitro Deposition Study Using Multi Stage Liquid
Impinger (MSLI)

Each formulation was filled manually in a hard gelatin
capsules (size 3), such that each capsule contained 33±
1.5 mg powder. Following filling, capsules were stored in
sealed glass vials at ambient conditions (21±2°C, 50 ±2%
RH) for at least 24 h prior to investigation and experiments
were carried out within 7 days of filling. Deposition profiles
of different blends were assessed in vitro using an Aerolizer®

inhaler device with MSLI equipped with a USP induction
port (IP, Copley Scientific, Nottingham, UK) at flow rate of
92 L/min corresponding to a pressure drop of 4 kPa across
the device. Each deposition experiment was carried out as
detailed elsewhere (14) and involved the actuation of ten
capsules per experiment, each experiment being repeated a
further two times (i.e. n03) in an air-conditioned laboratory
(21±2°C, 50±2% RH). Several parameters were employed
to characterize deposition profiles for all formulations under
investigation including: recovered dose (RD), emitted dose
(ED), impaction loss (IL), mass median aerodynamic diam-
eter (MMAD), geometric standard deviation (GSD), fine
particle dose (FPD≤5μm), fine particle fraction (FPF≤5μm,
expressed as a percentage of RD), dispersibility (DS) and

effective inhalation index (EI) (these terms are defined else-
where (15,27)). In order to calculate the experimental the
mass median aerodynamic diameter (MMAD), the cumula-
tive percentage of drug mass less than the stated aerody-
namic diameter of MSLI stages from 1 to 4 was calculated
and plotted as a log probability function of the effective cut-
off diameter taking cumulative amounts less than MSLI
stage 1 as 100%. MMAD is the particle size at which the
linear plot crossed the 50% mark (as the 50th percentile of
the aerodynamic particle size distribution by mass). The
same plot was used to calculate the geometric standard
deviation as the square root of the ratio of particle size at
the 84.13th percentile to the 15.87th percentile.

Statistical Analysis

One-way analysis of variance (ANOVA), correlation, and
regression analysis were applied, where appropriate, to com-
pare results in this study. A p value less than 0.05 was taken as
being indicative of significant difference.

RESULTS AND DISCUSSION

Micromeritic Properties

Table I summarises the data obtained for the % yield,
volume mean diameter (VMD), concentration of fine parti-
cle carrier (FPC), span, and true density (Dtrue) for each
carrier product. Differently isolated carriers contained par-
ticles with different size and size distribution (Fig. 1, Table I)
although each batch had been subjected to a similar sieving
procedure. For example, the VMD of crystallised carriers
was significantly smaller (p<0.05) than those of commercial
carriers, except for M:L (15:05) which had a VMD which
was the same (p>0.05) as CL. Crystallised carriers demon-
strated significantly higher span values (calculated as: X90%–
X10%/X50%) (p<0.05) than those of the commercial carriers
(Table I, Fig. 1), which indicated broader (more heterogo-
nous) size distributions. Such wider size distribution can be
ascribed to secondary nucleation and heterogeneous crystal
growth resulting from random energy fluctuations within
the solution induced by mechanical stirring during crystal-
lisation. Crystallised carriers contained higher concentra-
tions of fine particles less than 5 μm (FPC<5μm) or less
than 10 μm (FPC<10μm) than the commercial grade carriers,
which had no determinable fines (Table I). The relative
absence of fines in the latter samples accounts for the lower
span values being recorded for these carriers. The fines
contained in the crystallised batches refer to intrinsic (non-
added) fine carrier particles which adhered to the surfaces of
the larger carrier particle with sufficient force such that they
were not removed by sieving. Particle size obtained by
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sieving represents the minimum square aperture through
which the particle can pass and despite all carriers being
subjected to the same sieving procedure, they may not all
have the same strength to resilience to abrasion which
may occur during mechanical processing. The crystallised
mannitol M:L (20:0) proved to contain the most elongated

and the thinnest of all particles (needle-like) (Fig. 4), resulting
in the most brittle particles and therefore creating more
fines due to particle-particle and particle-sieve wall collision
(Table I).

The volume specific surface area (SSAv) was considerably
higher for all the crystallised carrier particles compared to
both commercial carriers (Table I). Interestingly, linear
relationships were established between carrier SSAv, span
(r200.965), FPC<5μm (r200.928) and FPC<10.5μm (r200.961)
(Fig. 2) indicating higher surface area for carrier samples
with wider size distribution and higher fines content. True
density (Dtrue) measurements indicated that CL has slightly
higher Dtrue than CM (Table I). For crystallised carrier
particles, the higher the lactose concentration in mannitol:
lactose carrier the higher the true density (linear, r200.9244,
figure not shown) (Table I). Variations in true density could
be attributed to differences between different carrier par-
ticles in terms of size (Fig. 1, Table I) and crystalline nature
(as shown later).

Image Microscopy Particle Shape Analysis

Individual particle shape descriptors provide different
assessments of the variation in particle shape. Figure 3a
indicates that both angularity and compactness varied
across the range of different carrier particles in the order:
CL>CM>crystallised carriers, demonstrating that crystal-
lised carrier crystals are less angular than both CM and CL.
Crystallised carrier crystals exhibit higher Fshape, higher
Fsurface, higher eR, and smaller roughness values than com-
mercial carrier particles (Fig. 3b), indicating their relatively
more regular shape and smoother surface texture.

Except for carrier particles crystallised from lactose alone,
all crystallised carrier particles showed higher Relongation than
commercial particles confirming their more elongated shape
(Fig. 4). As the lactose content of the crystallisation solution
was increased, so the elongation of the particles decreased
According to ASTM D 2488-00 criteria (28), carrier particles

Table I % Yield, Volume Mean Diameter (VMD), Volume Specific Surface Area (SSAv), Fine Particle Carrier Content (FPC<5μm, FPC<10.5μm), Span, and True
Density (Dtrue) for Commercial Mannitol (CM), Commercial Lactose (CL), and Different Crystallised Mannitol:lactose (M:L) (20:0, 15:05, 10:10, 05:15, 0:20)
Products (mean±SE, n≥5)

CM CL M:L (20:0) M:L (15:05) M:L (10:10) M:L (05:15) M:L (0:20)

Yield (%) .... .... 85.2 87.0 82.3 83.3 78.4

VMD (μm) 108.1±0.5 91.1±0.2 62.3±2.0 90.6±2.7 73.8±0.6 45.8±2.2 78.4±1.3

SSAv (m
2/cm3) 0.06±0.00 0.07±0.00 0.43±0.03 0.18±0.02 0.38±0.01 0.39±0.02 0.19±0.01

FPC<5μm (%) 0.0±0.0 0.0±0.0 8.2±0.8 2.5±0.5 7.3±0.4 4.8±0.4 2.0±0.3

FPC<10.5μm (%) 0.0±0.0 0.0±0.0 15.0±1.4 3.9±0.7 11.2±0.6 9.4±0.8 4.2±0.6

Span 0.77±0.01 0.80±0.00 1.69±0.07 0.95±0.06 1.42±0.02 1.64±0.10 1.03±0.06

Dtrue (g/cm
3) 1.52±0.00 1.57±0.01 1.49±0.00 1.49±0.00 1.51±0.00 1.51±0.01 1.53±0.00

Fig. 1 Cumulative (% undersize) particle size distribution, 10th, 50th
(median), and 90th percentile of volume distribution (X10, X50, X90)for
commercial mannitol (a) (solid line), commercial lactose (b) (□), and
different powders crystallised from mannitol (M):lactose (L) mixture com-
binations comprising M:L 20:0 (c) (▲), 15:05 (d) (♦), 10:10 (e) (x), 05:15
(f)(○), 0:20 (g)(+)powders(mean±SE).
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crystallised from mannitol:lactose (20:0) and (15:05) could be
described as “elongated” (Relongation>3). Crystallised manni-
tol, crystallised lactose, and crystallised mannitol:lactose sam-
ples have markedly different morphologies which could be
related to different mechanism of crystal nucleation and crys-
tal growth during crystallisation which is influenced by crystal
structure. Acetone has a dehydration influence on α-lactose
monohydrate (pesudopolymorphic form) (tomahawk-habit)
inducing its transition to anhydrous β-lactose (kite-like habit).
However, in case of D-mannitol, acetone (containing hydroxyl
group) broke the intra- and inter- hydrogen bonding of solid
state mannitol inducing polymorphic form conversion
of mannitol (29).

Scanning Electron Microscope (SEM)

The use of only shape factors alone is not sufficient to
represent completely the effect of particle shape as the
derived factors depend on particle orientation and contact
area with other particles, which also can hinder the accuracy
of the technique. Therefore, SEM was employed to obtain
three dimensional qualitative assessments of shape and sur-
face (Fig. 4). SEM images showed the typical angular shape
with wrinkled (rough) surface morphology reported in pre-
vious studies for CM (6) and CL (3) (Fig. 4). The particle
sizing data generated by laser diffraction was qualitatively
supported by SEM micrographs (Fig. 4), which showed both
commercial carriers have relatively clean surfaces while the
crystallised carriers appeared contain particles which were
covered with fines (Fig. 4). These crystallised carrier par-
ticles showed considerably different shape and surface mor-
phologies depending on mannitol:lactose ratio used during
preparation. Carrier particles crystallised from mannitol

alone have elongated shape whereas carrier particles crystal-
lised from lactose alone have an angular shape with a larger
size (Fig. 4). Both morphologies could be observed in carrier
particles crystallised from solutions containing mannitol:lac-
tose mixtures depending on mannitol:lactose ratio (Fig. 4).
Supporting the PSD data (Fig. 1), SEM images showed that
carrier crystals crystallised from mannitol:lactose (05:15)
have the smallest size whereas CM particles have the largest
size (Fig. 4). Also, supporting span values (Table I), it can be
seen that crystallised carrier particles were less homogenous
in terms of size and shape compared to commercial particles
(Fig. 4). This was the case especially for carrier particles
crystallised from mannitol:lactose (15:05) and (10:10) where
at least two different populations of particles could be visual-
ised (Fig. 4).

Fig. 2 Relationships between specific surface area (SSAv), (♦) span, and fine
particles [(○) FPC<5μm, (Δ) FPC<10μm] for commercial mannitol, commercial
lactose, and different crystallised mannitol:lactose (20:0, 15:05, 10:10, 05:15,
0:20) particles (mean±SE).

Fig. 3 (▲) Angularity, (■) compactness, (◊) shape factor (Fshape), (○)
surface factor (Fsurface), and (Δ) simplified shape factor (eR) for commercial
mannitol (a), commercial lactose (b), and different crystallised mannitol:
lactose 20:0 (c), 15:05 (d), 10:10 (e), 05:15 (f), 0:20 (g) particles (mean±
SE, n≥3000).
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At unequal ratios of mannitol to lactose [(20:0), (15:05),
(05:15)w/w], the elongated shape of crystallised mannitol
tended to dominate (Fig. 4). However, lactose exerted an
opposite effect to that of mannitol by reducing the elonga-
tion ratio and increasing the width and thickness of the
crystals (Fig. 4). At lower ratio of mannitol to lactose
(05:15), mannitol restricted the growth of lactose leading

to the formation of flat, smooth, thick and the smallest
crystals compared to other batches (Table I, Fig. 4). The
results from Fig. 1 also showed that particle size distribution
of mannitol:lactose (05:15) is skewed towards a smaller size.
This could be, in part, arising from the high viscosity of
mannitol solution as compared to lactose at the same con-
centration (30) which is likely to inhibit carrier crystal

Fig. 4 SE micrographs, (♦) elongation ratio (Relongation), (○) roughness(mean±SE, n≥3000) for commercial mannitol (β-mannitol), commercial lactose (α-
lactose-monohydrate), and different crystallised mannitol:lactose particles: 20:0 (α-mannitol), 15:05 (α-mannitol+α-, β-lactose), 10:10 (α-mannitol+α-,
β-lactose), 05:15 (α-mannitol+α-, β-lactose), and 0:20 (α-, β-lactose).
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growth by restricting the diffusion of solute to the crystal
surface.

When an equal ratio of mannitol to lactose (10:10) was
present then a balance between the irregular-shaped L
(lactose) crystals and the needle-shaped M (mannitol) crys-
tals which could be viewed as co-existing (Fig. 4), suggesting
independent crystallisation of the two sugars. Therefore,
appropriate size and morphology of carrier crystals can be

obtained by judicious addition of mannitol to lactose crys-
tallisation medium.

Solid State Characterisation

Different Scanning Calorimetry (DSC)

Thermal transitions inherent in CM, CL, and the different
crystallised carrier samples were detected using DSC
(Fig. 5). CM and carrier crystallised from mannitol alone
showed similar DSC traces containing one endothermic
peak at about 167°C corresponding to the melting point of
mannitol (7,15). A typical thermal trace for α-lactose-
monohydrate was obtained (3,27) when CL was heated,
which exhibited two distinctive endothermic events at about
145±5°C and 220±5°C, corresponding to crystalline water
dehydration and anhydrous α-lactose melting respectively
(Fig. 5). The DSC curve of carrier sample crystallised
from lactose alone showed the latter two distinctive endo-
thermic events (with decreased intensities compared to CL)
and additional characteristic endothermic event at about
240°C corresponding to the melting point of β-lactose
(Fig. 5) (3,27). Carrier particles crystallised from mannitol:
lactose (15:05) showed three endothermic events relating to
crystalline water dehydration, mannitol melting, and β-
lactose melting (Fig. 5). Carrier particles crystallised from
mannitol:lactose (10:10) and (05:15) showed four character-
istic endothermic events relating to crystalline water dehy-
dration, mannitol melting, anhydrous α-lactose melting, and
β-lactose melting (Fig. 5). A small exothermic transition
could be observed around 175°C in case of CL and carrier
crystallised from lactose alone which is indicative of a small
amount of amorphous lactose in these samples (Fig. 5)
(3,27). This small transition was not observed in other crys-
tallised carrier samples containing lactose which might be as
a consequence of interference with the mannitol melting
endothermic peak (Fig. 5). The broad event in the DSC
curve after the melting of β-lactose, in case of CL and
crystallised carrier from lactose alone and mannitol:lactose
(05:15) samples can be ascribed to lactose thermal degrada-
tion. Comparison between the enthalpies of different crys-
tallised carrier particles showed that the higher the mannitol
concentration the larger the mannitol melting enthalpy (lin-
ear, r200.9965, figure not shown). Also, the higher the
lactose concentration the higher the sum (anhydrous α-
lactose+β-lactose) of the melting enthalpies of the two
anomers (linear, r200.9572, figure not shown). This suggests
that the ratio of mannitol:lactose within crystallised carrier
product correlated with the ratio introduced within crystal-
lisation media. On the basis of these observations, it is clear
that CL particles contain the α-lactose monohydrate where-
as carrier particles crystallised from lactose alone contain
combination of α-lactose-monohydrate and β-lactose.

Fig. 5 DSC thermal traces for commercial mannitol, commercial lactose and
different crystallised mannitol:lactose (20:0, 15:05, 10:10, 05:15, 0:20)
samples.
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Crystallised carrier particles from mannitol:lactose (15:05),
(10:10), and (05:15) were mixtures of different crystals in-
cluding α-lactose-monohydrate, β-lactose, and mannitol. In
comparison to α-lactose-monohydrate, anhydrous β-lactose
is more brittle (31) which might partially account for the
higher FPC content in case of samples containing crystal-
lised lactose in comparison to CL (α-lactose-monohydrate).

Fourier Transform Infrared (FT-IR)

FT-IR spectra were used to investigate any changes in crys-
tallized samples in molecular level during the preparation
process. FT-IR spectra for CM, CL, and all crystallised carrier
particles from 600 to 4000 cm−1 and from 600 to 1300 cm−1

are shown in Fig. 6. All carrier samples showed a broad band
at 3200–3600 cm−1 which is related to vibration of the hy-
droxyl group of mannitol or lactose (32). It has been reported
than D-mannitol has at least three common polymorphic
forms: α, β and δ (6). Different mannitol polymorphs were
shown to have different FT-IR spectra in finger print region of
800–1400 cm−1(Table II). Unlike CM and carrier crystallised
from mannitol alone; CL and crystallised carrier particles

from mannitol:lactose (15:05), (10:10), and (05:15) showed a
specific band at 1650 cm−1 relating to vibration ofwater
hydroxyl groups within the crystals (Fig. 6). Different mannitol
or lactose crystal solid state could be characterised according
to unique diagnostic peaks as referenced in Table II. Com-
mercial mannitol showed three distinctive peaks at 929 cm−1,
959 cm−1, and 1209 cm−1 which is accounted for by the
presence of β-mannitol form (Fig. 6; Table II). Crystallised
carrier particles from mannitol:lactose (20:0), (15:05), (10:10),
and (05:15) did not show the latter peaks, but showed a peak at
1195 cm−1which accounts for the presence of α-mannitol
(Fig. 6; Table II). A δ-mannitol specific band (at 967 cm−1,
Table II) was absent from all carrier products (Fig. 6) suggest-
ing this was absent from all samples.

The bands at 920 cm−1 and 3500 cm−1 were apparent in
CL and carrier samples crystallised from mannitol:lactose
(10:10), (05:15), and (0:20) indicating the presence of α-
lactose monohydrate (Table II, Fig. 6). The presence of the
band at 950 cm−1 in carrier particles crystallised from man-
nitol:lactose (05:15) and (0:20) is likely to be attributable to the
existence of β-lactose (Table I, Fig. 6). Absorptions at
875 cm−1, 900 cm−1, and 1260 cm−1, which are indicative

Fig. 6 FT-IR spectra for
commercial mannitol (a),
commercial lactose (b), and
different crystallised mannitol:
lactose (c) 20:0, (d)15:05,
(e) 10:10, (f) 05:15,
(g) 0:20samples.
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of the presence of amorphous lactose (Table II), were appar-
ent in spectra of CL and carrier crystallised from mannitol:
lactose (15:05), (10:10), (05:15), and (0:20) (Fig. 7). From these
observations, it can be concluded that CM and CL samples
contain β-mannitol and α-lactose monohydrate crystal forms
respectively. However, carrier samples crystallised from man-
nitol or lactose alone contain α-mannitol and α-, β-lactose
respectively. Carrier samples crystallised from mannitol:lac-
tose (15:05) showed spectral absorption bands typical of α-
mannitol whereas carrier particles crystallised from mannitol:
lactose (10:10) showed bands representative of both α-
mannitol and α-lactose monohydrate. Carrier particles crys-
tallised from mannitol:lactose (05:15) contain sugars in the
form of α-mannitol, α-lactose monohydrate, and β-lactose.
Except for CM and carrier samples crystallised frommannitol
alone, all carrier samples contain some amorphous lactose.

X Ray Powder Diffraction (XRPD)

Mannitol or lactose crystal form could be distinguished
according from XRPD patterns (Fig. 7) as a consequence of
the presence of distinctive diagnostic peaks reported in previ-
ous studies (Table II). Except for carrier particles crystallised
from lactose alone, all crystallised carrier particles showed two
diffraction angles at 9.57° and 13.79° which are key charac-
teristic for α-mannitol (Fig. 7; Table II). .All crystallised carrier
samples showed two diffraction angles at 12.5° and 16.4°
indicating the presence of α-lactose monohydrate (Fig. 7;
Table II), except for carrier particles crystallised from manni-
tol alone. The diffraction angles at 10.5° and 20.9°, which are
as characteristic peaks for β-lactose (Table II), were only
apparent in carrier samples crystallised from mannitol:lactose
(05:15) and (0:20) (Fig. 7). However, based on XRPD patterns
at diffraction angles of 19.1° and 19.5° (Table II), crystals with
α- and β-lactose in molar ratios of 5:3 and 4:1 (Table II) were
formed in case of carrier particles crystallised from mannitol:
lactose (15:05), (10:10), (05:15), and (20:05) (Fig. 7). For carrier
samples crystallised from higher lactose concentrations,
XRPD relative peak intensities for 5α-/3β-lactose (at a dif-
fraction angle of 19.1°) and 4α-/1β-lactose (at a diffraction
angle of 19.5°) increased while peak intensities for α-mannitol
(at diffraction angle of 9.57°) decreased (Fig. 7). It can be
concluded that crystallised lactose (β-lactose anomer) and
crystallised mannitol (α-mannitol polymorph) contained dif-
ferent solid state forms compared to their commercial coun-
terpart (α-lactose-monohydrate and β-mannitol polymorph,
respectively), as shown from DSC thermograms and con-
firmed by FT-IR and XRPD patterns (all these forms are
known to be kinetically stable). Crystallised mannitol:lactose
was shown to contain 5 crystal forms corresponding to α-
mannitol, α-lactose-monohydrate, β-lactose, 5α-/3β-lactose
and 4α-/1β-lactose (Table III). By analysing the DSC data
of M:L (15:05) crystallised carrier, the transition corres-Ta
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ponding to the melting of α/β-lactose was initially thought to
correspond to β-lactose, however X-ray powder diffraction
spectrum confirmed the existence of 5α-/3β- and 4α-/1β-
lactose. Crystallisation of both mannitol and lactose induces
change to the solid state forms present in the original sample, as
determined from the results derived from the three different

analytical techniques. The crystallised carriers also showed
some loss in water of dehydration compared to CL (Fig. 7).
Solid state transformation of the carrier might not only affect
the distribution of any drug adhesion sites upon the surface
but also through altering the hardness/brittleness affect the
generation of fines (Fig. 4) and hence potentially influence
the dispersion and de-aggregation of a drug from DPI
formulations.

Aerosol Performance Assessments

Evaluation of SS-Carrier Formulations by SEM

SEM images of SS, and SS-carrier formulations showed both
SS particles (morphologically detected as typical rectangular
shape (Fig. 8) (14) and FPC attached to the surface of the large
carrier particulate (Fig. 8). This confirms the model of drug-
carrier, ordered, interactive mixtures being generated, where
small “individual” SS particles adhere to the carrier particles.
DPI formulations containing fine carrier particles (e.g.
FPC<10μm (14)) demonstrate more efficient dispersion than
those containing no fine carrier particles. Also, SS particles

Fig. 7 XRPD patterns (a–e) and relative intensities (f) forα-mannitol (at 13.79°), 5α-/3β-lactose (at 19.1°), and 4α-/1β-lactose (at 19.5°) for different
crystallised mannitol:lactose 20:0 (a), 15:05 (b), 10:10 (c), 05:15 (d), 0:20 (e) samples.

Table III Crystal Form for Commercial Mannitol (CM), Commercial
Lactose (CL), and Different Crystallised Mannitol:lactose (M:L) (20:0,
15:05, 10:10, 05:15, 0:20) Products

Mannitol Lactose

α β α β amorphous α:β (5:3) α:β (4:1)

CM ✓

CL ✓ ✓

M:L (20:0) ✓

M:L (15:05) ✓ ✓ ✓ ✓ ✓

M:L (10:10) ✓ ✓ ✓ ✓ ✓

M:L (05:15) ✓ ✓ ✓ ✓ ✓ ✓

M:L (0:20) ✓ ✓ ✓ ✓ ✓
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can be viewed to carrier particles (Fig. 8) to form fine particle
aggregates (FPA: SS+FPC). According to agglomeration the-
ory (16) these FPA are formed at expense of SS-carrier or-
dered mixtures and might be expected to penetrate to lower
airways regions during inhalation.

Content Uniformity

Homogenous drug content is essential to achieve uniform
metering doses by the patient during inhalation. Crystallised
carriers produced blends with significantly improved drug

content homogeneity expressed as % CV (Table IV) in
comparison to commercial carriers which did not pass the
homogeneity test (CV of 6% is the commonly accepted
value as demonstrating satisfactory homogeneity for DPI
systems). This might be attributable to the more regular
shape of the crystallised carrier particles (Fig. 4) which might
lead to better distribution of SS particles on carrier surface
during blending and hence reduced variation in SS content
within the blend. It is known that blending has a significant
effect on DPI performance, especially in case of DPI for-
mulations with low drug mass, due to the effects on

Fig. 8 SEM of salbutamol sulphate (SS) and for formulations containing SS (indicated by arrows) mixed with commercial mannitol (a), commercial lactose (b), and
different crystallised mannitol:lactose 20:0 (c), 15:05 (d), 10:10 (e), 05:15 (f), 0:20 (g) samples. (FPA: drug-carrier fine particle aggregate, FPF: fine particle fraction).
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interparticulate forces within DPI formulation. Therefore,
for the comparison purposes as required here, no further
blending optimization was carried out for each type of
formulation.

Evaluation of Drug-Carrier Adhesion Forces

Upon air jet sieving, small SS particles are expected to
detach from large carrier particle surfaces. Fig. 9a shows
that for SS-CM, SS-CL, and SS-crystallised lactose formu-
lations, the amounts of SS retained decreased as the sieving
time of SS-CM, SS-CL, and SS-crystallised lactose formu-
lations, increased, confirming that these formulations are
ordered (Fig. 9a). By plotting amounts of retained SS against
sieving time on log scale logarithmic relationships were
established (Fig. 9a) from which T50% was calculated (de-
fined as the time at which 50% of SS particles had detached
from carrier particles due to air jet sieving process). T50%

was 528.6 s, 56.4 s, and 2.5 s for formulations containing
CM, CL, and crystallised lactose respectively. Such results
indicating that SS-carrier adhesion forces were in the fol-
lowing rank order according to carrier type: CM>CL>
crystallised lactose.

A plot of T50% against carrier VMD produced a loga-
rithmic relationship indicating that the larger the carrier
particles the higher SS-carrier adhesion (Fig. 9b). Larger
carrier particles exhibit higher collision and friction forces
during mixing process which might act as press-on forces
(adhesive forces). Also, based on Zimon’s resuspension mod-
el (33), it can be assumed that the larger the carrier particle
size, the longer the distance that the drug particles have to
slide on carrier surface and thus the greater the drag (or
aerodynamic) force. Moreover, decreased drug-carrier ad-
hesion forces in case of crystallised lactose could be attrib-
uted to the presence of greater amounts of fine particles
and/or the smoother surface (Table I; Fig. 4) of crystallised
lactose particles, both of which can lead to a decreased
drug-carrier contact area. The SS particles adhered to the
surface of CM detached less easily (efficiently) compared to
CL from which SS particles detached less efficiently than
crystallised lactose.

Table IV % Uniformity, % Coefficient of Variation (CV), Recovered Dose (RD), Emitted Dose (ED), Fine Particle Fraction (FPF≤5μm), Impaction Loss (IL),
Fine Particle Dose (FPD≤5μm), Dispersibility (DS), and Effective Inhalation Index (EI) for Salbutamol Sulphate Obtained from Formulations Containing
Commercial Mannitol (CM), Commercial Lactose (CL), and Different Crystallised Mannitol:lactose M:L (20:0, 15:05, 10:10, 05:15, 0:20) Products
(mean±SD, n03)

CM CL M:L (20:0) M:L (15:05) M:L (10:10) M:L (05:15) M:L (0:20)

Uniformity (%) 89.9±6.4 98.7±10.7 92.1±5.3 108.5±5.4 81.5±4.6 91.0±4.2 83.2±3.6

CV (%) 7.1 10.9 5.8 5 5.7 4.6 4.3

RD (μg) 381.5±8.3 317.0±5.1 426.6±25.3 547.1±33.1 454.0±50.8 443. 7±70.0 395.8±36.7

ED (μg) 367.3±8.8 299.4±6.6 396.7±29. 9 516. 6±34.9 429.9±47.8 413.4±83.4 374.0±31.9

FPF≤5μm (%) 14.8±1.1 18.6±1. 7 38.6±2.9 36.9±4.7 38.6±3.2 34.9±3.5 34.6±2.3

IL (%) 75.6±0.7 67.8±4.7 38.0±2.0 40.4±6.9 39.3±2.7 42.3±1.4 43.4±3.5

FPD≤5μm (μg) 56.7±5.6 58.9±4.3 165.0±20.0 201.9±28.8 176.1±30.8 156.3±38.3 137.1±19.5

DS (%) 15.4±1.1 19.7±1. 9 41.5±2.6 39.2±4.9 40.8±3.2 37.6±1.7 36.6±2.4

EI (%) 37.8±1.5 41.9±1.8 59.9±2.7 58.9±3.9 60.4±2.6 56.9±4.5 57.1±1.9

Fig. 9 % amounts of salbutamol sulphate collected from top of 45 μm
sieve after different functional sieving times obtained from formulations
containing (○) commercial mannitol, (◊) commercial lactose, or (Δ) crystal-
lised lactose (mean±SD, n≥3).
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Deposition Study

Formulations containing crystallised carriers produced con-
siderably different deposition profiles of SS compared to those
obtained from those which integrated commercial carriers
(Fig. 10). Amounts of SS remained on I&M (or drug loss)
ranged between 3.7±0.2% and 7.2±5.4% (Fig. 10A) and
could, in part, be ascribed to electrostatic attraction between
drug particles and inhaler walls which could not be overcome
by the flow rate employed. The amounts of SS deposited on
the throat (IP) was considerably higher from formulations
containing crystallised carriers (7.9±1.2 – 10.1±1.8%, P>
0.05) (Fig. 10A). This might be attributable to the smoother
surface and higher amounts of fine particles in case of crystal-
lised carrier products (Table I; Fig. 4). Fine carriers can form
agglomerates with SS which deposit in the throat. Also, par-
ticles with smoother surface have larger aerodynamic diame-
ter (due smaller drag forces (or surface fractal dimension)) and
reduced settling velocity (9,42) and consequently increased
probability of impaction. In comparison to commercial car-
riers, crystallised carriers deposited considerably smaller
amounts of SS on MLSI-stage 1, but higher amounts stages
2, 3, 4, and filter (Fig. 10A). These findings indicate that,
compared to commercial carriers, SS adhered to crystallised
carrier particle surfaces detached more efficiently.

Figure 10B demonstrates that the PSD of SS was depen-
dent on formulation type: SS-CM>SS-CL>SS-crystallised
carrier > row SS powder. It is clear the PSD of aerosolised
SS (analysed by MSLI) was larger than powdered SS alone
(measured by laser diffraction) (Fig. 10B). This could be at-
tributed to particle cohesiveness of SS particle (Fig. 8) and/or
the poor dispersing efficiency of inhaler device when operated
under these conditions. The aerodynamic PSDs of SS gener-
ated from SS-crystallised formulations were smaller than SS-
commercial carrier formulations. This indicates that crystal-
lised carriers out-performed CL which in turn outperformed
CM in terms of SS aerosolisation efficiency. However,
MMAD and GSD of SS obtained from all formulation were
similar (3.2±0.2 μm and 2.1±0.0 for MMAD and GSD
respectively, P>0.05).

All crystallised carriers produced smaller IL, higher RD,
higher ED, higher FPD≤5μm, higher FPF≤5μm, higher DS, and
higher EI than commercial carriers (Table IV). This confirms
the improved aerosolisation performance for crystallised car-
rier particles. Both ED and FPF≤5μmwere observed to follow a
similar rank order depending on carrier type: crystallised>
CL>CM. Higher ED obtained from formulations containing
crystallised carriers, comparing to commercial carriers, could
be attributed to smaller carrier particle size and higher carrier
particle surface area (Fig. 1; Table I). Smaller IL obtained

Fig. 10 MSLI mass distribution
of salbutamol sulphate (SS) (A),
cumulative amounts of SS less
than aerodynamic size, and fine
particle fraction (FPF) (B)
obtained from blends containing
commercial mannitol (a),
commercial lactose (b), and
different crystallised mannitol:
lactose (c) 20:0, (d) 15:05, (e)
10:10, (f) 05:15, (g) 0:20powders
(mean±SD, n≥3).
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from formulations containing crystallised carriers (Table IV) is
indicative of smaller amounts of SS particles being adhered to
carrier surface (have not been liberated during aerosolisation)
compared to commercial carriers. The FPF≤5μmis usually
related to drug percentage fraction which is pharmacological-
ly active. Differences in carrier physical properties are be-
lieved to be responsible for different SS deposition profiles.
Comparing to commercial carriers, higher FPF≤5μm obtained
from blends containing crystallised carriers could be ascribed
to increased carrier surface area, higher fines content, and
smoother carrier surface as seen in Table I (14,27,34,43). In
this study, no simple relationship was observed between car-
rier particle density (Dtrue), size descriptor (e.g. VMD, SSAv,
FPC<5μm, FPC<10μm, span), or shape descriptor (e.g. angular-
ity, compactness, Fshape, Fsurface, eR, elongation ratio, or
roughness) and FPF of drug. In fact, linear regression analysis
of such descriptors gave R2 values less than 0.6 suggesting that
there are no readily apparent relationships between the phys-
ical properties (density, size, and shape) of carriers investigated
in this study and drug in vitro aerosolization performance.
However, regardless of variations between different crystal-
lised carrier particles, the rank order of FPF≤5μm of SS
(according to carrier type: crystallised>CL>CM) correlated
with the specific surface area of the carrier whereas it inversely
correlated with VMD, indicating that carrier particles with
larger mean diameter and smaller specific surface area pro-
duced smaller FPF≤5μm of SS upon inhalation (Fig. 11a). Such
observation may be a consequence of the increased drug-
carrier adhesion (Fig. 9) and carrier surface rugosities (Fig. 4)
in the case of larger carrier particles. A plot of FPF≤5μm of SS
against amounts of SS retained after 30 s sieving (Fig. 11b)
suggested that the lower the SS-carrier adhesion forces the
higher the fine particle fraction of SS. Statistical correlation
analysis (data not shown) suggested that carrier surface rough-
ness had the largest relative negative impact on FPF whereas
the amount of fine carrier particles present had the largest
positive impact on FPF.

Finally, it should be noted that crystal form, size, and
aerosolisation performance for different carrier products
were not significantly affected after being stored for at least
12 months in ambient conditions (22±2°C, 50±2% RH)
(data not shown). However further systemic stability studies
on the different carrier products at elevated temperatures
and humidity may be warranted.

CONCLUSION

Mannitol:lactose crystallised carrier particles were prepared in
different ratios and characterized in terms of physicochemical
properties and in vitro DPI performance. All crystallised carrier
particles showed more regular shape, higher fines content, and
higher specific surface area. Crystallised carrier properties were

dependent onmannitol:lactose ratio used during crystallisation.
Carriers crystallised using higher mannitol:lactose ratio have a
higher elongation ratio, a more irregular shape, and a smaller
true density. The change in the solid state forms by the crystal-
lisation process of the carriers may have contributed a side
other morphological features to the change in fine particle
fraction of salbutamol sulphate. For instance mannitol has
changed from spheroidal to needle shape, but also there was
a change in its polymorphic form from β-form to α-form,
similarly lactose has changed from α-anomer form for com-
mercial lactose to β-anomer form for crystallised lactose.
Therefore, formulators can anticipate that appropriate size,
solid state, and morphology of lactose carrier can be controlled
by judicious addition of mannitol to the crystallisation medium.

Compared to commercial carrier products and regardless
of carrier type (mannitol or lactose), all crystallised carrier

Fig. 11 Fine particle fraction (FPF) of salbutamol sulphate (SS) in relation
to carrier volume mean diameter (VMD), specific surface area (SSAv), and
amounts of SS remained after 30 s air jet sieving for DPI formulations
containing (○) commercial mannitol, (◊) commercial lactose, and (Δ)
crystallised mannitol:lactose carriers (mean±SE, n≥3).
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powders produced improved drug content homogeneity and
higher fraction of drug delivered to lower airway regions
upon inhalation indicating their enhanced DPI perfor-
mance. Carriers with smaller mean diameter, higher specific
area, and smaller drug-carrier adhesion properties pro-
duced higher fine particle fraction. This research opens up
a new window for researchers to investigate the influence of
sugar additives (in addition to mannitol) on the physico-
chemical and aerosolisation performance of lactose to fully
understand the effect of carrier particles and determine
which factors have the dominating influence on DPI
performance.
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