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ABSTRACT

Investigate the influence of primary crystallisation conditions on the mechanical properties and sec-
ondary processing behaviour of budesonide for dry powder inhaler (DPI) formulations. Young’s modulus
of two batches of budesonide crystals (samples A and B) produced using different anti-solvents
was determined using nanoindentation. Physicochemical and surface interfacial properties via the
cohesive-adhesive balance (CAB) approach to colloid probe atomic force microscopy (AFM) of air-jet
micronised budesonide crystals were also investigated. These data were correlated to in vitro aerosoliza-
tion performance of carrier-based DPI formulations containing either budesonide samples A or B and
lactose monohydrate. Young’s modulus of budesonide samples A and B crystals was 0.95 and 4.04 GPa,
respectively. Sample A crystals with low Young’s modulus exhibited poorer micronisation efficiency than
sample B. CAB analysis of micronised budesonide samples A and B, suggest that sample B budesonide had
a greater adhesion to lactose than sample A. These data correlated with in vitro aerosolisation studies,
which showed that the fine particle delivery of budesonide sample A was higher than that of sample B. In
conclusion, crystallisation conditions may affect the mechanical properties of budesonide, and therefore
secondary processing of the material and their interfacial properties and product performance in carrier

based DPI formulations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The delivery of active pharmaceutical ingredient (API) to the
lung via dry powder inhalers (DPI) requires the aerodynamic par-
ticle diameter of the API to be <5 wm (Newman, 2002). However,
the cohesive behaviour of particles less than 10 wm has precluded
efficient handling and accurate metering of the respirable dose of
an API into a DPI device. As a result, the API is blended with a
coarse excipient, such as lactose monohydrate, to form an adhe-
sive mixture (Timsina et al., 1994). The structure of the formulated
mixture, with respect to the formation of agglomerates and the
distribution of the API on the carrier, is highly dependant on the
interfacial properties of the API and the relative magnitude of the
cohesive (drug-drug) and adhesive (drug-excipient) interactions
(Begat et al., 2004a). The balance of these forces is dominated by
the physico-chemical properties of the API, which are directly influ-
enced by the primary and secondary processing history of the APL
These inter-particulate forces also govern the resulting dispersion
efficiency of the API within a DPI device (Begat et al., 2004b).
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The common approach of processing APIs for lung delivery is
based on a “top-down” strategy, where primary crystals from a
bulk crystalliser are secondary processed using comminution tech-
niques (e.g. an air-jet microniser) to reduce particle size of the API
(Telko and Hickey, 2005). The particle size reduction operation is
energy intensive and exerts high stresses on the input crystalline
API material during particle-particle and particle-wall collisions.
The result of these intense stresses is the generation of undesirable
product properties such as the formation of defects and disloca-
tions within the crystalline lattice and, at the limit, the generation of
amorphous disorder (Willart and Descamps, 2008). As a result, pro-
cessed particles are mechanically activated, which may adversely
impact the interfacial properties and stability of the final prod-
uct (Hiittenrauch et al., 1985; Brodka-Pfeiffer et al., 2003; Begat
et al., 2003). However, there is limited understanding of the over-
all relationship between the material properties of the primary
API crystals, surface interfacial properties of secondary processed
micronised API particles and their impact on DPI performance.

The primary crystallisation step is utilised to isolate and purify a
stable, crystal form of an APIL. Optimising the crystallisation condi-
tions is critically important in obtaining the desired characteristics
for manufacturability and processing of DPI products (Murnane
et al.,, 2009). Current practices include controlling impurity levels
(Wood, 2001), particle size (Beach et al., 1999) and crystal habit
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of the primary API (Murnane et al., 2008; Abu Bakar et al., 2009).
Changes to the crystal morphology of the harvested crystals are
known to lead to changes in the processing behaviour of APIs, for
example, during compaction of solid oral dosage forms (Garekani
et al,, 2001; Banga et al., 2007). An investigation into the milling
performance of two different crystal habits of succinic acid sug-
gested the crystal morphology influenced its milling behaviour
(Chikhalia et al., 2006). Furthermore, changes in crystal habit have
been shown to modify the interfacial properties (e.g. surface free
energy) of the primary crystal due to modifications in the relative
proportions of different chemical groups exposed on the respec-
tive growth faces. Muster and Prestidge (2002) have demonstrated
the influence of molecule orientation at crystal faces on the surface
free energy and interfacial interactions of model hydrophobic silica
particles.

The crystallisation process has also been shown to influence the
mechanical properties of primary crystals (Liao and Wiedmann,
2004), which has been reported to have a strong influence on
the micronisation behaviour of solids (Zugner et al., 2006). The
mechanical properties of crystalline solids can be characterised
by the hardness and Young’s modulus of a solid. For organic
crystals, the hardness is generally low and its range small. The
Young’s modulus of a material represents a material’s resis-
tance to elastic deformation and has been reported to have a
strong influence on the micronisation behaviour of solids (de Vegt
et al.,, 2009) and provides a meaningful parameter to characterise
possible variations in mechanical behaviour. The use of commer-
cially available microindenters under nanoNewton loading, have
been shown to observe significant differences in the elastic mod-
ulus of different pharmaceutical ingredients, which correlated
well with particle size reduction efficiencies upon micronisation
(Taylor et al., 2004).

The atomic force microscope (AFM) has emerged as an
alternative tool in the assessment of mechanical properties of
pharmaceutical materials and has enabled measurement of their
Young’s modulus by investigating the mechanical deformation
behaviour of materials through the use of a nanoindenting probe
under controlled nanoNewton loading forces (Fraxedas et al., 2002;
Perkins et al., 2007). AFM nanoindentation has been successfully
compared to the established microindenting approach in determin-
ing the Young’s modulus of lactose monohydrate crystals (Perkins
et al,, 2007). This study purported the advantages of the non-
destructive AFM technique as a means of accurately obtaining
the Young’s modulus of pharmaceutically relevant materials under
Hertzian deformation. Additionally, AFM nanoindentation has been
used to quantify the elastic modulus of pharmaceutical APIs includ-
ing budesonide, whereby a Young’s modulus of approximately
10 GPa was measured (Davies et al., 2005). A further study into dif-
ferent polymorphic forms of carbamazepine revealed differences in
the Young’s modulus of two polymorphs, which ranged from 2.69
to 5.18 GPa (Perkins et al., 2009).

The aim of the present study was to investigate the influence
of crystal morphology on the mechanical properties of unpro-
cessed API and the affect on the physicochemical and interfacial
interactions of the secondary processed material including the
downstream effect on carrier-based DPI formulation performance.
In this study, budesonide was crystallised using two different sol-
vents. The Young’s modulus on the same crystalline {002} faces
of the primary crystals of both habits was determined by AFM
nano-indentation and related to the secondary processing of the
materials. The interfacial properties of the secondary processed
samples produced from the two different crystalline habits were
determined using the cohesive-adhesive balance (CAB) approach
to colloidal-probe AFM with respect to lactose monohydrate.
Furthermore, the in vitro performance of the two samples was
investigated in a carrier-based DPI formulation.

2. Methods and materials
2.1. Materials

Crystalline  budesonide (Cy5H3406, molecular weight
430.534g/mol) was supplied by (Sterling S.r.l, Perugia, Italy).
Acetone, N,N-dimethylformamide and heptane were supplied by
Fisher Scientific UK (Loughborough, UK) and were 99.9% pure.
Ultra pure water was prepared by MilliQ from reverse osmosis
(Millipore, Molsheim, France).

2.2. Methods

2.2.1. Primary crystallisation and secondary micronisation
processing of budesonide

2.2.1.1. Primary crystallisation of budesonide. Primary crystals of
budesonide were produced in a water-jacketed glass crystallisa-
tion vessel using a conventional solvent/anti-solvent crystallisation
technique. Two different organic solvents were selected and water
was used as the anti-solvent. Saturated solutions of budesonide
were made using acetone (sample A) and N,N-dimethylformamide
(sample B) at 25°C followed by filtration using heated glass lab-
ware and a 0.45 pm nylon membrane filter (Whatman, Brentford,
UK). Exactly 60mL of these solutions were rapidly introduced
to a sealed glass crystallisation vessel continually stirred using
a magnetic stirrer at 700rpm with water-jacket electronically
maintaining the vessel temperature at 25+ 0.1°C (K20; Haake,
Karlsruhe, Germany).

Ultra pure water was added to the vessel at a rate of 600 mL/h
to obtain a ratio of 1:7 using a computer controlled syringe driver
(Harvard PHD2000 Infusion Pump, Harvard Apparatus, MA, USA)
connected to a hypodermic needle (21G, BD, NJ, USA). The resulting
crystalline materials were extracted using vacuum filtration and
washed using 100 mL cold water then dried under vacuum at 40°C
until a steady weight was achieved. Samples of these materials
were then stored at 19 °C over silica gel.

2.2.1.2. Particle size reduction. Particle size reduction of the man-
ufactured crystals of budesonide was performed using an air jet
mill (McOne, Jetpharma, Balerna, Switzerland) with a feed rate of
approximately 0.5 g/min using dry nitrogen gas at an operating
venturi and ring pressure of 6 and 3 bar, respectively.

2.2.2. Physicochemical analysis of budesonide

2.2.2.1. Particle morphology and size analysis. Crystal and par-
ticle morphologies were determined using scanning electron
microscopy (Joel, Japan) at 20 kV. Particles were attached to a car-
bon sticky tab and sputter coated with gold for 5min (Edwards
Sputter Coater, Crawly, UK) prior to imaging, producing a thickness
of approximately 20 nm.

The particle size distribution of primary crystals and micronised
samples of budesonide was measured using laser diffrac-
tion (HELOS, Sympatec, Clausthal-Zellerfeld, Germany) using a
wet dispersion system (CUVETTE, Sympatec, Clausthal-Zellerfeld,
Germany). Approximately 5 mg of sample was suspended in 5mL
of dispersion media, comprising of heptane (HPLC grade) and 0.1%
(w/w) lecithin. The suspension was sonicated for 180s following
prior investigation ensuring no sample dissolution or destruction,
before addition to a glass cuvette containing 50 mL of dispersant
and a magnetic stirring bar rotating at 1000 rpm. Sizing was per-
formed by laser diffraction over a series of 5 repeats when the
optical concentration was equal to or greater than 10%, over a
duration of 20s. Particle size analysis was performed using Win-
dox 5.0 software (Sympatec, Clausthal-Zellerfeld, Germany) to
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calculate the cumulative undersize particle parameters d1g, dsg, dgg
and the sample span.

2.2.2.2. Crystal habit modelling. Computational molecular dynamic
modelling was used to predict the crystal habit for the budesonide
samples (MS Modelling, Accelrrys Software Inc., Cambridge, UK).
Crystallographic data for budesonide was obtained from the Cam-
bridge Structural Database and based on single crystal diffraction
data (Albertsson et al., 1978). With reference to the SEM images,
the Miller indices of the crystal faces produced from the different
solvent/anti-solvent combinations were identified.

2.2.2.3. X-ray powder diffraction (XRD). X-ray powder diffraction
(XRD) measurements of the budesonide samples were analysed
on a Bruker Powder diffractometer (D8 Advance AXS; Bruker Inc.,
Madison, USA). Samples were filled into 0.7 mm glass capillaries
and mounted on a goniometer head. These data were collected
using CuKa radiation (=1.5418 A) over a single 26 sweep with range
of 20 =5-50° and step size of 0.025°/step and step time of 1.5s. The
monochromator slit was set to 2 mm.

2.2.2.4. Differential scanning calorimetry (DSC). A differential scan-
ning calorimeter (DSC, 2190, TA Instruments, Surrey, UK) was used
to perform thermal analysis on the primary crystals of budes-
onide after initial calibration with indium. Powder samples (n=3)
of approximately 3.0 mg were accurately weighed in aluminium
pans, ensuring a total covering of the base by pressing down the
samples and then hermetically sealed. The temperature was equi-
librated to 50 °C before heating atarate of 10 °C/min to 350 °C under
dry nitrogen purge (0.30 L/min).

2.2.2.5. AFM nanoindentation measurements. An atomic force
microscope (AFM) was used to indent (n=9) individual crystals
(n=3) using a Nanoscope Illa and J-scanner (all DI, Santa Barbara,
CA, USA). The indenting probe was hemispherical in shape and pos-
sessed a nominally high spring constant (R150-NCL, Nanosensors,
Neuchatel, Switzerland).

For accurate extrapolation of the AFM force-distance data, the
true radius of the indenting tip needs to be known. Tip radius
determination was performed using a tip-characterisation grat-
ing (TGTO1; NT-MDT, Moscow, Russia) in which the probe being
investigated is raster scanned over the test grating composed of
a uniform array of sharp spikes which in turn, produces a reverse
image of the probing tip. This image was deconvoluted to determine
tip radius, using a well-established approach (SPIP Image Metrol-
ogy ApS, Lingby, Denmark) (Hooton et al., 2004). This measurement
was performed before and after indentation measurements to
ensure indenting probe integrity was maintained. In this study,
the hemispherical probe radius was determined to be 318 +48 nm.
Quantification of the nominal spring constant of the cantilever
was performed using a dynamic method of thermal noise analysis
(Hutter and Bechhoefer, 1993). A spring constant of 36.2 + 0.2 N/m
was recorded and agreed with the manufacturers quoted value
measured using the Sader method (Sader et al., 1995).

Nanoindentation measurements were performed on different
areas of the {002} face of the budesonide crystals. The cantilever
deflection and piezo displacement were derived into a Young’s
modulus value using Hertzian model of deformation shown in Eq.
(1) (Hertz, 1881; Plassard et al., 2004)

3(1 —12)kAz

E=—ammin m

2.2.3. Cohesive-adhesive balance measurements
2.2.3.1. Topography analysis of substrate surfaces. The surface
topography and roughness measurements of primary crystals of

budesonide and lactose were investigated using a Nanoscope
Illa controller, a Multimode AFM and a J-type scanner (all DI,
Santa Barbara, CA, USA). All AFM surface topography images were
recorded in Tapping Mode operation, in which, imaging was con-
ducted using TESP Olympus tips (Di, Cambridge, UK) at a scan
rate of 1 Hz. Surface roughness measurements were analysed over
a 10 um x 10 wm area. To quantify the variations in the surface
properties of the crystal surfaces, the root-mean-squared surface
roughness measurement (Rq) and the mean surface roughness (R,)
of the height deviations of the surface asperities were computed
using Nanoscope software (v 4.23r4, DI, Santa Barbara, CA, USA).

2.2.3.2. Colloid probe force measurements. Prior to force measure-
ments, a random selection of particles from each micronised batch
of budesonide were attached onto standard V-shaped tipless can-
tilevers with pre-defined spring constants (DNP-020, DI, CA, USA)
using an epoxy resin glue (Araldite, Cambridge, UK), using a pre-
viously described method (Young et al., 2006). Five probes were
prepared for each batch, and all probes were examined with an
optical microscope (magnification 50x) to ensure the integrity of
the attached particle, before and after colloid probe force measure-
ments.

The {002} crystal faces of each crystallised sample of
budesonide was used for AFM-CAB measurements as described
previously (Begat et al., 2004a). The surface roughness as mea-
sured by the R, and Rq of the surfaces of crystal particles from
each primary source of budesonide samples was <1 nm and were
therefore used for measuring the force of cohesion. In order to mea-
sure the force of adhesion of the secondary processed micronised
budesonide, smooth surfaces of lactose was crystallised. Briefly,
atomically smooth lactose crystals were generated as described
elsewhere. Briefly, a solution of lactose (1 gm~1)in double-distilled
water was heated to 100 °C with constant stirring and, then filtered
through a 0.2 wm PTFE membrane filter (Whatman Inc, Clifton, NJ,
USA). A single saturated drop of the lactose solutions was adminis-
tered on to the centre of a glass cover slip (Agar Scientific, Stansted,
UK) and a second cover slip was placed on top to form a sandwich.
The sandwich was then allowed to cool resulting in the produc-
tion of large atomically smooth crystals of lactose. The process
of crystallisation was monitored by optical microscopy and the
cover slips carefully separated once all the solvent had evaporated,
resulting in the growth of crystals over the surface of both cover
slips.

Substrates were loaded on to the AFM scanner stage, which was
enclosed in a custom-built environmental chamber, in which the
ambient conditions were maintained at a constant temperature of
25°C (£1.5°C) and relative humidity of 35% RH (4+3%). The inter-
active forces of the colloid probes with the lactose and budesonide
substrates were measured by recording the deflection of the AFM
cantilever as a function of the substrate displacement (z) by apply-
ing Hooke’s law (F=—kz). Individual force curves (n=1024) were
collected over a 10 wm x 10 wm area using the force volume mode
at a scan rate of 4Hz and a compressive load of 40 nN. Parameters
were Kept constant over the study. In order to quantify AFM force
measurements it was imperative to measure the spring constants
of the cantilevers used. Quantification of the nominal spring con-
stant of the cantilever was performed using a dynamic method of
thermal noise analysis.

With the vast array of data generated during force volume mea-
surements, custom-built software was used to extract data. These
collected force data were analysed to ensure normal distribution,
indicating uniform contact between the drug probe and excipient
substrate. Arithmetic mean and standard deviation were obtained
from force data and used to produce CAB plots for the interactions
of the different processed batches of budesonide.
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2.2.4. Carrier-based DPI formulation preparation and in vitro
aerosolisation analysis

2.2.4.1. HPLC analysis of budesonide. Quantification of budesonide
utilised a HPLC coupled with a UV detection system (Jasco PU-980,
Jasco Corp., Japan). The mobile phase utilised for the detection of
budesonide consisted of HPLC grade methanol (45%), acetonitrile
(35%) and 20% ultra pure water. The mobile phase was pumped
at a flow rate of 1.5mL/min, through a 5 m ODS HPLC column
(Hypersil, Jones Chromatography Ltd., Hengoed, UK). The column
was fixed within a temperature controlled column oven (Jasco CO-
965, Jasco Corp., Japan) set to 40°C. UV detection of the drug was
performed at a wavelength set to 235 nm. Quantification was car-
ried out by an external standard method and linearity was checked
between 0.05 and 50 p.g/mL for the drug.

2.2.4.2. Preparation of DPI formulation. Binary carrier-based for-
mulations contained 0.8% (w/w) micronised budesonide produced
from different primary crystal sources. The drug was blended with
lactose monohydrate (Respitose, SV003, DMV-Fonterra Excipients,
Vehgel, Netherlands) and had a nominal dose of 200 g per 25 mg
shot weight.

Blends were prepared in glass vials using a geometric blending
sequence. Briefly, the weighed drug was placed in between two lay-
ers of lactose of approximately the same volume and mixed for 60 s
(Whirlimixer, Fisons, Loughborough, UK). Subsequent additions of
lactose were added geometrically, with a further 60s of mixing
after each addition. The vial was transferred into a Turbula mixer
(Turbula T2F, Willy A Bachofen AG, Basel, Switzerland) and subse-
quently mixed for a further 45 min. The samples were then stored
at 44% RH for 24 h prior to content uniformity determination.

2.2.4.3. Content uniformity. Following blending, ten random sam-
ples of 25+ 1mg, from different areas of the powder bed, were
weighed and dissolved in 50 mL of mobile phase. The amount of
drug in each sample was obtained from HPLC assay and the content
uniformity expressed as percentage relative standard deviation
(%RSD).

2.2.4.4. In vitro aerosol deposition studies. Prepared blends of each
material was accurately filled into size 3 HPLC capsules (25 4+ 1 mg,
QualiV, Qualicaps, bn. E0701921, Madrid, Spain) and stored at 44%
RH for 24 h prior to testing. The in vitro performance of each for-
mulation was evaluated using a Next Generation Impactor (NGI,
Copley Scientific, Nottingham, UK) with pre-separator. The pre-
separator was charged with 15mL mobile phase. Each of the
individual stages were coated in 1% silicon oil (Agros Organics, Geel,
Belgium) in hexane solution and allowed to air dry. The flow rate
of through the impactor was set to 90L/min using a digital flow
meter (DFM2000, Copley Scientific, Nottingham, UK). The formula-
tions were aerosolised from a Cyclohaler (TEVA, Netherlands) over
a duration of 2.7s at 90L/min. For each repeat (n=3), two cap-
sules were actuated after which the whole system was individually
washed down with mobile phase. The capsules, device, mouthpiece
and throat were individually washed into volumetric flasks. The
pre-separator was removed from the NGI and was showed down
into a total volume of 100 mL of mobile phase. The NGI cups were
washed down separately using a known amount of mobile phase.
An aliquot was then taken from all samples for HPLC analysis. This
protocol was repeated three times for each blend, following which,

Table 1
Particle size distribution of crystalline budesonide samples A and B.

the mass median aerodynamic diameter (MMAD) geometric stan-
dard deviation (GSD), fine particle dose less than 5.0 wm (FPD) and
fine particle fraction (FPF) were determined. MMAD and GSD were
calculated based upon the inverse normals of the cumulative %
under the stated aerodynamic diameter versus the log of the effec-
tive cutoff diameter. Linear regression of the five data points closest
to 50% of the cumulative particle mass that entered the cascade
impactor was performed to compute the MMAD and GSD.

3. Results and discussion

The relationship between primary crystallisation and secondary
micronisation of budesonide using a combination of physic-
ochemical, AFM-nanoindentation and CAB measurements was
investigated. The crystallisation of budesonide was conducted
using different solvent/anti-solvent conditions, following which
the resultant crystals were air-jet micronised. The surface inter-
facial properties of micronised budesonide produced from two
different crystallisation conditions were determined with respect
to lactose monohydrate. These data were then compared to the per-
formance of carrier-based DPI formulations containing budesonide
produced under different crystallisation conditions.

3.1. Physicochemical characterisation of primary budesonide
crystals

The particle size distribution (PSD) analysis of the two pri-
mary crystalline sources of budesonide are shown in Table 1. The
median diameter of samples A and B were similar, although the
span of sample B was broader, therefore suggesting the presence of
coarser crystals. Scanning electron microscopy (SEM) micrographs
and crystal modelling of the crystalline faces of samples A and B are
shown in Fig. 1. SEM images of the samples supported the particle
size analysis data with the suggestion of a wider particle size dis-
tribution of sample B. Two distinctive crystal morphologies were
evident. The crystals produced from acetone (sample A) possessed a
diamond like habit, while budesonide crystallised from DMF (sam-
ple B) conformed to a more tabular morphology. These images
together with the modelling of the crystal habits, suggested the
addition of the solvents directly affected the relative growth kinet-
ics of the crystal faces. However, there was no evidence of a new
crystalline face being formed. The addition of the anti-solvent to the
N,N-dimethylformamide solution of budesonide (sample B), sug-
gested that the slowest growing faces were the {002}. However,
the acetone solution (sample A), under otherwise identical crys-
tallisation conditions, suggested that the {011} and {101} faces
grew at a lower growth rate than {002} faces.

Representative DSC thermograms of samples A and B are shown
in Fig. 2. For both samples, an endothermic peak was observed at
~260 °C, consistent with previously reported melting temperature
of budesonide (Velaga et al., 2002; Jones et al., 2008a). There is
however, a suggestion in the DSC thermograms that the melting
endotherm for sample B is broader and the onset temperature of
melting was observed to be approximately 5° lower for sample B
compared to sample A. The melting point of sample A was ca. 263 °C
and for sample B was ca. 260°C. This lowering in the onset and
peak melting temperature may suggest greater levels of impuri-
ties or greater levels of disorder in the primary crystals of sample
B (Thompson et al., 2004). Endothermic events occurring below

Sample dio (wm=£SD) dso (Lm=£SD) dgo (Lm £SD) Span VMD (um = SD)
Sample A 17.79 + 0.04 40.13 + 0.07 62.84 + 0.20 1.12 £ 0.01 40.40 + 0.58
Sample B 16.96 + 0.25 58.72 £+ 0.55 95.20 + 0.90 1.33 £ 0.01 57.87 +£ 0.54
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Fig. 1. Scanning electron micrographs and computer models of the crystal habits of sample A (A and B) and sample B (C and D).

100°C were observed in both samples and may be indicative of the
presence of residual solvents within the dried samples.

The XRD patterns of the two samples are shown in Fig. 3. The
representative XRD for the two samples displayed similar sharp
diffraction peaks at the same two-theta angles, which suggested
that the samples were crystalline and exhibited the same poly-
morphic form. The diffraction patterns for these two batches of
budesonide were similar to those reported by Albertsson et al.
(1978).

3.2. Mechanical measurements of the primary budesonide
crystals

All mechanical measurements were performed on the {002}
faces, particularly as it provided the most accessible face for
probe-substrate interaction during force loading experiments,
and allowed direct comparison of the influence of the different
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Fig. 2. Representative thermograms of the DSC traces of budesonide samples A and
B.

crystallisation conditions on the Young’s modulus. Topographical
imaging of the crystal surfaces were recorded before and after each
indentation cycle to ensure the suitability of the crystal surface for
indentation and to ensure that no plastic deformation had occurred
upon loading and unloading.

Representative surface topography images of the {002} faces of
samples A and B before and upon indentation are shown in Fig. 4.
The arrows in Fig. 4 indicate the regions where the probe made
initial contact with the substrate during tip-substrate engagement,
where the high loading stresses being placed on the crystal surface
during engagement led to plastic deformation. The additional load-
ing and unloading measurements on the substrate surfaces show
no sign of plastic deformation.

A number of representative indentation3/? versus loading force
plots on different crystal of samples A and B are shown in Fig. 5.
These data indicate that the indentation of sample A was signif-
icantly greater than that of sample B, suggesting that sample B

Sample A

J ]u kb

Intensity (Arbitary Units)

J""'J" '('- ]'.v wJ‘hdMMi

0 10 20 30 40 50
Angle (20)

Fig. 3. The X-ray powder diffraction profile of the primary budesonide crystals of
samples A and B.
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Fig. 4. Atomic force microscope images (3 wm x 3 wm) of sample A before indentation (a), sample A post indentation (b) and sample B prior to indentation (c) and sample B
after indentation. The boxes (0J) indicate areas where mechanical measurements were undertaken. The black arrows indicate the point of initial contact upon tip-substrate

engagement, where high loading has resulted in plastic deformation.

was stiffer, exhibiting a greater resistance to elastic deformation.
The gradients of the individual loading versus indentation3/2 curves
were calculated and used to measure the Young’s modulus val-
ues via the Hertzian model of deformation (Eq. (1)). The Young’s
modulus measurements for samples A and B are summarised in
Table 2.

The Young’s modulus of sample B (4.04 + 1.35 GPa) was signif-
icantly higher than sample A (0.95+0.5GPa, P<0.01), indicating
that a change in the solvent environment during primary crys-
tallisation may directly impact the mechanical properties of these
materials. These observed variation in Young’s modulus and the
possible influence of primary crystallisation conditions is further
supported by AFM nano-indentation measurement on the (002)
face of budesonide by Davies et al. (2005). They determined that
the Young’s modulus of unmicronised budesonide was 10 GPa.
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Fig. 5. Individual loading force against the indentation®? plots for the contact of a
hemispherical probe on the {002} faces of a number of different crystals of samples
Aand B.

Table 2

The Young’s modulus values obtained on the {002} face of different crystals of
samples A and B using AFM nano-indentation. At total of 8 nano-indentation mea-
surements were undertaken on three different crystals of each sample (n=24).

Sample Young’s modulus (GPa 4+ SD)
Sample A 0.95 + 0.50
Sample B 4.04 £ 1.35

However, information regarding the crystallisation of these crystals
was not known. These range of values suggest that primary crys-
tallisation conditions, which directly influence nucleation kinetics
and crystal growth, may directly influence the materials resistance
to deformation.

3.3. Effect of crystal habit on secondary processing of budesonide

An air-jet microniser was employed to reduce the crystalline
particles to a respirable size range (less than 5 um). The micro-
nised batches were investigated for differences in their interfacial
interactions using the CAB approach to colloidal probe AFM, and
in vitro deposition performance upon being blended with a coarse
grade of lactose monohydrate.

The particle size distribution (PSD) of the unmicronised and
micronised budesonide samples of A and B are shown in Fig. 6
and PSD analysis of the micronised material provided in Table 3.
Although the volume median diameter (VMD) and span of the pri-
mary crystals of sample A was smaller than sample B, the particle
size reduction ratios and span of the respective micronised PSDs
were not conserved. The VMD reduction of sample A was 88.7%,
which was smaller than that of sample B that had a VMD reduc-
tion of 93.8%. The increase in the span of the PSD for sample A,
suggests that the efficiency of particle size reduction for sample
A was not as efficient as sample B. This observation in the milling
behaviour could be related to a change in the crystal morphology, as
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Table 3
Particle size distribution analysis of micronised budesonide samples A and B.
Sample dip (wm=+SD) dsp (wm=+SD) dgo (um £SD) Span (£SD) VMD (pm + SD)
Sample A 0.96 + 0.02 3.38 + 0.06 8.02 + 0.01 2.11 +£0.05 4.18 + 0.09
Sample B 0.95 + 0.02 3.14 £ 0.05 6.90 + 0.03 1.90 + 0.03 3.59 + 0.04
2.5 70 4
~———&—— Sample A Crystalline = Somple A
© Sample B Crystalline
——-¥-—- Sample A Micronised 60 - [0 Sample B
204 — -A—  Sample B Micronised o9 |
g 9) 50
0 #
2 2 I fi
a 1o o =
= < 40 4
2 A p=
£ 10 A\ g
s /{ ’f‘ =
a S 204
o
0.5 4
i IH IH
0.0 - 0 ! | ! Iﬂ I.ﬂ | fad

Particle Size (pm)

Fig. 6. Particle size distribution of the unmicronised (primary crystals) and micro-
nised (secondary) samples of budesonide.

highlighted by the study of adipic acid (Chikhalia et al., 2006), which
may expose crystalline faces that can be fractured more effectively,
or that the increase in the Young’s modulus of sample B may have
a contributing factor to the efficiency of particle size reduction.
The CAB data of the two micronised budesonide samples with
respect to their interactions with the {0 0 2} faces of their respective
unmicronised forms and lactose monohydrate are shown plot-
ted in Fig. 7. The CAB measurements of the micronised particles
were 0.728 +0.020 (R? =0.9970) and 0.578 £ 0.010 (R% = 0.9980) for
samples A and B, respectively. The CAB value of sample B was
similar to previously reported CAB measurements of commercially
supplied micronised budesonide of 0.543 with respect to lactose
monohydrate (Hooton et al., 2008). Hooton et al. had shown by
crystal modelling that the surface chemistry of the {002} face was
hydrophobic and therefore, would only be able to adhere via apolar-
based interactions. Hence, this may explain the greater adhesion of
micronised budesonide samples in the present study to lactose than
the corresponding force of cohesion measured against the {002}
face budesonide. Further analysis suggests that for an equivalent
force of cohesion the adhesion of the micronised particles from
sample B to lactose was approximately 22% greater than parti-
cles from sample A. These data suggest that greater deaggregation

600
® Sample A P -
© Sample B 7

500 -~
= - =
2 _ yz 0728 x
E ol - R =0.99228
8 P -~ L
E e -
8 300 4 Ve
- P -
. Ve
-
e 2004 S m™
& ~ T y=0.578 x

100 4 Pt R’ = 0.99797

4o
0
0 . . . - .
0 100 200 300 400 500 600

Force of Adhesion (nN)

Fig. 7. CAB plots for micronised samples A and B of budesonide with respect to
lactose.
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Fig. 8. NGI stage-by-stage deposition profile of budesonide samples A and B.

energy may therefore be required to elutriate the respirable sized
particles of sample B from a lactose monohydrate surface.

The content uniformity of each formulation was evaluated prior
to impaction testing and is expressed as a percentage relative stan-
dard deviation (%RSD). These were determined to be 1.72% and
1.03% for samples A and B respectively, suggesting homogeneous
distribution of the API throughout the formulation blend. Given that
these values were lower than 5%, both formulations were deemed
suitable for in vitro impaction testing.

The in vitro aerosolisation performance of carrier based DPI for-
mulations containing samples A and B was assessed using a next
generation impactor (NGI). Drug deposition profiles of both formu-
lations within the NGI are shown in Fig. 8. In addition, the emitted
dose (ED), FPD and FPF data are summarised in Table 4.

The emitted dose of DPI formulations containing either sam-
ple A or sample B were 164.1 £ 1.4 and 161.8 + 1.6, respectively.
These data show that the emitted dose from formulations con-
taining either API were similar (Table 4). The FPD and % FPF of
budesonide upon aerosolization of the formulation containing sam-
ple Awas 15.9 £ 0.4 pg and 9.7 £+ 0.3%, respectively. In contrast, the
performance of DPI formulations containing budesonide sample B,
as measured by the FPD and % FPF, was 11.7 £ 0.3 pgand 7.2 £ 0.1%,
respectively. The impactor deposition profiles of samples A and B
upon aerosolisation from the cyclohaler device showed a signif-
icant increase in the mass deposited in the lower stages of the
impactor for budesonide sample A (ANOVA, P<0.05) in compari-
son to sample B, which is supported by the significantly (ANOVA,
P<0.05) greater % FPF of budesonide sample A than sample B
(Table 4).

The aerosolisation performance of carrier-based formulations
are significantly influenced by the interfacial forces of interac-
tion between the API and carrier (Begat et al., 2004b; Hooton

Table 4
In vitro performance characteristics of the two samples of budesonide using NGI
testing (FPFgp, fine particle fraction of the emitted dose).

Sample A Sample B
Emitted dose (g +SD) 164.1(1.4) 161.8 (1.6)
Fine particle dose (g +SD) 15.9(0.4) 11.7 (0.3)
FPFep (% + SD) 9.7 (0.3) 7.2(0.1)
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et al,, 2006; Jones et al.,, 2008b). Analysis of the surface inter-
facial properties of budesonide samples A and B suggested that
sample B had a greater adhesive affinity to lactose than sam-
ple A. The greater adhesive tendency of sample B to lactose,
therefore, may have contributed to the materials lower deag-
gregation efficiency in comparison to sample A. These data,
therefore, highlight the relationship between mechanical proper-
ties of the different samples of primary budesonide crystals and
their micronisation behaviour, particle size reduction properties,
interfacial properties and in vitro performance in carrier-based DPI
formulations.

4. Conclusion

This study has demonstrated the importance of understand-
ing the implications of modifying the crystal habit for budesonide
included in carrier-based DPI formulations. The use of different
crystallisation conditions has led to significant differences in the
mechanical properties of the primary crystalline material and
altered the CAB value of the micronised materials. In turn, these
differences are suggested to influence the in vitro performance of
DPI formulations. This work highlighted the effect and implications
resulting from changes in the primary crystallisation of APIs and
advocates careful consideration when developing crystallisation
processes for these materials.
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