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a  b  s  t  r  a  c  t

Salbutamol  sulphate  (SS)  used  in  dry powder  inhalers  requires  drug  particles  in the respirable  size  range
of 1–5  �m  to achieve  a suitable  therapeutic  effect.  The  aim  of  this  study  was  therefore  to  determine  strate-
gies  for  controlling  drug  substance  characteristics  pre  and  post-crystallisation  to facilitate  the  production
of micronised  SS  with  desirable  particle  attributes  for  optimal  delivery  as  an inhaled  aerosol.  SS batches
were  crystallised  using  an  antisolvent  method  to  produce  a range  of  crystal  morphologies.  Air  jet  milling
was then  used  to reduce  the  size  of crystallised  SS  particles.  Starting  materials  and  micronised  batches
of SS  were  characterised  in the  solid  state  using  a  range  of  techniques  with  subsequent  assessment  of
aerosol  properties.

Assessment  of  the  aerodynamic  characteristics  of  micronised  SS  delivered  by  DPI  (without  any  carrier)

ine particle fraction
albutamol sulphate

indicated  that  fine  particle  fraction  and  emitted  dose  as a percentage  of  the  total  recovered  dose  were
dependent  on  the  quality  attributes  of  the  micronised  SS,  which  were  directly  linked  to  the degree  of
imperfections  and  the  morphology  of  the  crystalline  feedstock  used  in  micronisation.

Aerosolization  performance  of micronised  SS  can  be  optimised  by  manipulation  of  feedstock  char-
acteristics  through  crystal  engineering  and  through  definition  of  optimal  processing  conditions  for
micronisation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Salbutamol sulphate is a �2-sympathomimetic agent used in dry
owder inhalers for the treatment of asthma and chronic obstruc-
ive pulmonary disease. The desired particle size of salbutamol
ulphate to achieve bronchodilation in mild asthmatics is reported
o be 2.8 �m (Zanen et al., 1995) due to its propensity to deposit in
he proximal airways where it mediates the function of �2 receptors
ssociated with bronchial smooth muscle. To achieve the desired
article size, salbutamol sulphate is typically processed by microni-
ation. Spiral air jet mills can produce ultrafine particles (1–10 �m)
hrough impact and attrition forces, where the degree of parti-
le size reduction depends on the milling conditions and material
roperties (Brodka-Pfeiffer et al., 2003). In reducing the size of par-
icles it has been observed that the energy required for particle

racture depends on the hardness of the feedstock and the type of
tress applied to the coarse particles (Brodka-Pfeiffer et al., 2003).
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Rumpf (1973) also proposed that particle fracture occurs in
three steps—initiation of cracks, growth and acceleration of cracks
and branching of cracks at high speeds with subsequent size reduc-
tion. Griffith (1920) previously suggested that almost all materials
contain cracks, flaws and dislocations. During milling, forces are
concentrated into these flaws which assist in initiating crack prop-
agation leading to particle fracture. Irwin (1948) proposed that the
resistance of a material to crack extension is determined by the
sum of the surface energy and the plastic strain work. He also rec-
ognized that for ductile materials the energy required to form a new
crack was  insignificant compared to the work done during plastic
deformation.

De Vegt (2007) showed that pre-existing flaws affect the
mechanical properties of materials, which subsequently influence
particle fracture during milling. He proposed that particle break-
age rate increases with increased flaw density, yet decreases with
greater length of flaws.

Though jet-milling demonstrates notable advantages over other
milling process including limited metal contamination, easy clean-

ing and facilitating processing of temperature sensitive materials,
previous research in this area has revealed a number of limita-
tions to its use. In studies undertaken by Feeley (1999),  micronised
salbutamol sulphate showed high dispersive surface free energy

dx.doi.org/10.1016/j.ijpharm.2011.05.043
http://www.sciencedirect.com/science/journal/03785173
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Nomenclature

SI units
C  centigrade
g gram
l litre
m metre
mol  mole
s second
T temperature

Prefix used with SI units
k kilo
m milli
� micro

Symbols
min minutes
� angle of X-ray beam diffraction
CHCl3 chloroform

Abbreviations
SS salbutamol sulphate
DPI dry powder inhaler
FPF fine particle fraction
FPD fine particle dose
ED emitted dose
RD recovered dose
API active pharmaceutical ingredients
IPA iso-propyl alcohol
rpm rotation per minute
IP injector pressure
GP grinding pressure
FR feed rate
RH relative humidity
SEM scanning electron microscopy
DSC differential scanning calorimetry
PXRD powder X-ray diffractometry
DVS dynamic vapour sorption
IGC inverse gas chromatography
TSLI twin stage liquid impinger
HPMC hydroxy propyl methyl cellulose
UV ultraviolet
BCF Barton, Cabrera and Frank crystal growth model
VMD  volume mean diameter
PDI polydispersity index
Mag  magnification
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UK United Kingdom

64.54 mJ/m2) compared to batches manufactured using a super-
ritical fluid technique (SEDS) (38.45 mJ/m2). The micronised
aterial subsequently showed poor flow and low fine particle frac-

ion following aerosolization from a dry powder inhaler. French
t al. (1996) suggested that micronisation leads to small and flat
articles with large surface area, which increases cohesive and
dhesive interactions with adverse consequences for powder han-
ling, flow and aerosolization. Price and Young (2004) observed
hat strong cohesive forces caused by high surface free energy
f micronised materials enhance agglomerate formation, leading
o negative effects with regard to the fluidization and dispersion

haracteristics of inhaler formulations. It was also suggested that
he degree of de-agglomeration in these powders is a function
f agglomerate cohesive strength, which may  directly influence
he aerosol characteristics and deposition behaviour of these sys-
of Pharmaceutics 415 (2011) 62– 72 63

tems. It is therefore necessary to control the production of active
pharmaceutical ingredients (API) used in respiratory products to
provide favourable particle and surface characteristics for optimal
aerosolization.

The aim of this work detailed in this paper was to determine
strategies for controlling the feedstock characteristics of a model
API to facilitate the production of a micronised drug with desirable
particle attributes for optimal delivery as an inhaled aerosol. Owing
to its wide use as a bronchodilator, salbutamol sulphate (SS) was
chosen as a model compound in this study. The principal aim was
to generate an understanding of the impact of the crystallisation
conditions on the morphology of SS crystals and their influence on
the quality attributes of micronised powders.

2. Materials and methods

2.1. Materials

Salbutamol sulphate was supplied by Cipla, India (Batch No.
H80142). Two batches of micronised salbutamol sulphate were
supplied by two  generic suppliers (A and B). All solvents used in this
study were of analytical grade and were supplied by Sigma–Aldrich,
UK except for tetrahydrofuran which was  supplied by Rathburn
Chemicals Ltd., UK. All compressed gases were supplied by BOC
Ltd., Surrey, UK.

2.2. Methods

2.2.1. Crystallisation of SS
Three batches of salbutamol sulphate (SS1, SS2 and SS3) were

crystallised using a cosolvent mixture of water and isopropyl alco-
hol (IPA). Salbutamol sulphate (SS1 and SS2) was  dissolved in water
(1:5 w/v) at 25 ◦C with stirring, the solution was then heated from
25 ◦C to 50 ◦C at a rate of 0.80 ◦C/min in a glass jacketed vessel,
where the temperature was  controlled using a chiller unit (Julabo
PF929, Julabo, Germany) (Figure 4.1). IPA was then added at a rate
of 90 ml/min using a burette until the IPA: water solvent ratio was
75:25 (v/v) and heated at 50 ◦C for 30 min. Solutions were then
cooled to 25 ◦C at a rate of 0.14 ◦C/min. As increase or decrease in
temperature over this range did not show any notable influence on
the solubility of SS in this study, IPA was therefore added as an anti-
solvent during SS crystallisation. For SS1 and SS2 the stirring rates
were 300 rpm and 400 rpm, respectively (Table 1). SS3 was crys-
tallised using an identical concentration of salbutamol sulphate in
water at 25 ◦C, with IPA added at a rate of 90 ml/min until the sol-
vent ratio was 75:25 (v/v). The sample was  then cooled to 10 ◦C at
a rate of 1 ◦C/min and stored at 10 ◦C for 24 h.

Crystallised samples were filtered using Whatman qualitative
1 filter paper (55 mm,  Whatman International Ltd., England) with
the aid of a vacuum pump. Filtered samples were then collected
and dried at room temperature for 2–3 days.

2.2.2. Sieving
Dried SS samples with different morphology were then classi-

fied into sieve fractions (<20 �m and 50–250 �m)  using a set of
sieves and associated sieve shaker (Retsch, UK).

2.2.3. Micronisation
Following controlled crystallisation and sieving of the samples,

the micronisation behaviour for the different batches (SS1, SS2
and SS3) of salbutamol sulphate was evaluated using the FPS Spi-

ral Jetmill (FPS, Italy). The influence of IP = injector pressure and
FR = feed rate at constant grinding pressure (GP) (5 bar) on the
quality attributes of micronised powder was  evaluated. The levels
defined for each of the process parameters are given in Table 2. For
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Table  1
Crystallisation conditions used for salbutamol sulphate.

Batch Salbutamol
sulphate
concentration
(g/ml)

Temperature of
IPA addition
(◦C)

Cooling rate
(◦C/min)

Duration at
25 ◦C (h)

Stirring rate
(rpm)

Stirring
duration (h)
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SS1 0.2 50 0.14 

SS2  0.2 50 0.14 

SS3  0.2 25 1.0 

ach experiment, a 5 g sample of each batch of salbutamol sulphate
as processed.

For SS1, SS2 and SS3, two different sieve fractions (50–250 �m
nd <20 �m)  were micronised to evaluate the impact of particle
ize on the quality of size reduced salbutamol sulphate. Feed rates
ere determined using samples at the highest and lowest settings

f the speed controller obtained from screening experiments con-
ucted in triplicate. Powder was collected at 1 min  intervals and the
eight determined using a standard balance. Grinding and injector
ressures were set using the appropriate regulator with the pres-
ure display calibrated using an external pressure gauge (accuracy
1.6%).

Injector pressure, grinding pressure and feed rate were adjusted
o provide the conditions stated in Table 2. Samples were collected
rom the collection vessel at the end of the experiments and stored
ver phosphorous pentoxide to avoid moisture mediated transfor-
ation before characterisation. For all experiments, the moisture

ontent of supplied compressed air was 2–6% RH, which was deter-
ined using a hand held hygrometer (Testo 610, Testo, UK).

.2.4. Molecular modelling
The single crystal structure data for salbutamol sulphate was

cquired from the Cambridge Structural Database (CSD, UK) (Allen,
002). Materials Studio 4.1 (Accelrys, Inc.) was then used for molec-
lar modelling. Geometry optimisations on the crystal structure
ere performed using the CVFF (with force field assigned charges)

nd Dreiding (with Qeq and Gasteiger charges) force fields. Mor-
hology calculations were carried out using the BFDH method and
he growth morphology method. The BFDH method was  used to
enerate a list of possible growth faces, associated d-spacings and
elative facet areas. The growth morphology method was  used to
alculate the attachment energies of different faces.

.2.5. Scanning electron microscopy (SEM)

Scanning electron microscopy analysis was carried out for

tarting and micronised samples using the Quanta 400 SEM (FEI
ompany, Cambridge, UK). Samples were analysed at a variety of
agnifications with direct data capture of the images onto a per-

able 2
ample code for the micronised batches of SS with different morphology.

Starting SS Micronised
sample code

Starting materials particle size (�

SS1 SS1-1 50–250 

SS1-2 <20 

SS1-3 50–250 

SS2 SS2-1 50–250 

SS2-2 <20 

SS2-3 50–250 

SS3 SS3-1 50–250 

SS3-2 <20 

SS3-3 50–250 

a SD: standard deviation.
24 300 25
24 400 25

1.30 300 2

sonal computer. Calibration of the SEM was  performed using a gold
grid standard supplied with the instrumentation.

2.2.6. Particle size analysis
The particle size distribution was  determined for the starting

material and processed samples using a laser diffraction parti-
cle size analyser (HELOS & RODOS, Sympatec Instruments, UK).
15–20 mg  samples were fed into the analyser by ASPIROS unit,
using an air pressure of both 4 and 1 bar, at a speed of 30 mm/s. The
trigger condition used for both starting and micronised batches was
5 s at an optical concentration of 1%. All samples were analysed in
triplicate. Calibration of particle size analyser was performed using
a standard silica sample.

2.2.7. Differential scanning calorimetry (DSC)
Thermal properties of the starting material and processed sam-

ples were determined using the DSC module of the TA Instruments
Q2000 series thermal analysis system (TA Instruments, West Sus-
sex, UK). Samples (1–5 mg)  were analysed in a pierced and crimped
aluminium pans, with heating under a stream of nitrogen gas from
25 to 250 ◦C at a scanning rate of 10 ◦C/min. All samples were anal-
ysed in triplicate. The temperature scale was calibrated using a pure
indium standard (melting point 156.6 ◦C) and confirmed using a
zinc standard (melting point 419.5 ◦C).

2.2.8. Powder X-ray diffraction (PXRD)
Powder X-ray diffraction was used to characterise the solid form

of samples. Analysis of samples was  carried out using a Bruker D-8
powder diffractometer (Bruker, Kahlsruhl, Germany) at room tem-
perature. Samples were placed into plastic sample holder with zero
background and levelled using a glass cover slide. Samples were
scanned over 5–50◦ 2� at a rate of 1◦ 2�/min using a copper K�
radiation source of wavelength 1.542 Å with 1 mm slits. Calibration
of the PXRD was  performed using a carborundum (silicon carbide)
standard.
2.2.9. Dynamic vapour sorption (DVS)
Moisture sorption isotherms were determined using a micro-

processor controlled automated IGAsorp moisture sorption

m) Process variables

GP (bar) IP (bar) FR (g/min ± SDa)

5 8 2.50 ± 0.40
5 8 0.90 ± 0.15
5 8 0.42 ± 0.06

5 8 3.20 ± 0.50
5 8 1.30 ± 0.30
5 8 0.55 ± 0.10

5 8 1.70 ± 0.35
5 8 1.00 ± 0.20
5 8 0.25 ± 0.04
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nalyser (IGASORP, Hiden Isochema Ltd., Warrington, UK). Mea-
urements were performed using 30–50 mg  of samples at 25 ◦C,
nder a continuous nitrogen flow of 250 ml/min in the range of
–95% RH. Relative humidity was held at each point until equi-

ibrium was achieved. The sample mass was  represented as a
ercentage of the initial mass. Calibration curves for percentage of
oisture uptake were constructed using mixture of crystalline and

morphous standards at levels of 1, 3, 5, 10, 25 and 50% (w/w). The

morphous standard was produced by freeze drying a 10% aqueous
olution of salbutamol sulphate, which was confirmed by PXRD and
SC analysis. The starting materials for each of the respective sieved

ig. 1. SEM photographs of three salbutamol sulphate batches: (a) SS1, (b) SS2 and
c)  SS3, respectively.
of Pharmaceutics 415 (2011) 62– 72 65

batches were used as the crystalline standards. Relative (%) crys-
tallinity of micronised samples was  determined from the regression
equation for the lines of best fit for each calibration curve.

2.2.10. Inverse gas chromatography (IGC)
IGC measurements were carried out using the automated Perkin

Elmer gas chromatograph (Perkin Elmer, USA) equipped with a
flame ionization detector (FID). Nitrogen was used as carrier gas
with hydrogen and compressed air employed for the FID. The flow
rate of carrier gas at column outlet (Nflo) was measured using a
bubble flow meter. The method used in this study has previously
been reported by Saxena (2007).  The dispersive component surface
free energy and specific surface free energy were determined using
the method described by Schultz and Lavielle (1989).

2.2.11. Twin stage liquid impinger (TSLI)
A coarse classification of aerodynamic particle size for salbuta-

mol  sulphate was determined using a twin stage liquid impinger at
90 l/min delivered from an Aerolizer DPI device (Aerolizer®, Novar-
tis, UK) (Figure 5.1). HPMC capsules (Qualicaps, Spain) (size 3) were
filled with 15 ± 1 mg  salbutamol sulphate in the absence of any car-
rier. Methanol and water in a ratio of (50:50) were used as a solvent,
with 7 ml  and 30 ml  introduced into the upper and lower stages of a
twin stage liquid impinger (British Pharmacopaeia, 2008), respec-
tively.

The capsule to be tested was  placed in the inhaler device, which
had been fitted into a moulded rubber mouthpiece attached to the
throat of the impinger. Once the assembly had been checked and
found to be airtight and vertical, the pump was  switched on and
the dose released by activating the device. The impinge pump was
allowed to run for 2.7 s at 90 l/min before switching off. The test
was  carried out in triplicate and salbutamol levels were determined
using UV analysis at a wavelength of 276 nm. The recovered dose
(RD) was  the sum of the weights of drug (mg) recovered from the
capsule shell, the inhaler device, throat, the upper and lower stages
of the twin stage impinger. The emitted dose (ED) was the dose
emitted from the inhaler device, depositing in the throat, upper and
lower stages of the twin stage impinger. The percentage of emit-
ted dose was calculated with respect to the total recovered dose
(RD). Fine particle dose (FPD) was the amount of drug recovered
from the lower stage of the impinger, with the fine particle fraction
% (FPF) being calculated as a percentage of RD. The aerodynamic
characteristics for batches micronised from each of the crystallised
samples (SS1, SS2 and SS3) were compared with two micronised
salbutamol sulphate samples from generic suppliers.

2.2.12. UV analysis
Salbutamol sulphate samples collected from each stage of twin

stage impinger, ACI, device and emptied capsule shell were anal-
ysed using UV-Vis spectrophotometer (Jasco V-530, Jasco Ltd., UK)
at 276 nm.  Methanol:water at a ratio of 50:50 (v/v) used during
in vitro study was also used as a blank in this study. The concen-
tration of salbutamol sulphate at different stages was determined
from the regression equation for the lines of best fit for calibration
curve constructed from a range of standard concentrations (5, 10,
20, 30, 40, 50 and 100 �g/ml).

3. Results and discussion

3.1. Crystallisation
3.1.1. Effect of cooling and stirring rate on the morphology of SS
The SEM photomicrographs (Fig. 1a) show that SS crystallised at

slow cooling rates (0.14 ◦C/min) produced plate like crystals (SS1).
The faster stirring rates (400 rpm) used for SS2 gave rise to distorted
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Fig. 3. SEM photomicrographs showing (a) cracks (mag. 5000×) and (b) defects
(mag. 10,000×) for SS2 crystals, respectively.

T
M

ig. 2. Predicted major habit faces of salbutamol sulphate crystals (after Feeley,
999).

late like crystals with angular faces with higher density of dislo-
ations and defects (Fig. 1b). SS crystallised at a faster cooling rate
1 ◦C/min) produced needle like crystals (SS3) (Fig. 1c).

At slower cooling rates, the level of supersaturation is low,
here smooth surfaces with sequential layer growth occur

Blagden, 2004). In these experiments, growth has most likely
ccurred via the (0 0 2̄)  faces for SS1 (Fig. 2), which has resulted
n crystals with plate like morphology and the (2̄ 0 0) face being the
robable major habit face for these crystals (Figs. 2 and 4). It was
owever observed that increases of stirring rate and the duration of
tirring produced crystals with greater density of dislocations and
efects (SS2) (Fig. 3a and b).

This is attributed to the initiation of secondary nucleation
nd decreased size of the diffusion layer at high stirring rates
Storey, 1997), for which the delivery rate of growth units increases.
his phenomenon may  lead to difficulties in incorporation of
rowth units into the crystal lattice which facilitates changes in
rowth mechanism (BCF mechanism with spiral growth) with
onsequences for the morphology produced. Salbutamol sulphate
rystallised at a faster cooling rate (1 ◦C/min) produced needle like
rystals (SS3), for which growth has most likely occurred via both
he (0 0 2̄)  and (2̄ 0 0) faces (Fig. 2). This finding is attributed to
he faster cooling rates causing a relatively higher supersaturation
moderate supersaturation) leading to surface nucleation and sub-
equent growth of SS crystals by the birth and spread mechanism
Ludlam-brown, 1991).
.1.2. Effect of crystallisation conditions on solid surface
hemistry

IGC and DVS data obtained are consistent with the observations
f the morphological differences for crystallised SS samples with

able 3
oisture adsorption and surface free energy data of starting material SS1, SS2 and SS3 (v

Samples % moisture sorption at
95% RH

D
e

SS1 0.48 (0.05) 3
SS2 0.22 (0.02) 4
SS3  0.20 (0.01) 4
similar particle size distributions (Table 3). SS2 and SS3 clearly
demonstrate higher values of dispersive surface free energy com-
pared to SS1 crystals. This phenomenon is related to the high
percentage of facet area of the (0 0 2̄)  face with multitude exposure
of the hydrophobic trimethyl groups (Fig. 4b) and greater density of
crystal defects for SS2 crystals. DVS data also support these argu-
ments with the lower magnitude of moisture sorption for these
materials related to the (0 0 2̄)  face being the major habit face with
trimethyl groups exposed at the surface (Fig. 4b). Conversely, the
relatively high moisture level adsorbed by SS1 crystals is primarily
ascribed to the (2̄ 0 0) face (Fig. 4a), for which sulphate groups are
exposed at the surface.

IGC data (Table 3) showed a higher value of specific surface free
energy measured using CHCl3 for the SS1 crystals compared to SS2
and SS3. This is attributed to the large number electron donat-
ing oxygen of sulphate group (2̄ 0 0) behaving in a more electron

donating and interacting strongly with the acidic probe chloroform
(electron acceptor).

alue in brackets indicate range value, where n = 2).

ispersive surface
nergy (mJ/m2)

Specific surface energy
measured using CHCl3 (kJ/mol)

4.13 (1.14) 2.33 (0.35)
7.02 (3.90) 1.35 (0.17)
1.22 (1.61) 1.44 (0.23)
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comminution and suggests that batches micronised from finer
sized starting material (SS1-2, SS2-2 and SS3-2) typically exhibit
lower VMD  (Table 4) compared to batches micronised from larger
ig. 4. Molecular orientation of the main crystal faces of salbutamol sulphate.

.2. Thermal and structural analysis

DSC data, with an endothermic transition for all samples at
200 ◦C, demonstrate melting with decomposition for salbuta-
ol  sulphate (Ticehurst, 1995). DSC data also showed no notable

hanges in thermal behaviour between the starting materials and
icronised SS powders (Fig. 5).
No polymorphic or solid state conversions were revealed by

XRD between starting and micronised batches of SS1 and SS3.
he theoretical PXRD pattern of SS generated from single crystal
ata (Cambridge Structural Database, UK) using Mercury (version

.3) (Mercury software package, CCDC, Cambridge, UK) shown in
ig. 6 is consistent with the data observed for SS1 and SS3. How-
ver, batches micronised from SS2 (SS2-1) (see Table 2) showed
iffuse PXRD scatter below 18◦ 2� angles (Fig. 7), which is most
Fig. 5. DSC data for the micronised batches of SS1, SS2 and SS3.

likely related to the defects (amorphous content) generated mainly
on the (2 0 0) and (0 0 2) faces (Figs. 6 and 7) of SS crystals.

3.3. Particle size analysis

Particle size distribution data, shown in Table 4, demonstrate
that batches micronised from SS3 (Fig. 8) showed lower volume
mean diameter (�m)  and polydispersity compared to batches
micronised from the other two starting materials (SS1 and SS2)
when using similar grinding pressure, injector pressure and parti-
cle size distributions of the feedstock (Table 2). This is thought to
be related to the high aspect ratio of needle like SS3 crystals for
which the crack propagation length could decrease markedly (De
Vegt, 2007). However it is also possible to produce ultrafine mate-
rial using SS1 and SS2 starting materials (Table 4). Table 2 shows a
minor difference in FR between SS1, SS2 and SS3 larger sized start-
ing materials (50–250 �m),  which is thought to have an impact
on the propensity for particle size reduction (Table 4). However
the small sized SS1, SS2 and SS3 (<20 �m)  fractions did not show
any notable difference between their FR, which indicates that mor-
phology of SS crystals have marked influence on the magnitude
of particle size reduction. The level of effect of FR on particle size
reduction for the different morphology of SS is further evaluated in
Fig. 9.

The particle size of the feedstock has a marked effect on
Fig. 6. Theoritical PXRD pattern for salbutamol sulphate.



68 M.H. Shariare et al. / International Journal of Pharmaceutics 415 (2011) 62– 72

Table  4
Particle size distribution data for micronised batches of SS1, SS2 and SS3 (values in bracket indicate standard deviation).

Sample D10 (�m) D50 (�m) D90 (�m) PDI VMD  (�m) at 4 bar

SS1-1 0.73 (0.01) 2.23 (0.02) 5.64 (0.02) 2.10 (0.01) 2.68 (0.07)
SS1-2 0.60 (0.01) 1.65 (0.02) 3.72 (0.02) 1.85 (0.01) 1.93 (0.03)
SS2-1 0.64 (0.03) 2.27 (0.02) 5.40 (0.04) 2.31 (0.05) 2.73 (0.05)

3.72 (0.01) 1.83 (0.01) 1.98 (0.04)
4.18 (0.03) 1.78 (0.02) 2.03 (0.02)
3.43 (0.02) 1.79 (0.02) 1.80 (0.01)

s
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SS2-2  0.62 (0.01) 1.69 (0.02) 

SS3-1  0.70 (0.02) 1.95 (0.02) 

SS3-2  0.60 (0.01) 1.50 (0.01) 

ized starting material when using similar processing conditions.
owever, this impact of feedstock particle size is morphology
ependent and appears to be greater for SS1 and SS2 than the SS3
eedle like crystals.

This finding is explained by referring to the high aspect ratio of
S3 crystals, which have the propensity to reorient along the long
xis and so may  pass through the 20 �m mesh during sieving. The
pparent particle size of the needle like crystals (SS3) may  there-
ore bias the effect of particle size on size reduction for SS3. Results
lso suggest that a high reduction ratio (ratio of initial median par-

icle size to the micronised median particle size) was  obtained for
oarser grade starting materials. Vogel and Peukert (2003) observed
hat when applying a similar level of energy, smaller particles
xhibit a smaller breakage probability due to the smaller parti-

ig. 7. PXRD data for the starting materials SS1, SS2, SS3 and micronised SS2-1.
Fig. 8. SEM photomicrographs of micronised SS3-1 (mag. 5000×).

cle contact area containing fewer crystallographic flaws, providing
reduced potential for particle fracture.

Evaluation of the impact of process conditions on the microni-
sation of the SS powder with different morphologies has revealed a
number of important effects. The feed rate at which the feedstock is
delivered to the microniser has been shown to have marked effect

on particle size reduction (Fig. 9). This observation indicates that
increases in feed rate will lead to a greater degree of particle size
reduction for SS crystals, due to larger numbers of particles in the

Fig. 9. Effect of feed rate on volume mean diameter observed for micronised batches
of SS1, SS2 and SS3.
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ig. 10. Sorption data measured by DVS for (a) freshly micronised SS3-1, (b) freshly
icronised SS2-1, and (c) micronised SS2-1 after four months at 25 ◦C.

ill chamber, which increases the number of collisons and stress
vents leading to greater comminution.

Injector pressure was shown to have limited influence on the
article size achieved for the different starting materials of salbu-
amol sulphate, with constant grinding pressure (GP). This variable
as kept constant in this study since Brodka-Pfeiffer et al. (2003)
ave previously observed that GP markedly affects the micronisa-
ion of SS.

.4. Surface analysis

.4.1. Dynamic vapour sorption (DVS)

Degree of crystallinity data determined by DVS (Table 5) showed

mall differences in relative crystallinity for batches micronised
rom the two different sieve sized starting materials (50–250 �m
nd <20 �m),  which is attributed to the brittle behaviour of SS.
of Pharmaceutics 415 (2011) 62– 72 69

Batches micronised from SS2 showed low relative crystallinity
(93%) compared to batches micronised from SS1 and SS3 (Table 5)
when using similar processing conditions (Table 2).

This finding is thought to be due to the greater density of defects
and dislocations observed for SS2 crystals, which were apparent
in the starting material (see Fig. 3). Brodka-Pfeiffer et al. (2003)
observed that under optimised micronisation conditions an aver-
age of 6.9% amorphous content was  generated for micronised SS
powders. Micronised batches of SS1 and SS3 in this study exhibited
similar level of crystallinity (Table 5). Thus, these results suggest
that the starting material morphology plays an important role dur-
ing micronisation, particularly for crystals (SS2) with an initial
higher density of dislocations. The higher dislocation density would
result in a more plastically deforming material requiring increased
milling residence time for particle size reduction, thereby leading
to micronised product with a higher amorphous content.

In contrast, processing conditions (FR and IP) showed no notable
effect on the relative percentage crystallinity for the micronised
batches of SS1, SS2 and SS3.

In previous studies Ward and Schultz (1995) showed that the
critical relative humidity for recrystallisation of amorphous crystal-
lographic domains for SS is 50% RH at 60 ◦C, whilst Columbano et al.
(2002) found that the SS recrystallised at 75% RH when the temper-
ature was 25 ◦C. In this study DVS data indicated that micronised
batches of salbutamol sulphate showed a recrystallisation event
at 50% RH at 25 ◦C (Fig. 10a), as a consequence of surface disor-
der generated after micronisation. DVS data also revealed a double
recrystallisation event for a number of micronised batches of SS2
which occurred at 50% and ∼75% RH (Fig. 10b).

This interesting phenomenon is thought to be due to the pres-
ence of both bulk and surface amorphous content in the micronised
SS2-1. SS2-1 initially showed double recrystallisation events imme-
diately after micronisation (Fig. 10b). However DVS data for this
batch after four months storage showed only a single recrystalli-
sation event at 50% RH (Fig. 10c) with a decreased percentage
of amorphous content from 7.0 to 4.4% (Table 5) when stored in
sealed vials in desiccators (20–25% RH) at room temperature. This
change is attributed to the recrystallisation of amorphous domains
after four months originally located on particle surfaces, which
has entrapped internal amorphous domains which were then not
detected by DVS analysis on examination after storage. PXRD data
of the stored sample shows scattered diffuse peaks at lower 2�
angles (Fig. 11), which indicates the presence of bulk amorphous
material and emphasises that time dependent changes in amor-
phous salbutamol sulphate samples is a complex phenomenon
(Columbano et al., 2002).

These findings also indicate that micronised drug powder may
contain a mixture of crystalline, surface disorder and bulk disor-
der domains, for which the starting material characteristics and
processing conditions have a great influence.

3.4.2. Inverse gas chromatography (IGC)
IGC data (Table 6) showed that dispersive and specific surface

energies increased for the micronised batches of SS compared to the
starting materials, which is consistent with the results reported by
Ticehurst (1995).  Starting material SS1 exhibit higher specific sur-
face free energy (for the CHCl3 probe) compared to SS2 and SS3,
which can be assigned to the morphological difference observed
during the DVS study for these starting materials. However micro-
nised batch SS1-1 showed a decrease in specific free energy for
CHCl3 when compared with the starting SS1, which is attributed
to the decreased basic surface chemistry characteristic of SS1 after

micronisation. This phenomenon is explained via the increased rel-
ative surface area of (2 0 0) faces for the micronised batches of
SS1 with decreased electron donating capacity (Fig. 4c), which is
thought to be the cleavage plane for SS1 crystals.
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Table  5
Percentage crystallinity data for the batches micronised from SS1, SS2 and SS3.

Startting material Micronised samples code Storage time Relative crystallinity (%)

SS1 SS1-1 Freshly micronised 99.1 (0.2)
SS1-1 After four months* 100.0 (0.1)
SS1-2 Freshly micronised 98.3 (0.1)

SS2 SS2-1 Freshly micronised 93.0 (0.4)
SS2-1 After four months* 95.6 (0.2)
SS2-2 Freshly micronised 93.6 (0.3)

SS3 SS3-1 Freshly micronised 99.7 (0.3)
SS3-1 After four months* 100.0 (0.1)
SS3-2 Freshly micronised 100.0 (0.1)

* indicate the storage condition of samples at ambient temperature and 20–25%RH in desiccators in closed vials over phosphorous pentooxide.

Table 6
Dispersive and specific surface free energy for the starting and micronised batches of SS1, SS2 and SS3 (values in brackets indicate range value, where n = 2).

Batches Dispersive surface energy (mJ/m2) Specific surface energy (kJ/mol)

CHCl3 THF AC

SS1 34.10 (1.12) 2.33 (0.20) 2.30 (0.09) 2.86 (0.08)
SS1-1  39.21 (2.20) 1.48 (0.07) 2.28 (0.07) 3.30 (0.07)
SS1-1  (after 4 months) 38.01 (1.31) 1.50 (0.25) 2.31 (0.08) 3.31 (0.03)
SS2  47.03 (3.90) 1.35 (0.17) 6.01 (0.17) 8.10 (0.25)
SS2-1 77.80 (4.21) 1.32 (0.10) 8.54 (0.25) 8.94 (0.13)
SS2-1  (after 4 months) 63.13 (4.51) 1.50 (0.25) 8.60 (0.21) 9.02 (0.30)
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SS3 41.20  (1.60) 

SS3-1  50.71 (1.20) 

SS3-1  (after 4 months) 48.22 (1.12) 

Batches micronised from the distorted plate like crystals (SS2)
owever showed higher dispersive and specific surface free energy
han the batches micronised from SS1 and SS3 (Table 6). These
rystals with a large number of defects are likely to behave more
lastically during particle size reduction, leading to more disor-
ered micronised product compared to batches micronised from
S1 and SS2. IGC data recorded after storage of four months after
rocessing showed a marked decreased of dispersive surface free

nergy for micronised batches of SS2-1, with no notable changes
bserved for the micronised batches of SS1-1 and SS3-1 (Table 6).
his effect is linked to the recrystallisation of high amount of amor-
hous content observed during the DVS study for micronised SS2-1

ig. 11. PXRD data for the starting material SS2, micronised SS2-1 and micronised
atch SS2-1 stored at 20–25% RH and room temperature in desiccators.
1.44 (0.23) 4.79 (0.16) 6.75 (0.25)
1.58 (0.14) 7.51 (0.19) 8.64 (0.12)
1.65 (0.10) 7.54 (0.14) 8.70 (0.09)

compared to SS1-1 and SS3-1 (Table 5). This finding gives support
to a proposal that mechanical activation of micronised drug par-
ticles is not only dependent on the processing conditions of the
microniser but also on the morphology and quality (defects and
dislocations) of the starting materials.

The morphology of the starting material showed a marked
impact on the dispersive surface free energy for the micronised
batches of SS1, SS2 and SS3 (Table 6). Thus starting materials having
higher dispersive surface free energy (SS2), typically lead to micro-
nised materials with the highest dispersive surface free energy after
processing. Increased values of dispersive surface free energy for
the micronised batches of SS1, SS2 and SS3 are thought to be related
to the degree of disorder generated (Fig. 11), opening of new crys-

talline facets with high surface energy (Heng et al., 2006) and the
particle size distribution observed after micronisation (Table 4).
However batches micronised from SS1 demonstrated a smaller
increase in dispersive surface free energy, which is attributed to the

Fig. 12. Effect of starting material particle size on dispersive surface free energy
observed for micronised batches of SS1, SS2 and SS3.
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The high value of FPF for SS2-1 is related to the marked cohe-
ig. 13. Relationship between (a) volume mean diameter and % emitted dose and
b)  dispersive surface energy and % FPF for micronised salbutamol sulphate.

ore brittle behaviour of this material during processing. It was
ypothesised that particle size reduction for SS1 crystals is most

ikely occurring by brittle fragmentation via the (2 0 0) face, which
as the lowest attachment energy (−61.8 kJ/mol) (Feeley, 1999).
his plane is believed to be the slip and cleavage plane for this
rystal, at which forces can concentrate to facilitate size reduction
eading to a decrease in milling residence time (Table 6). However
or SS2 and SS3 crystals the (0 0 2̄)  face is the major habit face.
herefore particle size reduction is more likely to occur by brit-
le fragmentation via the (0 0 2̄)  face which also has a relatively
ow attachment energy (−81.1 kJ/mol). Thus these results suggest
hat for SS crystals both (2 0 0) and (0 0 2̄)  faces can be the slip and
leavage plane (Fig. 4) due to their low attachment energies (Feeley,
999), which is dependent on the morphology of SS crystals.

The particle size of the starting material was shown to have a
arked effect on the dispersive surface free energy for the batches
icronised from SS1 and SS2, whilst having no marked effect for the
icronised batches of SS3 (Fig. 12). This is thought to be linked to

he difficulties associated with sieving of needle like crystals of SS3.
he particle size of the starting materials for SS2 prior to micronisa-
ion demonstrated a greater effect on dispersive surface free energy
Fig. 12). This phenomenon is attributed to small sized particles of
S2 containing a reduced number of defects compared to the larger
ized SS2, which leads to a shortened residence time during milling
nd subsequent surface free energy.

Feed rate and injector pressure showed no marked effect on the
ispersive surface free energy for the micronised batches of SS1,
S2 and SS3.

In contrast from Table 6, specific interactions were increased
ith the amphoteric probe (AC) for the micronised batches of SS,
hich is assigned to the presence of an increased surface area of

he micronised drug powders leading to increase in the exposure
f both electron donor and acceptor groups at surface. The starting
aterial SS2 and batches micronised from SS2 and SS3 showed high

pecific surface free energy measured using acetone and THF, com-
ared to batches micronised from SS1 (Table 6). These features are
hought to be due to the degree of disorder and low VMD  observed

or micronised batches of SS2 and SS3 respectively, which is con-
istent with DVS data (Table 5) and particle size distribution data
Table 4). This phenomenon is most likely also due to the differ-
Fig. 14. SEM photomicrographs showing (a) loose aggregate of micronised salbu-
tamol sulphate SS2-1 (magnification 1300×) and (b) SS2-1 (magnification 80×).

ence in morphology observed for these starting materials, which
influences the slip direction during particle size reduction and sub-
sequent influence on surface free energy. As mentioned above for
SS1 crystals, particle size reduction is thought to occur by brittle
fragmentation via (2 0 0) face, whilst for SS2 and SS3 crystals it is
likely to occur via (0 0 2̄)  face (Fig. 4). These proposals are consis-
tant with the IGC data (Table 6) observed for the micronised batches
of SS1, SS2 and SS3. However high specific surface free energy for
SS2 starting material is attributed to the greater number of defects
and cracks observed for these materials, which exposes the polar
functional groups to a greater extent.

3.4.3. In-vitro aerosolization study
In vitro data (Table 7) generated using the TSLI showed that a

high % FPF was achieved for batches micronised from SS2 compared
to batches micronised from SS1, SS3 or the micronised batches
obtained from the two generic suppliers (A and B). The highest % FPF
observed for SS2-1 (51%) was  also higher than that was  observed
by Kaialy et al. (2010) (44%) using a similar flow rate (92 l/min) and
DPI device (Aerolizer®).

Fig. 13a shows that the percentage emitted dose, calcu-
lated as a proportion of the recovered dose increased with
higher volume mean diameter of micronised powders, which
is likely to be due to improved flow characteristics for these
materials.
sion and consequent aggregation of micronised powder produced
for SS2 (Fig. 13b) giving aggregates of approximately 60–70 �m
size (Fig. 14), which were characterised by high dispersive surface
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Table  7
Volume mean diameter, % crystallinity, dispersive surface free energy and in vitro study data (using TSLI) of micronised batches of SS1, SS2 and SS3 after four month (values
in  brackets indicate standard deviation, for dispersive surface energy it indicates range value n = 2).

Sample Volume mean diameter
(�m) measured at 1 bar

Crystallinity (%) Dispersive surface free
energy (mJ/m2)

FPF (%) Emitted dose (%)

SS1-1 5.30 (0.24) 100.0(0.1) 38.01 (1.31) 20.0 (2) 67.0 (2)
SS2-1 2.70 (0.06) 95.6 (0.2) 63.13 (4.51) 51.0 (3) 68.0 (3)
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of a mastercurve for the breakage probability. Powder Technol. 129, 101–110.
Ward, G.H., Schultz, R.K., 1995. Process induced crystallinity changes in albuterol
SS3-1  3.65 (0.04) 100.0 (0.1) 

Generic A 9.08 (0.26) 100.0 (0.1) 

Generic B 2.00 (0.03) 100.0 (0.1) 

nergy from IGC data (Table 6). During delivery from the DPI device
hese aggregates will have experienced greater fluidization energy,

 feature also observed by Kinnumen et al. (2010) using lactose
lends containing high levels of fine lactose.

Price and Young (2004) also suggested that greater aerodynamic
rag forces were required to aerosolize aggregated drug parti-
les, which will initially resist dispersion until a critical force is
chieved, causing them to disperse rapidly and consequently give
igh % FPF.

. Conclusions

The findings detailed in the chapter indicate that crys-
allographic quality (cracks, defects and dislocations) and the

orphology of crystals influence the micronisation behaviour of
albutamol sulphate, which can be linked to the crystallisation con-
itions used in their production. Further work however needs to
e undertaken to understand the influence of crystallisation con-
itions on the morphology of SS. Results suggest that larger sized
tarting materials have a greater density of crystal cracks and dis-
ocations compared to small sized starting material with similar

orphology. This phenomenon has influenced the micronisation
ehaviour of SS crystals and subsequent quality of micronised drug
articles. It was also observed that the level of processing con-
itions used during micronisation has a marked impact on the
uality of micronised product. More specifically results indicate
hat batches micronised from SS3 needle like crystals demonstrate
ower VMD  values compared to batches micronised from SS1 and
S2. Batches micronised from SS2 exhibit reduced crystallinity
nd had higher surface free energy than batches micronised from
S1 and SS3, which is attributed to the greater degree of defects
nd dislocations of the SS2 starting material. IGC data suggest
hat starting SS1 materials were more basic compared to start-
ng SS2 and SS3, which was determined using the acidic probe
HCl3 (Table 3). However micronised batches of SS showed more
mphoteric behaviour probably due to increased surface area to
olume ratio for these drug particles, which increases the expo-
ure of both electron donor and acceptor groups at particle surfaces.
urthermore in vitro studies have indicated that the aerosol char-
cteristics of SS are also linked to the attributes of the starting
aterials. Aggregates in the size range 60–70 �m,  produced from

S2 and having high density of flaws and dislocations with high dis-

ersive surface energy (60–70 mJ/m2) showed the optimal aerosol
erformance for all samples studied. It is therefore clear that
ptimisation of crystallisation conditions is critical to the subse-
uent control of micronisation and the resultant characteristics of
48.22 (1.12) 24.0 (3) 50.0 (2)
42.52 (1.51) 12.0 (2) 90.0 (6)
51.90 (1.60) 37.0 (2) 50.0 (3)

size reduced materials, which enable the improvement of aerosol
performance.
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