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bstract

The physicochemical and aerodynamic properties of spray dried powders of the drug/drug mixture salbutamol sulphate/ipratropium bromide
ere investigated. The in vitro deposition properties of spray dried salbutamol sulphate and the spray dried drug/excipient mixtures salbutamol

ulphate/lactose and salbutamol sulphate/PEG were also determined. Spray drying ipratropium bromide monohydrate resulted in a crystalline
aterial from both aqueous and ethanolic solution. The product spray dried from aqueous solution consisted mainly of ipratropium bromide

nhydrous. There was evidence of the presence of another polymorphic form of ipratropium bromide. When spray dried from ethanolic solution the
hysicochemical characterisation suggested the presence of an ipratropium bromide solvate with some anhydrous ipratropium bromide. Co-spray
rying salbutamol sulphate with ipratropium bromide resulted in amorphous composites, regardless of solvent used. Particles were spherical and of a
ize suitable for inhalation. Twin impinger studies showed an increase in the fine particle fraction (FPF) of spray dried salbutamol sulphate compared
o micronised salbutamol sulphate. Co-spray dried salbutamol sulphate:ipratropium bromide 10:1 and 5:1 systems also showed an increase in FPF

ompared to micronised salbutamol sulphate. Most co-spray dried salbutamol sulphate/excipient systems investigated demonstrated FPFs greater
han that of micronised drug alone. The exceptions to this were systems containing PEG 4000 20% or PEG 20,000 40% both of which had FPFs not
ignificantly different from micronised salbutamol sulphate. These two systems were crystalline unlike most of the other spray dried composites
xamined which were amorphous in nature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The move away from pressurised aerosol formulations, due
o restriction in chlorofluorocarbon production and use, has led
o an increased interest in dry powder inhaler (DPI) formulations
s inhalable delivery systems (Dunbar, 2002). Spray drying is
useful technique for producing powders suitable for inhala-

ion. Spray dried powders of sodium cromoglycate, for example
Vidgrén et al., 1989) and salbutamol sulphate (Chawla et al.,
994) have been shown to be of a suitable size for pulmonary

elivery (0.5–5 �m aerodynamic diameter).

When formulations consisting of more than one active are to
e produced, good mixing is essential to ensure dose uniformity.

∗ Corresponding author. Tel.: +353 1 6081444; fax: +353 1 6082783.
E-mail address: healyam@tcd.ie (A.M. Healy).
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pray drying may prove to be a useful method for the production
f mixtures of powders for use in dry powder formulations for
nhalation since, not only can spray drying result in powders in
he inhalation size range with a narrow particle size distribution,
ut it can result in the production of an intimate mix of com-
onents (solid dispersions) (Woolfe et al., 2001). However, the
ssues of the effect of co-spray drying on the physicochemical
roperties of the processed materials and the deposition proper-
ies of the processed powders must also be addressed.

Typically dry powder inhaler (DPI) formulations consist of
micronised active mixed with an inert diluent or carrier, such

s lactose (DPI). The carrier excipients are included to aid flow
nd dispersiblity of drug particles, which may be highly cohe-

ive when micronised (Timsina et al., 1994). Inclusion of a
arrier also overcomes the problem of dose metering if frac-
ions of a milligram of a potent medicament are to be delivered
Ganderton and Jones, 1992). Adequate mixing is essential for

mailto:healyam@tcd.ie
dx.doi.org/10.1016/j.ijpharm.2006.05.022
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ose uniformity and formulations consisting of a drug and a
arrier need to be tested for homogeneity of mixing (Timsina et
l., 1994). Co-spray drying drugs with excipients should avoid
roblems of non-homogeneity of mixing of drug and carriers,
hile overcoming dose metering problems if small amounts
f medicament need to be administered, to facilitate disper-
ion. While lactose is an obvious excipient of choice, since it
s already the most commonly used excipient in DPIs, polyethy-
ene glycols (PEGs) have also been investigated as carriers.
ucas et al. (1998) added micronised PEG 6000 instead of fine
article lactose to mixtures of co-spray dried bovine serum albu-
in/maltodextrin and coarse lactose and found that PEG 6000
as capable of improving the in vitro deposition of the model

herapeutic agent measured using a Rotahaler® attached to a twin
tage impinger. PEGs are generally recognised as safe (GRAS)
y the U.S. F.D.A.

In the present work we investigate the physicochemical and
n vitro deposition properties of spray dried powders of the
rug/drug mixture salbutamol sulphate/ipratropium bromide. A
ressurised inhalation formulation of this drug combination,
sing a mixture of the two drugs in a 5:1 salbutamol sul-
hate/ipratropium bromide ratio is marketed as CombiventTM

Boehringer Ingelheim). However there is little published data
n the physicochemical properties of ipratropium bromide and
o published data on the effect on physicochemical properties
f the drugs of co-spray drying them. We also investigate here
he in vitro deposition properties of spray dried salbutamol sul-
hate and the spray dried drug/excipient mixtures salbutamol
ulphate/lactose and salbutamol sulphate/PEG.

. Methods

.1. Materials

Salbutamol sulphate and ipratropium bromide were kindly
rovided by IVAX Pharmaceuticals, Ireland. PEG 4000 was
urchased from Riedel de Haën (Germany), PEG 20,000 was
urchased from Fluka and lactose monohydrate was purchased
rom Riedel de Haën (Germany). Salbutamol sulphate and ipra-
ropium bromide monohydrate were supplied as micronised
rystalline powders. Physical mixes were prepared using sub
3 �m mesh sieved powders mixed in a Turbula MixerTM for
min.

.2. Spray drying methodology

Salbutamol sulphate and ipratropium bromide systems were
pray dried using a Büchi 190 spray drier. Salbutamol sulphate
as spray dried as a 10% (w/v) aqueous solution and as a 0.6%

w/v) solution from ethanolic solvent consisting of 75% ethanol
nd 25% water. When spray drying the aqueous solution, an
nlet air temperature of 150–152 ◦C, an outlet temperature of
5–78 ◦C, pump setting 7, and an airflow rate of 650 l/h were

sed. When spray drying the ethanolic solution an inlet air tem-
erature of 100–102 ◦C, an outlet temperature of 60–64 ◦C, a
ump rate setting of 6%, and an airflow rate of 500 l/h were
sed.

w
s
w
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Ipratropium bromide was spray dried as a 5% (w/v) aqueous
olution using an inlet temperature of 150–153 ◦C, outlet tem-
erature of 102–104 ◦C, pump rate of 7 and airflow rate of 700 l/h
r as a 2.5% (w/v) ethanolic solution (95% ethanol, 5% water)
sing an inlet temperature of 77–79 ◦C, outlet temperature of
5–56 ◦C, pump rate of 6 and airflow rate of 500 l/h.

Salbutamol sulphate/ipratropium bromide systems were co-
pray dried from 5% (w/v) aqueous solutions using the fol-
owing conditions: inlet temperatures of 150–153 ◦C, out-
et temperatures of 99–103 ◦C, pump rate of 7, airflow rate
50–700 l/h. Salbutamol sulphate/ipratropium bromide systems
ere also co-spray dried from ethanolic solvents. Salbutamol

ulphate:ipratropium bromide 10:1 system was spray dried as
0.94% (w/v) solution from ethanolic solvent consisting of

4% ethanol and 16% water (inlet temperature 87–94 ◦C, outlet
emperature 60–66 ◦C). Salbutamol sulphate:ipratropium bro-

ide 5:1 system was spray dried as a 2.5% (w/v) solution from
thanolic solvent consisting of 85% ethanol and 15% water (inlet
emperature 95–96 ◦C, outlet temperature 64–70 ◦C). Salbuta-

ol sulphate:ipratropium bromide 2:1 system was spray dried
s a 0.5% (w/v) solution from ethanolic solvent consisting of
9% ethanol and 11% water (inlet temperature 85–88 ◦C, out-
et temperature 60–64 ◦C). Pump rates of 6 and airflow rates of
00 l/h were used.

Salbutamol sulphate/lactose systems, consisting of 5%, 20%
nd 40% lactose by weight of total solids, were spray dried as
0% (w/v) aqueous solutions using a Büchi 191 spray drier with
n inlet air temperature of 150 ◦C, an outlet air temperature of
03–105 ◦C, a pump rate setting of 10% and airflow rate of
00 l/h. The 20% lactose system was also spray dried at a feed
oncentration of 2.5% (w/v) from an aqueous solution under the
ame conditions except that the outlet temperature range was
8–103 ◦C.

Salbutamol sulphate/PEG systems consisting of 5%, 20% and
0% PEG 4000 or PEG 20,000 by weight of total solids were
pray dried as 2.5% (w/v) aqueous solutions using a Büchi 191.
n the case of the salbutamol sulphate/PEG 4000 systems the
pray drying conditions were an inlet air temperature of 150 ◦C,
utlet temperatures of 91–97, 92–97 and 95–98 ◦C for the 5, 20
nd 40% PEG 4000 systems, respectively, pump rate setting of
8% and airflow rate of 600 l/h.

Salbutamol sulphate/PEG 20,000 systems were spray dried
nder the same conditions as for the PEG 4000 systems, except
hat the outlet temperatures were 100–105, 90 and 96–100 ◦C,
or the 5, 20 and 40% PEG 20,000 systems, respectively.

.3. Assessment of physicochemical properties

X-ray powder diffraction measurements (XRD) were made
n samples using a Siemens D500 diffractometer on samples
n low background silicon mounts, which consisted of cavi-
ies 0.5 mm deep and 9 mm in diameter (Bruker AXS, UK).
he Siemens D500 Diffractometer consists of a DACO MP

ide-range goniometer with a 1.0◦ dispersion slit, a 1.0◦ anti-

catter slit and a 0.15◦ receiving slit. The Cu anode X-ray tube
as operated at 40 kV and 30 mA in combination with a Ni
lter to give monochromatic Cu K� X-rays. Measurements
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and 120 ◦C were also visible. TGA analysis of ipratropium bro-
mide monohydrate showed a loss of approximately 4% of total
solid mass in the same temperature region as these endotherms.
This weight loss is consistent with the loss of a monohydrate
4 D.O. Corrigan et al. / International Jo

ere taken from 5◦ to 35◦ on the two θ scale at a step size
f 0.05◦/s.

DSC (Mettler Toledo DSC 821e), using closed 40 �l alu-
inium pans with three vent holes, and thermogravimetric (TG)

nalysis (Mettler TG 50 linked to a Mettler MT5 balance) using
pen pans, were performed on accurately weighed samples.
amples were run at a heating rate of 10 ◦C/min under nitro-
en purge.

All spray dried systems were analysed by DSC and XRD
ithin 1 h of production.
Scanning electron microscopy (SEM) was performed using

Hitachi S-3500N variable pressure scanning electron micro-
cope.

Energy dispersive X-ray analysis (EDXA) was carried out
sing Pungsten Gamma Tech Imix-PTS EDX analysis on the
itachi S-3500N variable pressure SEM with a 10 mm2 UTW
etector. For qualitative EDXA, powder samples were utilised
nd an area mapped for the presence of the atom being analysed.

Fourier transform infrared spectroscopy (FTIR) was car-
ied out using a Perkin-Elmer Paragon 1000 Fourier transform
nfrared spectrometer. KBr discs were prepared based on 1 mg%
ample loading. Discs were prepared by grinding the sample
ith KBr in an agate mortar and pestle, placing the sample in

n evacuable KBr die and applying 8000 kg of pressure, in a
raseby Specac IR press. Two FTIR spectra were obtained for

ach system.

.4. Particle size measurement

Particle size was measured by scanning electron microscopy
SEM) (Lee et al., 1996). SEM photographs were taken and
mported into Adobe Photoshop version 6.0. The Photoshop

easuring tool was used to measure Martin’s diameter (Allen,
990) of 100 particles of each system.

.5. In vitro aerosol characterisation

In vitro deposition of dry powders for inhalation were
etermined using a twin impinger (Glaxo Type single stage
mpactor, Copley Instruments (Nottingham) Ltd.). The instru-

ent complied with specifications for apparatus A of the
uropean Pharmacopoeia (2002) and British Pharmacopoeia

2002). About 60 mg samples of powder were weighed and
oaded into size 3 hard gelatin capsules (Chawla et al., 1994),
hich were individually installed in a Rotahaler device (Glaxo
ellcome Inc., NC). The Rotahaler was attached to the impinger
hich contained 7 and 30 ml of collecting solvents (deionised
ater) in stages 1 and 2, respectively. The capsules contents were

eleased by twisting the Rotahaler and the system was vacuumed
o produce air streams of 60 l/min for 5 s. The liquids in stages 1
nd 2 were collected and diluted as appropriate and measured by
V spectrophotometry or HPLC. Each deposition experiment

nvolved the aerosolisation of one capsule. Fine particle fraction

FPF) was calculated as the amount deposited in the lower stage
s a percentage of the emitted dose (amount emitted into upper
nd lower stages excluding the amount remaining in the device).
ll systems were analysed in triplicate. Statistical analysis was

F
s
i
s
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arried out using MinitabTM statistical software (Version 13.1).
n all cases statistical significance was tested for by ANOVA at
he 95% confidence interval.

HPLC analysis of the salbutamol sulphate collected from the
win impinger apparatus was performed using a variation of the
SP Pharmacopeia (2000) method for HPLC analysis of salbu-

amol sulphate, as previously described (Corrigan et al., 2004).
In the case of salbutamol sulphate systems (i.e. not co-

pray dried), UV measurements (λ 276 nm) were made using
Hewlett Packard 8452A photodiode array UV/vis spectropho-

ometer using 10 mm quartz cuvettes (Spectrosil), as previously
escribed (Corrigan et al., 2006).

. Results and discussion

.1. Salbutamol/ipratropium bromide systems

.1.1. Ipratropium bromide monohydrate –
hysicochemical properties

The commercial form of ipratropium bromide was deter-
ined to be a crystalline hydrate. Spray drying ipratropium

romide alone from either aqueous solution or ethanolic solu-
ion did not result in the production of an amorphous material.
ig. 1 shows the XRD scans of the two spray dried materials
nd the starting material. The arrows in the XRD scans indicate
ositions where peaks differ between the three samples.

DSC scans of ipratropium bromide are shown in Fig. 2. The
tarting material showed a major endotherm with a peak at
pproximately 237 ◦C, which was attributed to melting. Two
urther lower temperature overlapping endotherms between 80
ig. 1. XRD scans of (a) ipratropium bromide spray dried from ethanolic
olution, (b) ipratropium bromide spray dried from aqueous solution and (c)
pratropium bromide monohydrate starting material. The arrows in the XRD
cans indicate positions where peaks differ between the three samples.
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ig. 2. DSC of (a) ipratropium bromide spray dried from ethanolic solution,
b) ipratropium bromide spray dried from aqueous solution and (c) ipratropium
romide monohydrate starting material. The arrow indicates an endotherm at
pproximately 208 ◦C in scan b.

the loss of one water molecule corresponds to a loss of 4.2% by
eight of ipratropium bromide monohydrate when determined
n a molecular weight basis).

The DSC of the aqueous spray dried material (Fig. 2, scan
) showed two low temperature endotherms between approxi-
ately 85 and 120 ◦C (at higher magnification), however, TGA

id not detect any mass loss associated with these. Another small
ndothermic peak was visible in the aqueous spray dried material
t approximately 208 ◦C (indicated by the arrow in Fig. 2), just
efore the larger melting endotherm. This melting endotherm
ay be indicative of the presence of a polymorphic form of ipra-

ropium bromide. The DSC scan of ipratropium bromide spray
ried from ethanolic solution (Fig. 2, scan a) was similar to the
SC scan of the starting material showing two low temperature

ndothermic peaks as well as the higher melting endotherm. No
eak at approximately 208 ◦C was observed. TGA of the ethano-
ic spray dried system showed weight loss indicative of loss of
olvent of approximately 2.6% indicating that not all the sample
as present as the monohydrate. The DSC was also consistent
ith not all the material being present as the monohydrate. It

s likely that some anhydrous ipratropium bromide and/or an
thanol solvate is formed, the small amount present not chang-
ng the XRD pattern to a large extent.

FTIR showed similar spectra for ipratropium bromide spray
ried from ethanol and ipratropium bromide monohydrate start-
ng material (Fig. 3a). However ipratropium bromide spray
ried from aqueous solution showed changes in the OH region
Fig. 3b). Changes in the OH region are indicative of changes
n the hydrate form of the drug and were consistent with DSC
nd TGA experiments which indicated the presence of predom-
nantly the anhydrous form. It should be noted that the drying
emperature differed between the aqueous and ethanolic solu-
ions. The inlet temperature used to dry the aqueous solution
as approximately 70 ◦C higher than that used for the ethanolic

olution. This may account for apparent differences in the results

pray dried products. The DSC scan of the aqueous spray dried
ystem indicated the possibility of the presence of an additional
olymorphic form. While some polymorphic forms of drugs
how quite large differences by FTIR, the spectra of many poly-

t
d
b
s

ig. 3. FTIR scans of (a) ipratropium bromide monohydrate starting material
nd (b) ipratropium bromide spray dried from aqueous solution.

orphic systems are often found to be only slightly different
ndicating that the pattern of molecular vibrations is not grossly
ffected by the differences in crystal structure (Brittain, 1999).
TIR of the aqueous spray dried system did not show peaks,
ther than in the OH region, which were significantly different
rom the starting material. EDXA of the spray dried materials
howed the presence of bromine consistent with the spray dried
aterials remaining as the bromide salts.
SEM micrographs of ipratropium bromide spray dried from

thanolic and aqueous solvents and ipratropium bromide mono-
ydrate starting material are shown in Fig. 4. The aqueous spray
ried systems showed rough irregular shaped particles with
iameters ranging from approximately 5 to 20 �m. Ipratropium
romide spray dried from ethanolic solvent showed larger par-
icles with diameters of the order of 60 �m and larger.

.1.2. Co-spray dried salbutamol sulphate/ipratropium
romide – physicochemical properties

The amorphous nature of spray dried salbutamol sulphate
as previously reported (Corrigan et al., 2004). Salbutamol sul-
hate:ipratropium bromide 10:1, 5:1 and 2:1 weight ratios were
pray dried from aqueous as well as ethanolic solutions. All

hree weight ratios when spray dried resulted in amorphous pow-
ers, regardless of the solvent used in production, as evidenced
y the lack of peaks in the XRD scans (Fig. 5a). The systems
pray dried from ethanolic solution showed similar amorphous
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ig. 4. SEM micrographs of ipratropium bromide spray dried from ethanolic so
nd micronised ipratropium bromide (bottom). Scale bars correspond to 20 �m

alos to those shown for the aqueous spray dried systems. An
RD scan of a physical mix of crystalline ipratropium bro-
ide monohydrate in amorphous salbutamol sulphate was run

o establish whether crystalline ipratropium bromide suspended
n amorphous salbutamol sulphate would be detectable by XRD
Fig. 5b). Peaks due to ipratropium bromide were clearly present,
ven at this low concentration of crystalline material (9%, w/w
pratropium bromide monohydrate). It would appear therefore
hat ipratropium bromide is present in the non-crystalline state
n the co-spray dried system.

DSC scans of salbutamol sulphate:ipratropium bromide sys-
ems spray dried from aqueous solution are shown in Fig. 6.
SC scans were similar to those of salbutamol sulphate spray
ried alone (Corrigan et al., 2004) except for small endotherms
n the 100–120 ◦C region.

DSC scans for all systems spray dried from ethanolic sol-
ent resembled those for salbutamol sulphate spray dried alone
rom ethanol (Corrigan et al., 2004). Endothermic peaks prior to
pproximately 120 ◦C were not as pronounced as in the equiv-
lent systems spray dried from aqueous solution, otherwise the
SCs were similar.
TGA was consistent with broad endotherms visible by DSC,

n the aqueous and ethanolic spray dried systems prior to approx-
mately 100 ◦C, being due to loss of absorbed solvent. TGA
howed weight loss (1–3%) in this region for the spray dried

ystems, which was not observed for the physical mixes. Amor-
hous materials are often hygroscopic and this may explain
ifferences in observed mass loss determined by TGA between
pray dried composites and physical mixes.

t
p
s
w

n (top left), ipratropium bromide spray dried from aqueous solution (top right)
m and 50 �m, respectively.

FTIR of the systems spray dried from either solvent showed
hanges in the OH region and in the 1000–1060 cm−1 region
ompared to equivalent crystalline physical mixes (Fig. 7a and
). The changes in the OH region are consistent with the change
n ipratropium bromide from the monohydrate to an anhydrous
orm. FTIR of all spray dried samples showed no peak at 1031,
peak which was in the FTIR spectrum of physical mix sys-

ems, and additional peaks at 1044 and 1003, peaks not evident
n the FTIR of the physical mix systems. Changes in the region
020–1060 cm−1 have been described as due to the C–N(H)
tretching mode (Brittain, 1999). Differences in bands in the
–N(H) region were apparent for six polymorphic forms of
exiletine hydrochloride (Brittain, 1999). Salbutamol sulphate

ontains a C–N(H) group and ipratropium bromide contains a
itrogen atom bonded to carbon atoms. Differences observed in
he spectra of spray dried salbutamol sulphate:ipratropium bro-
ide systems compared to equivalent physical mixes are likely

ue to the change in ipratropium bromide from the monohydrate
orm to an anhydrous amorphous form on spray drying. When
olvent molecules are removed from a crystal lattice the new
tructure is often different enough that the change in molecular
ibrations are detectable (Khankari and Grant, 1995).

Fig. 8 presents SEM micrographs of the salbutamol sul-
hate:ipratropium bromide systems spray dried from aqueous
olutions, showing small spherical particles for the three sys-

ems. The 10:1 sample showed slightly dimpled particles, with
articles ranging in size from 0.2 to 2.6 �m in diameter. The 5:1
ystem showed particles that were more significantly dimpled
ith diameters ranging from 0.2 to 4.8 �m and the 2:1 sys-
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Fig. 5. (a) XRD scans of salbutamol sulphate:ipratropium bromide (SS:IB) 10:1
system spray dried from aqueous solution (continuous line) and crystalline salbu-
t
(
t

t
e
t
w
5
p
l
d
a

3

s
d
p

Fig. 6. DSC scans of (a) salbutamol sulphate:ipratropium bromide 10:1 spray
dried from aqueous solution, (b) salbutamol sulphate:ipratropium bromide 5:1
s
2
b

o
Results are shown in Table 1. Micronised salbutamol sulphate
showed the lowest mean fine particle fraction giving a FPF of
1.5%. Salbutamol sulphate spray dried from aqueous or ethano-
lic solution gave higher FPFs of 21.7% and 19.6%, respectively.
amol sulphate:crystalline ipratropium bromide monohydrate 5:1 physical mix
dashed line); (b) XRD scan of a physical mix of spray dried amorphous salbu-
amol sulphate:crystalline ipratropium bromide monohydrate 10:1.

em displayed smooth spherical particles 0.5–5.9 �m in diam-
ter. As the proportion of ipratropium bromide is increased
he size of the particles also increases. Average particle sizes
ere 1.0 ± 0.5 �m, 1.4 ± 1.0 �m and 1.8 ± 1.1 �m for the 10:1,
:1 and 2:1 systems, respectively. SEM of the salbutamol sul-
hate:ipratropium bromide systems spray dried from ethano-
ic solution showed them to be similar in size to those spray
ried from aqueous solution. However, under SEM the particles
ppeared fused.

.2. In vitro deposition – twin stage impinger experiments
Salbutamol sulphate capsules consisting of micronised
albutamol sulphate, spray dried salbutamol sulphate (spray
ried from both solvents) or co-spray dried salbutamol sul-
hate:ipratropium bromide systems (spray dried from aque-

F
d
b

pray dried from aqueous solution, (c) salbutamol sulphate:ipratropium bromide
:1 spray dried from aqueous solution and (d) salbutamol sulphate:ipratropium
romide monohydrate 2:1 physical mix.

us solution) were analysed by the twin stage impinger (TSI).
ig. 7. FTIR scans of (a) salbutamol sulphate/ipratropium bromide monohy-
rate 5:1 physical mix and (b) co-spray dried salbutamol sulphate/ipratropium
romide 5:1 from aqueous solution.
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ig. 8. SEM micrographs of salbutamol sulphate:ipratropium bromide systems
0:1 (top), 5:1 (middle) and 2:1 (bottom) spray dried from aqueous solutions.
he scale bar corresponds to 10 �m in all cases.

EM micrographs of the spray dried material showed small
pherical particles with diameters ranging from approximately
to 7 �m and approximately 1 to 3 �m for particles produced

rom the aqueous and ethanolic solvents, respectively (Corrigan
t al., 2004). The surfaces of the particles in both cases were
lightly dimpled. The size, shape and surface texture of the par-
icles improves their flowability and deposition relative to the
icronised material.
The co-spray dried salbutamol sulphate/ipratropium bromide

ystems gave higher FPFs than micronised salutamol sulphate
ut not as high as salbutamol sulphate spray dried alone. The

n
o
d
s
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PFs obtained by the twin impinger experiments were compared
y analysis of variance (ANOVA). Although micronised salbu-
amol sulphate results in the lowest FPF, ANOVA shows that
his is however not statistically different (95% confidence inter-
al) from the co-spray dried salbutamol sulphate:ipratropium
romide 2:1 system. The salbutamol sulphate:ipratropium bro-
ide 2:1 system showed larger particles by SEM than the 10:1

r 5:1 spray dried weight ratios (i.e. the 2:1 systems showed
articles approximately 1–6 �m in diameter while the 10:1 and
:1 systems showed approximate diameters of 0.5–3 �m and
.5–5 �m, respectively) (Fig. 8). Additionally the 10:1 and 5:1
ystems consisted of spherical particles with surface dimpling
hile the 2:1 system consisted of smooth spheres. The 10:1 and
:1 systems showed statistically higher FPFs than micronised
albutamol sulphate but not as high as salbutamol sulphate sys-
ems spray dried alone from either ethanol or water. Chawla et al.
1994) found no significant difference in FPFs between micro-
ised salbutamol sulphate and aqueous spray dried salbutamol
ulphate assessed using a Spinhaler® device attached to the TSI.
t is well known that the design of the dry powder inhaler device
lays a significant role in the deposition pattern of the powder
ormulation (Timsina et al., 1994) since every type of dry pow-
er inhaler has a specific air flow resistance that limits flow.
herefore the results of Chawla et al. (1994) cannot be directly
ompared to results using a different inhaler device.

Previously we have spray dried salbutamol sulphate with a
ange of excipients, i.e. lactose, PEG 4000 and PEG 20,000
Corrigan et al., 2004). These co-spray dried systems were also
nalysed by twin stage impinger for comparison. Results for the
albutamol sulphate/chitosan systems were previously reported
Corrigan et al., 2006). The FPFs for these systems and for the
emaining co-spray dried salbutamol sulphate/excipient systems
re shown in Table 2. An ANOVA was performed to compare
he FPFs of all co-spray dried systems.

Salbutamol sulphate/lactose systems spray dried as 10%
w/v) solutions gave significantly higher FPFs than micro-
ised salbutamol sulphate but not as high as salbutamol sul-
hate/chitosan systems, which showed FPFs between 28 and
6% (Corrigan et al., 2006). The salbutamol sulphate/lactose
0% system spray dried as a 2.5% (w/v) solution gave signif-
cantly higher FPFs than the other salbutamol sulphate/lactose
ystems spray dried as 10% (w/v) solutions. This was consistent
ith the smaller particle sizes produced on spray drying using

he lower feed concentration (Corrigan et al., 2004). Particles of
he 20% system spray dried as a 10% (w/v) solution were approx-
mately 1–20 �m in diameter. Salbutamol sulphate/lactose 20%
pray dried at the lower feed concentration of 2.5% (w/v)
esulted in particles with a narrower size distribution, parti-
les being approximately 2–10 �m in diameter (Corrigan et al.,
004). The 20% system spray dried as a 2.5% (w/v) solution gave
PFs comparable to most of the salbutamol sulphate/chitosan
ystems (Corrigan et al., 2006).

The spray dried PEG-containing systems did not appear sig-

ificantly different from each other when analysed with all the
ther systems in the ANOVA. ANOVA uses a standard deviation
etermined from the pooling of the standard deviations of all the
amples and assumes that all the systems have equal variance.
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Table 1
Mean fine particle fractions (FPF) and standard deviations of salbutamol sulphate (SS) from capsules containing salbutamol sulphate raw material, spray dried
salbutamol sulphate and co-spray dried salbutamol sulphate/ipratroprium bromide composites obtained using the twin impinger

System XRD amorphous (A)
or crystalline (C)

Mean FPF % (n = 3) Standard deviation (n = 3)

Micronised salbutamol sulphate C 1.54 0.29
Spray dried SS (from aqueous solution) A 21.68 2.35
Spray dried SS (from ethanolic solution 95%) A 19.63 5.14
Spray dried SS/ipratropium bromide 10:1 (from aqueous solution) A 9.07 2.56
Spray dried SS/ipratropium bromide 5:1 (from aqueous solution) A 11.77 1.47
Spray dried SS/ipratropium bromide 2:1 (from aqueous solution) A 5.24 1.77

The amorphous/crystalline nature of the systems is also indicated.

Table 2
Mean fine particle fractions (FPF) and standard deviations of salbutamol sulphate (SS) from capsules of co-spray dried salbutamol sulphate/excipient composites
obtained using the twin impinger

System XRD amorphous (A)
or crystalline (C)

Mean FPF % (n = 3) Standard deviation (n = 3)

Spray dried SS/lactose 5% A 11.17 3.40
Spray dried SS/lactose 20% as 10% (w/v) feed solution A 13.54 1.33
Spray dried SS/lactose 20% as 2.5% (w/v) feed solution A 25.69 4.13
Spray dried SS/lactose 40% A 13.14 1.43
Spray dried SS/PEG 4000 5% A 8.25 1.41
Spray dried SS/PEG 4000 20% C 0.93 0.12
Spray dried SS/PEG 4000 40% C 4.55 0.18
Spray dried SS/PEG 20,000 5% A 4.80 0.15
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pray dried SS/PEG 20,000 40% C

he amorphous/crystalline nature of the systems is also indicated.

onsidering the differences between the various systems with
espect to composition, production parameters, etc., we com-
ared each salbutamol sulphate/excipient group to micronised
albutamol sulphate by separate ANOVAs so that real differ-
nces are not masked by the overall pooled standard deviation.
he results of an ANOVA comparing salbutamol sulphate/PEG
000 5%, 20% and 40% and micronised salbutamol sulphate
howed that the fine particle fraction for PEG 4000 20% sys-
em, which had the lowest FPF, was not statistically different
o micronised salbutamol sulphate. It was not surprising that the
EG 4000 20% system had a significantly lower FPF than the 5%
r 40% systems since it consisted of fused agglomerates while
EM micrographs showed the PEG 4000 5% system to have
articles with diameters of 4–10 �m and the PEG 4000 40%
ystem to include spherical structures of approximately 70 �m
n diameter, consisting of many tiny particles as well as separate
pherical individual particles approximately 1–5 �m in diameter
Corrigan et al., 2004). The physical properties of the spray dried
owders appear to be highly dependent (in a non-linear manner)
n the formulation composition. It was previously determined
hat the PEG 4000 20% system was the only one of the three
omposites studied that was found to contain some crystalline
albutamol sulphate (Corrigan et al., 2004). The presence of the

rystalline phase may be responsible for the altered physical
ppearance of the recovered solid.

The salbutamol sulphate/PEG 4000 5% system showed the
ighest FPF, being statistically higher than micronised salbuta-

p
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7.35 2.07
1.95 0.30

ol sulphate or the 20% and 40% systems. The 40% system gave
significantly higher FPF than micronised salbutamol sulphate
r the 20% system but not as high as the 5% system.

The results of an ANOVA comparing salbutamol sul-
hate/PEG 20,000 5%, 20% and 40% and micronised salbutamol
ulphate showed that the PEG 20,000 40% system gave FPFs
hat were not statistically different from micronised salbutamol
ulphate. This was not unexpected since the 40% system showed
articles as large as 10 �m in diameter unlike the 5% and 20%
ystems in which all particles were less than 8 �m in diameter
Corrigan et al., 2004). The 5% and 20% systems showed higher
PFs than micronised salbutamol sulphate, these two systems
ot being statistically different from each other with respect to
ne particle fraction.

. Conclusions

Crystalline ipratropium bromide raw material is a hydrate.
pray drying ipratropium bromide from aqueous solvent
esulted in a crystalline material. Physicochemical characterisa-
ion by DSC, TGA and FTIR identified that mainly anhydrous
pratropium bromide is produced on spray drying ipratropium
romide from aqueous solvent with some evidence of another

olymorphic form of ipratropium bromide being present. Spray
rying ipratropium bromide from ethanolic solvent resulted in
crystalline material with an XRD pattern different from that

f the material spray dried from aqueous solvent and more
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imilar to the ipratropium bromide starting material. Physico-
hemical characterisation suggested the presence of anhydrous
pratropium bromide and/or a solvate.

Co-spray drying salbutamol sulphate with ipratropium bro-
ide resulted in X-ray amorphous composites for the three
eight ratios studied of 10:1, 5:1 and 2:1 salbutamol sul-
hate:ipratropium bromide monohydrate in spite of the fact that
pratropium bromide spray dried alone is crystalline.

The particle morphology and size of salbutamol sul-
hate/ipratropium bromide or salbutamol sulphate/excipient
pray dried systems varied depending on the systems spray dried
nd the spray drying parameters used. Spray drying proved a suc-
essful method of producing microspherical particles which, for
any of the systems, deposited in the lower region of the twin

tage impinger indicating that they were in the respirable range.
It has been shown that the surface morphology of a carrier

an affect the respirable fraction of a drug (Kawashima et al.,
998; Zeng et al., 2000), due to different strengths of adhesion
etween the drug and the carrier. Zeng et al. (2000) found that
ncreasing either the surface smoothness or the elongation ratio
f lactose crystals increased the fine particle fraction of salbu-
amol sulphate from dry powder inhalers.

The adhesion of particles is a surface phenomenon and there-
ore the morphology of the surface will have a significant effect
n the adhesion of particles (Ganderton and Jones, 1992). Amor-
hous materials behave in a different manner to crystalline
aterials and this influences interactions including the pow-

ers cohesiveness and adhesion between the powder and other
hases (Briggner et al., 1994). Of the spray dried systems inves-
igated, the ones with the lowest fine particle fraction were those
hich were not X-ray amorphous (salbutamol sulphate/PEG
000 20%, salbutamol sulphate/PEG 4000 40%, salbutamol sul-
hate/PEG 20,000 40% (Corrigan et al., 2004)).

In the case of salbutamol sulphate/ipratropium bromide
pray dried materials; twin stage impinger results of the dif-
erent weight ratios gave fine particle fractions which were not
tatistically different despite differences in particle morphol-
gy/surface topography. Of the three weight ratios of salbutamol
ulphate:ipratropium bromide studied, two of the systems, the
0:1 and 5:1 systems, showed spherical shaped particles with
ndentations. The 2:1 system showed predominantly smooth
pherical particles. It is apparent that factors other than mor-
hology, such as particle size and density will also affect the
esults of FPF measurements.

Manipulation of the spray drying conditions can lead to the

lteration of particle sizes of the resultant powders and hence
he amount of powder that deposits in the lower impinger can
e modified. Spray drying is a useful method of obtaining com-
osite microspherical particles in the inhalable range.
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