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a b s t r a c t

The controlled co-delivery of multiple agents to the lung offers potential benefits to patients. This study
investigated the preparation and characterisation of highly respirable spray-dried powders displaying
the sustained release of two chemically distinct therapeutic agents. Spray-dried powders were pro-
duced from 30% (v/v) aqueous ethanol formulations that contained hydrophilic (terbutaline sulphate)
and hydrophobic (beclometasone dipropionate) model drugs, chitosan (as a drug release modifier) and
leucine (aerosolisation enhancer). The influence of chitosan molecular weight on spray-drying thermal
efficiency, aerosol performance and drug release profile was investigated. Resultant powders were phys-
ically characterised: with in vitro aerosolisation performance and drug release profile investigated by the
odified release
pray drying
hermal efficiency

Multi-Stage Liquid Impinger and modified USP II dissolution apparatus, respectively. It was found that
increased chitosan molecular weight gave increased spray-drying thermal efficiency. The powders gen-
erated were of a suitable size for inhalation—with emitted doses over 90% and fine particle fractions up to
72% of the loaded dose. Sustained drug release profiles were observed in dissolution tests for both agents:
increased chitosan molecular weight associated with increased duration of drug release. The controlled
co-delivery of hydrophilic and hydrophobic entities underlines the capability of spray drying to produce

susta
respirable particles with

. Introduction

The advent of multiple treatments for chronic obstructive res-
iratory disease has had a positive effect in the management of life
hreatening pulmonary disease. However, the management of lung
isease pharmacotherapy is heavily dependent up on patient com-
liance and concordance with regimens of three or more devices
Holgate and Polosa, 2008, 2006). In addition, the vast majority
f patients on medication for obstructive lung disease experience
reakthrough symptoms and acute exacerbations of the disease
ver an extended time period; such breakthroughs are often asso-
iated with poor medication compliance or disease management
Holgate and Polosa, 2006; Barnes, 2006).

The introduction of dry powder ‘combination’ inhalers to the
lobal market, incorporating a long-acting �2 agonist with a

ong-acting corticosteroid, has aided obstructive lung disease man-
gement (Holgate and Polosa, 2008). However, the addition of a
hort-acting �2 agonist to the long-acting �2 agonist and the cor-
icosteroid contained in the ‘polyhalers’ is recommended to treat

∗ Corresponding author at: Medicines Research, School of Pharmacy, University
f Hertfordshire, College Lane, Hatfield AL10 9AB, UK. Tel.: +44 1707 281334;
ax: +44 1707 284506.

E-mail address: T.Learoyd@herts.ac.uk (T.P. Learoyd).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ined release for delivery to the lung.
© 2009 Elsevier B.V. All rights reserved.

breakthrough symptoms (Holgate and Polosa, 2006; Balanag et al.,
2006; Theophilus et al., 2006). The delivery of a highly efficacious
short-acting �2 agonist with a corticosteroid to the bronchi, as part
of a sustained release formulation, could theoretically simplify dose
regimens by reduced frequency of administration and elimination
of a secondary reliever inhaler, and so improve asthma manage-
ment (Cazzola and Matera, 2008).

Traditional polyhaler dry powder inhalers (DPIs) use two micro-
nised drug powders (of <5 �m in size) blended with a coarse
carrier particle population (60–90 �m) (Taki et al., 2006). A problem
when using the traditional polyhaler formulation is the inability to
develop sustained release characteristics without an additional step
to the micronisation of the components and blending. Therefore
long-acting agents such as the long-acting �2 agonist salmeterol
are required to achieve the recommended twice day dosing of the
current crop of marketed polyhalers (British National Formulary,
2007). With the necessary addition of a short-acting �2 agonist to
the regimen the convenience of the polyhaler is lost. This research
aims to produce a long-acting therapy for asthma using the sus-
tained release of short-acting agents from polymer encapsulated

spray-dried formulations.

Spray drying also offers the option of a one-step continuous pro-
cess away from the two-step micronisation and blending phases
of formulation of the traditional polyhalers. As previously docu-
mented, spray drying has been utilised as an alternative method

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:T.Learoyd@herts.ac.uk
dx.doi.org/10.1016/j.ijpharm.2009.01.017
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Table 1
Chemical composition of control and 50% (w/w) chitosan (CT) spray-dried powders.

Formulation % (w/w) chemical position

TS BDP Chitosan Leucine Lactose

LMW MMW HMW

Control 4 4 0 0 0 36 56
LMW 4 4 50 0 0 36 6
LMW/MMW 4 4 25 25 0 36 6
MMW 4 4 0 50 0 36 6
MMW/HMW 4 4 0 25 25 36 6
8 T.P. Learoyd et al. / International Jou

o produce dry particles within a respirable size range (Learoyd et
l., 2007, 2006a,b). This novel study demonstrates how spray-dried
hitosan (CT) formulations containing the dispersibility enhancer
eucine (LEU) can generate highly respirable powders, which give
he simultaneous latent delivery of both a hydrophilic (terbutaline
ulphate: TS) and a hydrophobic (beclometasone dipropionate:
DP) marker (Learoyd et al., 2008a).

There are many advantages to developing sustained release for-
ulations in pulmonary drug delivery, including reduced dosing

requency, improved patient compliance and reduction of side-
ffects (Hardy and Chadwick, 2000). When the use of a polymer
s employed as a rate-limiting factor to achieve sustained drug dis-
olution a partially water insoluble vector is usually indicated, the
lected polymer in this study was the crustacean derived polysac-
haride CT (Kim et al., 2006; Illum, 1998).

Barriers associated with the delivery of formulations to the lungs
nclude the geometries and areas of turbulence within the human
ung, which require a particulate to be of an aerodynamic size of
ypically less than 5 �m. A further consideration when delivering
articulates for controlled delivery is the mucocilliary clearance
echanism of the lung which can move particles from the tar-

et bronchioles to the throat at a rate of ≤12 mm/min (Hickey and
hompson, 1992). A suitable mucoadhesive component to any for-
ulation must therefore be considered. Further consideration must

e taken as to which polymer should be incorporated because for-
ign high molecular weight additives can be toxic on accumulation
n the lung. Bronchiole mucus plugging may also be a problem when
he formulation is gel forming.

CT, an amino-polysaccharide produced by the deacetylation of
he naturally occurring polymer chitin, is insoluble in water until
cidified into a gel structure of interlocking chains; a promising
xcipient with a wide range of applications, CT can be used to pro-
ote sustained release in spray-dried preparations (Illum, 1998).
iven that CT not only acts as a drug release modifier, but also has
ucoadhesive properties (Martinac et al., 2005; Harikarnpakdee

t al., 2006; Dang and Leong, 2006; Sigurdsson et al., 2006), it
ould appear to be a useful excipient when preparing sustained

elease formulations for pulmonary drug delivery. Although sub-
tantial research has been aimed at developing CT formulations,
nly a handful of researchers have investigated the viability of CT-
odified spray-dried powders for pulmonary drug delivery (Huang

t al., 2003; Asada et al., 2004; Grenha et al., 2005; Corrigan et
l., 2006), with none apparently having considered the incorpora-
ion of dispersibility enhancers such as leucine to improve powder
erosolisation character.

. Materials and methods

.1. Materials

TS; BDP; crude low molecular weight (LMW: <190 kDa),
edium molecular weight (MMW: 190–310 kDa) and high molec-

lar weight (HMW: >310 kDa); ≥75% deacetylated CT; phosphate
uffered saline (PBS) tablets; reagent grade �-lactose monohy-
rate and pharmaceutical grade l-leucine were purchased from
igma–Aldrich Chemicals (Poole, UK). HPLC grade methanol and
thanol were purchased from Fisher Scientific Ltd. (Loughborough,
K).

.2. Preparation of spray-dried powders
LMW, MMW and HMW CT gels were prepared as outlined previ-
usly (Learoyd et al., 2008a). Sufficient CT gel to provide 1 g chitosan
as measured and subsequently diluted with 30 mL ethanol to
repare LMW, LMW/MMW, MMW, MMW/HMW or HMW CT for-
ulations. An aqueous solution of 80 mg TS and 80 mg BDP, 720 mg
HMW 4 4 0 0 50 36 6

TS: terbutaline sulphate; BDP: beclometasone dipropionate; LMW: low molecular
weight; MMW: medium molecular weight; HMW: high molecular weight.

LEU and 120 mg lactose was then combined with the CT ethanol
mixture under homogenisation at 1600 rpm for 10 min to produce
100 mL of a 30% (v/v) aqueous ethanol solution which contained
a total solid mass of 2% (w/v) (50% (w/w) of which was CT). Five
spray-dried formulations were prepared (n = 3): 30% (v/v) aqueous
ethanol solutions of TS, BDP, LEU (aerosolisation enhancer), lactose
(bulking agent) and CT (prepared using LMW, MMW, HMW CT gels
or combinations thereof) all comprising of 2% (w/v) (Learoyd et al.,
2008a). An additional preparation of a control formulation of 4%
(w/w) TS, 4% (w/w) BDP, 36% (w/w) LEU and 56% (w/w) lactose
was prepared from a 2% (w/w) aqueous ethanol (30%, w/v) solution
(Table 1).

The prepared formulations were subsequently spray-dried using
a Büchi B-290 mini spray-dryer, equipped with a high perfor-
mance cyclone (Büchi Labortechnik AG, Switzerland) and a 0.7-mm
two-fluid nozzle atomiser, using the following conditions: inlet
temperature, 180 ◦C; spray flow rate, 600 L/h; pump setting, 10%
(3.2 mL/min); aspirator setting, 85% (34 m3/h). The resulting actual
inlet (T1), outlet (T0) and environmental temperatures (T2) were
observed and the thermal efficiency (ω) calculated according to Eq.
(1) (Masters, 1991).

ω =
(

T1 − T2

T1 − T0

)
100 (1)

2.3. Powder characterisation

2.3.1. Spray drying yield and drug content
The yields of spray-dried powders were quantified as a per-

centage mass of the anticipated 2 g total powder yield. The TS
and BDP content of each prepared powder was measured in trip-
licate, with analysis by HPLC, and expressed as the percentage of
nominal load. Briefly, 20 mg samples of each formulation were
diluted in 20 mL 23% aqueous HPLC grade methanol (elected mobile
phase) and stored at room temperature for ten days in com-
plete darkness. Samples were then assessed by the HPLC method
detailed in Section 2.3.6. An additional test of the solubility of
BDP in 23% (v/v) aqueous methanol showed saturation beyond
4 mg/mL.

2.3.2. Scanning electron microscopy (SEM)
Spray-dried powders were mounted onto separate, adhesive-

coated, 12.5 mm diameter aluminium pin stubs with excess powder
removed by tapping the stubs sharply and then gently blowing a
jet of particle-free compressed gas across each. The specimen stubs
were sputter coated with a thin (approximately 10 nm) layer of gold
in a Polaron SC500 coating unit at 10 mA for 2 min using an argon

gas purge. The specimens were examined using a Topcon SM-300
SEM. The SEM was operated at high vacuum with an accelerating
voltage of 5 kV and a worked specimen distance of 12 mm. Sec-
ondary electron images were recorded digitally at a magnification
5000×.
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.3.3. Amorphous nature and water content
Determination of the degree of amorphous material and water

ontent in the spray-dried powders was performed by differen-
ial scanning calorimetry (DSC) and thermogravimetric analysis
TGA), respectively. Linear DSC (Pyris Diamond DSC; Intracooler
P: PerkinElmer, Wellesley, USA) was performed on 2 mg samples,
echanically sealed in aluminium pans, using a nitrogen purge at

0 mL/min (range: ambient −300 ◦C, heating rate 20 ◦C/min). TGA
Pyris 1 TGA: PerkinElmer, Waltham, USA) was performed on 10 mg
amples in platinum pans using a nitrogen purge at 20 mL/min
range: ambient −360 ◦C, heating rate 50 ◦C/min). Measurements
ere performed in triplicate.

.3.4. Particle size, powder density and primary aerodynamic
iameter

The particle size of the spray-dried powders was measured
y laser diffraction (HELOS particle size analyzer incorporating
IBRO/RODOS dry dispersion system: Sympatec GmbH System-
artikel-Technik, Clausthal-Zellerfeld, Germany). HELOS fitted with
ptical lens for 0.1–875 �m size range and 2000/s autofocus image
apture, with the data processed by Windox 5.0 software. Approxi-
ately 100 mg of each powder was used to achieve the required

bscuration of 5%, and each sample was measured in triplicate.
he data obtained were expressed as the volume weighted mean
article size. The poured density of the spray-dried powder was
etermined by pouring a known mass of powder (approximately
.5 g) under gravity into a calibrated measuring cylinder and record-

ng the volume occupied by the powder. The tapped density of the
pray-dried powders was determined by tapped density measure-
ents on the same samples using a tamping volumeter (Tapped
ensity Assessor: Copley Scientific Ltd., Nottingham, UK) until no

urther change in the powder volume was observed. Measurements
ere performed in triplicate. Carr’s index values for each spray-
ried powder were derived from poured density and tapped density
ata, according to Eq. (2). The Carr’s index value gives an indica-
ion of powder flow; a value less than 25% indicates a fluid powder,
hereas a value greater than 25% indicates a cohesive powder.

arr’s index (%) = (tapped density − poured density)
tapped density

× 100 (2)

Theoretical estimates of particle primary aerodynamic diameter
dae) were derived from the particle sizing (d) and tapped density
ata (p), according to Eq. (3).

ae = d

√
p

p1
(3)

.3.5. In vitro powder aerosolisation
The aerosolisation properties of the spray-dried powders were

nvestigated by a Multi-Stage Liquid Impinger (MSLI, Copley Sci-
ntific Ltd., Nottingham, UK). HPLC mobile phase (23%, v/v aqueous
ethanol, 20 mL (Learoyd et al., 2008a,b)) was introduced to Stages

–4 of the MSLI, and a filter paper (Whatman GF-A) placed at Stage
. The flow rate through the MSLI was adjusted to 60 L/min using an
lectronic digital flow meter (Model DFM2: Copley Scientific Ltd.,
ottingham, UK). Aliquots of the spray-dried powders (3× 25 mg)
ere loaded into size 2-hydroxypropyl methylcellulose (HPMC)

apsules (Shionogi Qualicaps) and placed into a Spinhaler® DPI,
ttached to the MSLI via a stainless steel USP throat. The capsule
as pierced and the liberated powder drawn through the MSLI at a
ow rate of 60 L/min for 2× 5 s aspirations by a pressure calibrator

Model TPK: Copley Scientific Ltd., Nottingham, UK). Under these
onditions, the effective cut-off diameters were: Stage 1: 13.0 �m,
tage 2: 6.8 �m, Stage 3: 3.1 �m, Stage 4: 1.7 �m, with Stage 5 as
terminal filter. Each deposition experiment was performed in

riplicate. The emitted dose (ED), defined as the percent of total
Pharmaceutics 372 (2009) 97–104 99

loaded powder mass exiting the capsule, was determined gravi-
metrically. Subsequently, the mobile phase at each stage of the MSLI
was removed for analysis. The inhaler, throat and filter were each
washed with 20 mL mobile phase. HPLC was used to quantify the
fraction of TS and BDP recovered from the inhaler, throat, Stages
1–4 and filter of the MSLI. The fine particle dose (FPD), defined as
the mass of drug less than 5 �m, was calculated by interpolation
from a plot of cumulative mass vs. effective cut-off diameter of the
respective stages. The fine particle fraction (FPF) was calculated as
the ratio of FPD to total loaded dose calculated from the determined
drug contents of 20 mg samples (Section 2.3.1), expressed as a per-
centage of TS and BDP content in each powder. The mass median
aerodynamic diameter (MMAD) of the powders was also derived,
defined as the particle size at the 50% mark of a plot of cumulative
fraction vs. effective cut-off diameter.

2.3.6. HPLC analysis of TS and BDP
The mass of TS and BDP deposited on each stage of the MSLI

was determined using reverse-phase HPLC (Dionex AS50 autosam-
pler with GP50 Gradient pump HPLC System: Dionex, UK) at room
temperature by a 4.6 mm × 150 mm regular packed silicone col-
umn (Phenomenex La Luna: Phenomenex, Torrance, USA) and 15 �L
injection volume, with UV detection at 276 nm for TS and 250 nm
for BDP. The mobile phase (1 mL/min) consisted of 23% (v/v) aque-
ous methanol, with a slight solvent front appearing at a 0.5-min
retention time, TS eluting at a retention time of 2.5 min and BDP at
5 min during a single run as recorded in previous methods (Learoyd
et al., 2008a,b). Limit of detection (LOD) for TS 0.69 �g/mL, limit
of quantification (LOQ) 0.93 �g; BDP: LOD 0.98 �g/mL and LOQ
1.23 �g/mL.

2.3.7. In vitro dissolution testing
Dissolution was performed as previously outlined (Learoyd et

al., 2008a,b). Briefly, testing was performed on 100 mg (4 mg TS,
4 mg BDP) spray-dried powder using Modified USP II dissolution
apparatus (Hanson Research SR6 Dissolution Test Station: Hanson
Research Ltd., Chatsworth, USA; Caleva SG6 and 65G Dissolution
Apparatus: Caleva Ltd., Dorset, UK; or Sotax A7 Dissolution Appara-
tus: Sotax Ltd., London, UK) with 2 cm diameter stainless steel wire
baskets (Copley Scientific Ltd., Nottingham, UK); with the modifi-
cation of samples being rotated at 50 rpm in 1000 mL PBS (37 ◦C, pH
6.8) (Shaw et al., 2002). Samples (3 mL) were withdrawn for anal-
ysis at specified time points, and assessed for TS and BDP content
by UV spectroscopy (Jenway 6305 UV–vis spectrophotometer: Jen-
way, Essex, UK) at 276 nm and 250 nm, respectively. The sample
was returned to the bath immediately after analysis. Each dis-
solution experiment was performed in triplicate. Sink conditions
were observed for TS (solubility 0.9%, saline (pH 6.8): 7.789 mg/mL)
(Panigrahi et al., 2005). However, BDP approached maximum sol-
ubility in the dissolution media (<0.01 mg/mL (Reid et al., 2008))
and encroached non-sink conditions c.25% cumulative release, with
the solubility of leucine recognized as 0.02 mg/mL and the solubil-
ity of lactose determined as 216 mg/mL (Black and Mould, 1991;
Machado et al., 2000). The appropriateness of the dissolution assay
was determined by the BDP content of 100 mg spray-dried samples
(stored in 1000 mL, 37 ◦C PBS pH 6.8, n = 3) for ten days. Spray-dried
samples recording calculated pre-hydration depths of 1.7–2.5 mm
and a surface area of 7.35–7.87 mm2. The samples where calibrated
against a series of 0.5 �g/mL, 1 �g/mL, 2 �g/mL, 3 �g/mL, 4 �g/mL,
5 �g/mL crystalline dilutions; the BDP release from the chitosan
preparations recording 91.9–113.2% of the theoretical BDP content

of 4 mg.

2.3.8. Statistical analysis
The drug loading, emitted dose, FPD and FPF of the CT spray-

dried powders were statistically compared to those of the control
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pray-dried powder using one-way analysis of variance (ANOVA)
ith the Dunnett multiple comparison test. Where appropriate, the

erosolisation properties of the CT powders were compared against
ach other using one-way analysis of variance with Tukey–Kramer
ultiple comparisons test unless stated. The significance level was

.05.

. Results and discussion

.1. Spray-dried powder characteristics

The six powders in the series were off-white in appearance
nd flowed freely, with the control powder slightly paler in colour
n comparison to the CT containing powders. Spray-dried yields
f the six dual loaded formulations investigated varied consid-
rably (range: 60–90%, n = 3), with no evidence of a connection
etween formulation composition and spray-dried yield. However,
pray-drying thermal efficiency increased with increasing CT chain
ength; this indicated higher heat absorption from higher molecular

eight CT formulations (Fig. 1). The increase in thermal efficiency
ssociated increased heat absorption potentially caused by the
arger mass of higher molecular weight CT droplets/microspheres.
he finite time of droplet residence in the drying chamber means
eat–mass transfer must take place quickly, a larger mass absorbing
ore heat, reducing outlet temperatures.
HPLC analysis of drug loading revealed that all formulations,

ith the exception of the LMW/MMW formulation (84.1% of total
ose), had a TS content within 5% of the expected total, with all BDP

oads within 5% of the expect total (4%, w/w).
SEM images of the CT-modified spray-dried powders (Fig. 2B–F)

ndicated that the powders comprised regular spherical particles
ith a primary diameter of approximately 0.5–8 �m, and high-

ighted powder particle population poly-dispersity (� > 2). The CT
articulates appeared to have an undulating surface but most strik-

ng was the appearance of whisker-like material which littered the
urface of particles. Increased particle corrugation has also been
hown to decrease aggregation by reducing the surface area avail-
ble to surface active forces (Chew et al., 2005a). The formation
f the whiskers appeared to be independent of the CT molecular
eight employed and they did not appear in the image of the con-

rol (Fig. 2A): this indicated that CT played a role in the production
f the spears.

Intra-sample SEM variations in surface texture were observed.
or example, the LMW/MMW formulation (Fig. 2C) showed a vari-
ty of textures with spiked particles next to smooth particles.
A yellowing of CT powders was noticed upon storage, yellow-
ng was not seen in the control specimens. A similar phenomenon
as been observed in samples of spray-dried morphine hydrochlo-
ide, where the researchers attributed the change to the thermal

ig. 1. Relationship of thermal efficiency (% ω) and median chitosan (CT) chain
ength in 50% (w/w) CT spray-dried powders (values are means ± S.D., n = 3).
f Pharmaceutics 372 (2009) 97–104

conditions of spray drying (Russo et al., 2006). Spray drying has
been known to produce brilliant white powders (Seville et al., 2002,
2007a,b; Sham et al., 2004). A suggested aetiology of the observed
discolouration of the spray-dried particulates in this study is the
hydrolysis of lactose, which is white in colour, to glucose, which
is yellow/brown in colour. The hydrolysis fuelled either by resid-
ual acetic acid left in the blend after the formation of the original
chitosan gel, or by residual water content. The Maillard reducing
sugar reaction between amino acids (LEU) and disaccharides (lac-
tose) can be ruled out due to the standard storage conditions, short
time frame and no evidence of change in the control (Klinkesorn et
al., 2006). The change in colour of the CT powders did not appear
to change flow property, and it was possible that the change in
colour observed in the powders, that contained CT, may have been
related to the formation of the whisker-like threads seen in the SEM
imagery.

DSC showed all six spray-dried formulations to be amorphous
with no crystalline endothermic fusion peaks. Low water con-
tents (range 0.5–5.5%, w/w) in the spray-dried powders were
revealed, largely similar to the control (0.6%, w/w); the water con-
tent appeared to be independent of CT molecular weight (Table 2).

Dry dispersion Fraunhoffer size (volume mean diameter: vol-
ume mean diameter (VMD), range 3.4–9.1 �m) revealed a trend of
increased LD size with increased CT molecular weight. Only two of
the formulations were regarded as non-respirable based on VMD
laser diffraction sizes (MMW/HMW and HMW; Table 2) (Bosquillon
et al., 2004a). The dry dispersion Fraunhoffer sizes at 1 bar were
likely to have included aggregates: so the increased particle size
is likely to be associated with increased aggregate size; the rel-
atively low vacuum pressure used for consistency with previous
research in the field (Learoyd et al., 2008a,b). Comparison of the
primary particle sizes exhibited in SEM images (Fig. 2) suggested
that during particle sizing the CT-modified powders did not behave
as individual particles, but rather as aggregates.

Spray-dried powder tapped densities remained consistent
throughout the CT series (0.13–0.15 g cm−3) – the control gave a
slightly higher value (0.19 g cm−3) – these values were in line with
previous investigations (Rabbani and Seville, 2005). The tapped
density of a formulation is associated with good aerosolisation;
as more porous particles hold better aerodynamic property over
solid particles of the same dimensions (Bosquillon et al., 2004b;
Rabbani and Seville, 2005; Garcia-Arieta et al., 2001). Tapped den-
sity (p) gives an insight into the porosity of particles, the lack of a
trend in tapped density across the CT series pointed to a greater
degree of intra-particulate porosity (�) in higher molecular weight
CT spray-dried particles (Learoyd, 2007), which would be expected
to have had greater crystalline density (pc) pre-spray drying, as
related to Eq. (4). Crystalline density was not tested as the crude
CT was composed of semi-amorphous structures.

� = 100(�c − �)
�c

(4)

The theoretical primary aerodynamic diameter (dae) of each for-
mulation was calculated in triplicate and revealed primary particle
diameters of 1.29–3.61 �m (LMW to HMW, respectively). Smaller
theoretical particle sizes, in contrast to original laser diffraction
sizes, indicated that the spray-dried particles behaved as aggre-
gates rather than as individual microspheres during dry powder
laser diffraction particle sizing (Table 2) (Bosquillon et al., 2004a).

It is also possible that the addition of CT gel to a formulation

and the consequential increase in viscosity, in comparison to the
control, could result in a larger droplet at the spray drying atomiser-
fluid interface, which would spray-dry to give a larger particle—as
previously hypothesised (Seville et al., 2007a; Rabbani and Seville,
2005; Bittner and Kissel, 1999).
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Fig. 2. Scanning microscopy images at 5 kV and 5000× magnification, formulations: (A) Control; (B) LMW CT; (C) LMW/MMW CT; (D) MMW CT; (E) MMW/HMW CT; (F)
HMW CT.

Table 2
Physical characterisation of control and 50% (w/w) CT spray-dried powders (values are means ± S.D., n = 3).

Formulation Water content (%) Particle size (�m) Tapped density (g cm−3) Carr’s index dae (�m)

(%) Flowability

Control 0.58 ± 0.15 3.42 ± 0.13 0.19 ± 0.02 23.03 Poor, fluid 1.47 ± 0.10
LMW 3.87 ± 0.12 3.36 ± 0.36 0.15 ± 0.01 37.96 Very poor 1.29 ± 0.14
LMW/MMW 5.50 ± 0.12 3.51 ± 0.08 0.14 ± 0.00 30.59 Poor, cohesive 1.30 ± 0.04
MMff 3.84 ± 0.06 4.63 ± 0.39 0.13 ± 0.00 31.92 Poor, cohesive 1.64 ± 0.14
MMWHMW 5.17 ± 0.23 8.20 ± 1.51 0.15 ± 0.01 22.71 Poor, fluid 3.12 ± 0.54
HMW 0.53 ± 0.16 9.08 ± 1.57 0.15 ± 0.00 30.44 Poor, cohesive 3.61 ± 0.52

LMW, 50% (w/w) low molecular weight CT; LMW/MMW, 25% (w/w) low and 25% (w/w) medium molecular weight CT; MMW, 50% (w/w) medium molecular weight CT;
MMW/HMW, 25% (w/w) medium and 25% (w/w) high molecular weight CT; HMW, 50% (w/w) high molecular weight CT.
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Table 3
Aerosolisation characterisation of control and CT spray-dried powders (values are
means ± S.D., n = 3).

Formulation ED (% TD) FPF (F < 5 �m) (% TD) MMAD (�m)

Control 98.56 ± 0.75 82.47 ± 2.64 2.04 ± 0.13
LMW 97.83 ± 0.92 75.83 ± 2.59 1.86 ± 0.22
LMW/MMW 98.40 ± 2.17 59.94 ± 2.11 2.75 ± 0.12
MMW 95.10 ± 4.07 56.86 ± 3.81 3.32 ± 0.28
MMW/HMW 98.04 ± 1.94 53.33 ± 2.73 4.05 ± 1.09
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as a potential aerosolisation enhancer has also been explored with
marginal success (Li and Birchall, 2006).

Another reason for decreased FPF across the series could have
MW 98.61 ± 0.11 51.53 ± 3.03 3.35 ± 0.18

D: emitted dose; FPF: fine particle fraction; MMAD: mass median aerodynamic
iameter.

Carr’s index values represented the powder flow types as poor
uid to very poor (range 22.7–38.0%, Table 2); no correlation was
bserved between particle size, or visual flow properties, and rep-
esentative Carr’s index values.

.2. In vitro powder aerosolisation

All powders showed high dispersibility, with at least 90% of the
apsule contents emitted during aerosolisation testing (Table 3).
tatistical analysis revealed no difference in the ED values (P > 0.05).
ow deposition in the inhaler and throat regions of the MSLI was
ecorded, and indicated the highly dispersible nature of these pow-
ers. Individual stage deposition of both TS and BDP were not
tatistically different on any level of the MSLI for the dual loaded
S–BDP formulations, and showed homogeneity in the drug load-
ng of individual microspheres and in the spray-dried formulations
Fig. 3; students paired t-test: non-significant, P > 0.05). The spray-
ried formulations showed minimal deposition in the Spinhaler®

evice and the throat region of the MSLI. The control gave the low-
st deposition of both TS and BDP on Stage 1 of the MSLI. The
reatest deposition on Stages 3 and 4 of the MSLI was registered
y the control, with the LMW formulation recording the greatest
rug deposition on the terminal filter stage (Fig. 3).

A direct relationship between CT molecular weight and fine par-
icle fraction was observed, with a reduction in the FPF (% total dose)
ith increased CT molecular weight (Table 3). The addition of CT

o the TS–BDP formulation gave a significant decrease in FPF (con-
rol: LMW CT; P < 0.05), with the lowest FPF given by the HMW
T formulation (51.5%). Out of the formulations, LMW CT gave a
ighly significant increase in FPF compared to the other powders
hat contained CT (P < 0.001).

Overall there was a trend of improved aerosolisation with

ecreased CT molecular weight. The reduction in FPF with increased
T molecular weight may have been associated with increased CT
olecular chain length, which increased hydrogen bonding/van

er Waal sites for inter-particulate attraction. The aggregates that

ig. 3. Multi-Stage Liquid Impinger profile of the mean combined stage deposition
f TS and BDP (values are means ± S.D., n = 3).
f Pharmaceutics 372 (2009) 97–104

resulted were not dispersed by the force of inspiration into the MSLI
(4 bar, via Spinhaler® DPI, 60 L min−1). Furthermore, the decrease in
FPF across the series with increased CT molecular weight could have
been due to the decreased influence of LEU surface modification.

The average MMAD derived from TS and BDP MMAD mean val-
ues in the TS–BDP CT powders (range: 1.86–4.05 �m, Table 3) also
showed a defined positive correlation with the theoretical and laser
diffraction particle sizes: with a similar trend of increased particu-
late size with increased CT molecular weight. The increase in size
attributed to the increased amount of chitin units (which make
up CT) per unit area of liquid feed. As the tapped density of the
spray-dried powders remained pretty much constant throughout
the molecular weights, it can be deduced that the degree of porosity
would increase throughout the series with increased CT molecular
weight; this gave increased volume to individual microspheres and
the formulation as a whole.

As particle size was related to CT chain length it also corre-
sponded with increased thermal efficiency (ω). The relationship
based on larger droplets, which produce larger primary particles
and require higher energy to dry and hence reduce outlet temper-
atures and improve unit ω. An increase in dry dispersion LD size at
1 bar, due to aggregation, was also seen (Table 2).

Primary particle diameters also exhibited an increase in size:
this thought to have been due to previously reported viscosity
effects (Rabbani and Seville, 2005). MMAD size is influenced by both
dae and aggregation, and was an intermediate of LD and dae results
(Bosquillon et al., 2004b). Previous researchers have studied the
influence and production of surface texture in the spray drying of
surface textured particles (Chew et al., 2005b; Alexander and King,
1985); despite the absence of any pattern of coarse surface texture
in the SEM images, surface corrugation may have impacted on the
MMAD size increase over the series.

The relative good performance of the CT powders in the MSLI
was principally attributed to high LEU concentrations. LEU has
previously been shown to enhance a spray-dried formulation’s
aerosolisation properties—the solid state glidant activity of LEU pre-
viously used as a rational for any improvement in aerosolisation
performance (Rabbani and Seville, 2005; Chew et al., 2005a; Li et
al., 2005a,b; Najafabadi et al., 2004). Here the action of LEU in reduc-
ing surface active force is attributed to LEU particle fracture which
produced rougher morphologies and reduced inter-particulate con-
tact points for aggregation (Chew and Chan, 2001). The use of CT
been the appearance of an increased number of strands on the
SEM images with increased CT molecular weight: which could be

Fig. 4. Cumulative release of TS and BDP from LWM CT formulations and HWM CT
formulations in rotating wire mesh baskets into 37 ◦C PBS (values are means ± S.D.,
n = 3).
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Table 4
Dissolution kinetics of control and CT-modified spray-dried powders.

Formulation tmax (mins) Zero order First order Higuch matrix

t (min) r2 t (min) r2 t (min) r2

Control TS 5 0–5 0.97 0–5 0.98 0–5 0.99
Control BDP 30 0–30 0.84 0–30 0.86 0–30 0.96
LMW TS 30 0–30 0.95 0–30 0.75 0–60 0.85
LMW BDP 150 0–150 0.88 0–150 0.89 0–150 0.98
LMW/MMW TS 60 0–30 0.99 0–30 0.87 0–60 0.90
LMW/MMW BDP 180 0–180 0.82 0–180 0.96 0–180 0.96
MMW TS 60 0–30 0.99 0–30 0.90 0–60 0.97
MMW BDP 300 0–30 0.95 0–240 0.95 0–300 0.92
MMW/HMW TS 120 0–120 0.86 0–120 0.97 0–120 0.97
MMW/HMW BDP 360 0–120 0.75 0–240 0.95 0–360 0.94
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MW TS 120 0–120 0.
MW BDP 20 0–20 0.9

S: terbutaline sulphate; BDP: beclometasone dipropionate.

by-product of spray drying with CT, the strands may potentially
ncrease aggregation and lower FPF (Fig. 2B–F).

.3. In vitro dissolution

The CT powders produced a viscous gel upon contact with the
hosphate buffer solution (PBS) and exhibited delayed release char-
cteristics; increased CT molecular weight associated with a more
ustained release profile. For example, the LMW powder released
00% TS after 30 min and 100% BDP after 150 min; whereas 2 h dis-
olution time was necessary for the HMW CT powder to release
ts entire TS drug load and 12 h to release the total BDP drug load
Fig. 4). The MMW CT powder displayed an intermediate release
rofile, with 100% drug release of TS after 60 min, 300 min for BDP.

The reason for the difference in the dissolution times of TS and
DP is the relative solubility of the two drugs in the dissolution
edia. TS is freely soluble in PBS so the diffusion down a concen-

ration gradient to a more hydrophilic environment is rapid, as seen
n the control; the physical obstruction of CT and any intermolecu-
ar attraction (hydrogen bonding, van der Waals forces) delayed the
elease of TS in the CT formulations (Chen et al., 2006a,b). BDP is
nly partially soluble in PBS; so the lipophilic corticosteroid slowly
ravelled down the concentration gradient. The CT gel therefore

ay have to swell to a greater extent to release BDP compared to the
egree of swell necessary to deliver the TS fraction. Pre-hydration of
he spray-dried samples presented a surface area of 7.4–7.9 mm3 in
he 2 cm diameter wire mesh baskets, visible expansion of the dry
ample was observed up on contact with the dissolution media.

The application of the modified USP 2 dissolution apparatus
o lung dissolution is tenuous: the formulation surface area post
nhalation would be much greater as the preparation would not
resent as an accumulated mass of powder with a surface area of
.4–7.9 mm3. It would be expected that dissolution rates would also
e affected by the reduced volume of dissolution media in the lung:
he lung fluid lining is 6 mm in depth and differs greatly in its com-
osition when compared to PBS (Hickey and Thompson, 1992). The
issolution method used in this study has previously been used in
he research area (Learoyd et al., 2008a,c); however, no specific drug
issolution method to the lung existed at the point of study.

The fact that 100% BDP release was observed reveals that the
ydrated CT gel did not provide a sufficiently hydrophobic environ-
ent for permanent BDP detainment. Following the 25% release of

DP from the matrix non-sink conditions were observed (Fig. 4),
eyond which the BDP and TS profiles separated. TS affinity for the

obile phase and BDP saturation of the mobile phase may have

aused the differences between TS and BDP after non-sink condi-
ions for BDP dissolution were established. However, the prolonged
elease of BDP with increased CT chain length shows the ability of
T to modify BDP release irrespective of solution conditions.
0–120 0.94 0–120 0.98
0–660 0.94 0–720 0.84

In this study the release characteristics were modified through
the use of low, medium and high molecular weight CT; the hypothe-
sis was that the longer polymer chains in HMW CT would result in a
more prolonged drug release profile compared to the lower molec-
ular weight CT formulations, which comprise of shorter chains.
Theories behind the differences in dissolution times for each molec-
ular weight were based on CT chain length: the higher the molecular
weight – the longer the individual fibres and the greater the hydro-
gen bonding, van der Waal forces and physical interlocking – the
greater the drug entrapment and longer the period of dissolution
(Asada et al., 2004; Chen et al., 2006a).

Comparison of the rates of release using zero and first order
and the Higuchi homogeneous matrix rate equations revealed a
dual release pattern (Table 4). An initial zero order burst phase was
seen by all CT formulations, visualised as high correlation coeffi-
cients (r2) related to the zero order kinetic from t0 to early sample
time points; the zero order kinetic possibly due to the presence
of TS and BDP on the surface of primary powder particles. A sec-
ondary sustained release profile followed with the release TS and
BDP drug molecules that resided within CT matrices: represented
as high correlation between the Higuchi matrix kinetic and zero
to high time points (Philip and Pathak, 2006). The presentation of
Higuchi kinetics for both TS and BDP in the second phase of release
from the CT indicates that the release of BDP during this stage is
not simply due to the non-sink conditions after 25% cumulative
release.

4. Conclusions

These investigations demonstrate that it was possible to gener-
ate highly respirable powders that exhibit sustained drug release
profiles of both hydrophilic and lipophilic agents by spray drying. It
was found that decreased spray-drying thermal efficiency, achieved
through the use of a surfactant, correlated with the improved
aerosolisation properties of a powder. In vivo, these powders would
be predicted to deposit predominately in the central to peripheral
region of the lung after inhalation, with minimal oropharyngeal
deposition and reduced incidence of oropharyngeal side-effects.
Once deposited in the lung, these powders would be anticipated
to deliver the sustained release of both active agents, and offer the
opportunity to reduce dose frequency and the number of formula-
tions involved in a regimen.
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