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Investigation of the physical properties of spray-dried
stabilised lysozyme particles

Yong-Hong Liao, Marc B. Brown, Abdul Quader and Gary P. Martin

Abstract

The aim of this study was to investigate the effect of the composition of formulations on the physical

properties, including glass-transition temperatures (Tg) and aerodynamic-related characteristics, of

spray-dried lysozyme particles. The Tg, as determined by differential scanning calorimetry, of spray-

dried lysozyme formulations was found to be dependent upon the type and amount of excipient(s)

included in the formulation. In addition, the Tg of sucrose-containing particles appeared to be raised

markedly by the inclusion of trehalose, but not by dextran. The surfaces of all spray-dried particles

were shown by scanning electron microscopy to be smooth with some containing characteristic

dimples, typical of spray-dried material, and the morphology appeared to be independent of

variation in excipient composition. However, the volume median diameters (VMD) of spray-dried

powders, as determined by laser diffraction, were found to depend upon the amounts of excipients.

The fine particle fraction of enzyme delivered to the lower stage of a twin-stage impinger from

lysozyme–trehalose 1:1 powders appeared to be greater than that from lysozyme–sucrose 1:1

particles (22.5% vs 15.9%) when dispersed via a Rotahaler although a similar dispersibility of the

two formulations (39.6% vs 36.7%) was found from a glass inhaler. In general, spray-drying was

demonstrated to be feasible to produce respirable particles of the stabilised model protein, with Tg

of the formulations being > 30 ¯C higher than room temperature.

Introduction

Protein and peptide drugs are generally delivered parenterally. However, the clinical
use of these drugs sometimes requires repetitive injections, which potentially makes
parenteral dosing undesirable. As a result, efforts to deliver proteins and peptides by
non-parenteral routes have been focused on oral, nasal, transdermal, buccal, rectal,
vaginal and pulmonary delivery (Wearley 1991; Cleland et al 2001). Of these routes,
pulmonary delivery seems to be most promising due to the large surface area of the
lung and the absorption efficiency at the site. However, for delivery to the deep lung,
an aerodynamic particle size of 1±3 ·m is considered desirable (Adjei & Garren 1990).
In other words, if respirable powders are to be produced, desirable aerodynamic
properties have to be generated and these, in turn, are determined both by the
powdering process (e.g. micronisation, spray-drying, etc.) itself and the composition
of formulations. In addition, proteins and peptides, unlike traditional small drugs,
have secondary, tertiary and quaternary structures, which cause potential lability
during processing. Therefore, to develop a formulation containing such biopharma-
ceuticals it is essential to ensure that resultant preparation is stable during shipping,
long-term storage and delivery. In general, disaccharides, such as sucrose and treha-
lose, are the most extensively utilised and are regarded as the most effective excipients
in preserving protein native structure during spray-drying (Labrude et al 1989;
Broadhead et al 1994; Adler & Lee 1999; Branchu et al 1999; Murray & Liang 1999;
Tzannis & Prestrelski 1999; Lopez-Diez & Bone 2000; Liao et al 2002).

Apart from the preservation of the native structure during spray-drying, the long-
term stability of a protein formulation requires the glass transition temperature (Tg) to
be well above the storage temperature (Chang et al 1996; Crowe et al 1998; Allison et al
2000). However, the spray-drying process usually leads to the production of protein
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powders containing a higher moisture content than those
prepared by freeze-drying. For example, when either a
humanised monoclonal antibody (anti-IgE) or recombi-
nant humanised deoxyribonuclease were spray-dried so as
to achieve a moisture content of <3% (which is compar-
able with freeze-dried formulations), either a high inlet
temperature or an additional vacuum drying process was
required (Maa et al 1998a). In another study, the moisture
content of spray-dried ­ -galactosidase was found to be
5% when the outlet temperature was 95 ¯C (Broadhead
et al 1994). Such a relatively high moisture content could
destabilise both the physical and chemical stability of the
protein formulation (Chan & Gonda 1998; Maa et al
1998a). For example, the adsorption of moisture to a glassy
formulation can result in a decrease in the Tg of the for-
mulation, and even the crystallisation of the stabilising
excipient (Chan & Gonda 1998), which in turn promotes
chemical instability of the protein (Maa et al 1998a).

For spray-dried powders intended to be delivered by
inhalation, the final aerodynamic properties of the pro-
duct are as important as the requirement for the protein to
be stable. Studies have demonstrated that spray-dried
particles are suitable for pulmonary delivery because the
size, density and shape of such particles can be controlled
by the spray-drying process (Broadhead et al 1994; Chan
et al 1997; Maa et al 1998b). For example, the geometric
mean particle size can be controlled so that it is between 2
and 5 ·m. The aerodynamic performance of spray-dried
particles has been evaluated using impinger or impactor
systems after dispersion using dry powder inhaler devices
(Bosquillon et al 2001; Maa et al 1998a). The fine particle
fraction (FPF) of spray-dried powders has been reported
to vary by 5±50% or more, and be dependent upon many
variables including formulation composition, particle size,
shape, density, particle-to-carrier mixing ratio and the
inhaler device utilised.

Andya et al (1999) investigated the effects of trehalose,
lactose and mannitol on the aerosol performance of spray-
dried powders of recombinant humanised monoclonal
antibody anti-IgE (rhuMAbE25). The formulation with
trehalose was found to be cohesive in nature and this
resulted in a poor aerosol performance. The addition of
lactose during spray-drying conferred a suitable aerosol
performance, although it led to the glycosylation of pro-
tein during long-term storage. Mannitol at a specific
molar ratio (mannitol±protein, 200:1) in the formulation
exhibited an acceptable aerosol performance. In another
study, the aerosol performance of rhuMAbE25 spray-
dried with mannitol was also found to be mannitol
concentration dependent. Upon storage, the fine particle
fractions obtained from the powders containing 30% w/w
mannitol drastically decreased as a function of time due
to crystallisation of the excipient, whereas those con-
taining 10 or 20% mannitol were found to be stable
(Costantino et al 1998).

Protein formulations intended for pulmonary delivery
require that the native structure of the proteins be protected,
the physical properties maximised and the aerodynamic
characteristics optimised. However, studies in the literature
have often only studied one or two of those factors. Thus, the

main objective of this study was to investigate effects of the
formulation compositions on the physical (Tg) and aero-
dynamic-related (particle size, morphology and aerosol perfor-
mance) properties of spray-dried formulations, with a view
also to comparing the effects of incorporating two of the
most commonly employed protein-stabilising excipients,
sucrose and trehalose. Lysozyme was employed as a model
protein since the effect of excipients in preserving the native
structure in the solid form and recovered biological activity
when processed by spray-drying have been reported else-
where (Liao et al 2002).

Materials and Methods

Materials

The buffer phosphate salts, sucrose, trehalose, dextran
(MW ¹ 70 000), lecithin, phosphorus pentoxide, lithium
chloride, magnesium chloride, potassium carbonate,
potassium bromide, sodium chloride, sodium phosphate
and lysozyme (3 £ crystallised, dialysed and lyophilised)
were purchased from Sigma-Aldrich Co. (UK).
Cyclohexane was obtained from BDH (UK). All chem-
icals were of analytical grade, except lyszoyme.

Spray-drying procedure

The spray-drying procedure employed was that described
previously by Liao et al (2002). Briefly, lysozyme and excipi-
ents were dissolved in buffer and spray-dried using a Model
190 Buchi mini spray-dryer. The processing parameters com-
prised a feed rate of 3 mL min¡1, an atomising air-flow rate
of 700 L h¡1 and an inlet temperature of 120 ¯C. Outlet
temperatures were found to range from 85 to 90 ¯C.

Particle size analysis by a laser diffraction
analyser

Several milligrams of spray-dried powders were dispersed
in 1 mL of 0.1% w/v lecithin cyclohexane solution and the
suspension sonicated for 30 s employing a water bath
(Model F5100b; Decon Laboratories, Hove, UK) so as
to disperse any possible agglomerates before adding a
sample to a stirred sample cell. The particle size of the
sample was measured by a Malvern 2600 laser diffraction
analyser (Malvern Instruments, UK) using a 63-mm focal-
length lens at an obscuration of 0.165±0.25 and fitting the
data to an independent model. Particle size distributions
were expressed in terms of volume median diameter
(VMD) and span. The VMD was the diameter at the
50% point of the entire volume distribution while the
span was defined as [D(v,90) ¡ D(v,10)]/ D(v,50), where
D(v,90), D(v,50) and D(v,10) are the respective diameters
at 90, 50 and 10% cumulative volumes.

Scanning electron microscopy (SEM)

Particle size and morphology were investigated using
SEM. Double-sized adhesive tape was placed on an
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aluminium stub and after stripping off the upper side of
the adhesive protection, a small amount of particles were
scattered on the stub and dispersed by tapping lightly on
the edge of the stub with a spatula to break agglomerates.
The particles were then coated with approximately
15±20 nm gold using a sputter coater (Polaron E5100;
Polaron Equipment Ltd, Watford, UK) operated at an
electrical potential of 15.0 kV, 20 mA. Several photo-
micrographs were produced by scanning fields, selected ran-
domly, at several magnifications with a Philips SEM501B
scanning electron microscope (Einhoven, Netherlands).

Equilibrium moisture sorption

Approximately 100 mg of the powdered samples (£4)
were placed into pre-weighed 7 mL glass vials and
accurately weighed. The vials then were placed into a
desiccator at room temperature containing phosphorus
pentoxide, to achieve a relative humidity (r.h.) of 0%.
The weight gain or loss of the sample was measured
gravimetrically until the change in weight was less than
about 0.2% (¹ 0.2 mg) in 24 h. This procedure was then
repeated a number of times using the same vials of the
same sample formulation but after transferring the vials to
desiccators at room temperature containing saturated
lithium chloride, magnesium chloride, potassium carbo-
nate, potassium bromide, sodium chloride or sodium
phosphate solution. The r.h. of the environment in each
desiccator was determined using a hygrometer to be 11,
33, 43, 58, 73 and 97%, respectively. The ambient tem-
perature was found to be 20±26 ¯C. The moisture content
of the samples after equilibration was calculated as grams
of water per gram of sample (g g¡1).

Deposition test

Spray-dried powders were blended with coarse lactose
(45±90 ·m) in different mass ratios by hand-mixing. An
in-vitro determination of the FPF of lysozyme from aero-
solised formulations was carried out using a twin-stage
impinger (TSI, Apparatus A; British Pharmacopoeia,
2000). A commercially available simple inhaler device,
the Rotahaler, and a glass inhaler developed for experi-
mental purposes (MacRitchie 1998) were used in this
experiment. Each deposition via a Rotahaler involved
the aerosolisation of the content of 3 capsules, each of
the capsules containing a nominal dose of 25 mg powder
equivalent to 1.6 mg lysozyme, while two doses
(2 £ 25 mg) of the blend powders were individually dis-
persed from the glass inhaler for each deposition experi-
ment. The powder was aerosolised at 60 L min¡1 during
the 7-s operation of the vacuum pump. After aerosolisa-
tion of the formulation, the inhaler device, the mouth-
piece-adapter and capsule shells (if present) were washed
with deionised water. The amount of lysozyme remaining
in the device, and depositing on stages 1 or 2 was deter-
mined using the HPLC assay described previously (Liao
et al 2001). The amount depositing on each stage was
expressed as a percentage of the recovered lysozyme out

of the nominal amount of the total enzyme in the formu-
lation.

Statistical analysis

All data are expressed as means § standard deviations
(s.d.). Statistical analysis of the effects of sugar-to-lyso-
zyme mass ratio on the Tg and particles size of the sugar-
containing formulations was performed using the Kruskal
Wallis test (Minitab; Minitab Inc., CA), and of the effects
of the device and the formulations on the fine particle
fraction of the tested formulations using a two-way
analysis of variance (Minitab; Minitab Inc., CA). In all
cases, P values less than 0.05 were considered statistically
significant.

Results

Effects of excipient(s) on the Tg and sucrose
crystallisation temperature (Tc) of the resultant
spray-dried formulations

Differential scanning calorimetry (DSC) thermograms
(data not shown) of all spray-dried formulations contained
an endotherm between 120 and 150 ¯C corresponding to
the lysozyme melting or denaturation peak. For formula-
tions with a sugar-to-enzyme mass ratio more than 1:5, a
glass transition was also observed. When sucrose was
included as an excipient, an exothermal peak attributable
to sucrose crystallisation was sometimes apparent in the
DSC thermograms, whereas no crystallisation events were
detected in non-sucrose-containing formulations.

For both sucrose- and trehalose-containing formula-
tions, the Tg values generally appeared to increase with
increasing sugar content (Table 1). Trehalose conferred a
higher Tg than sucrose did on a weight-by-weight basis.
The Tgs of the former samples were 10±20 ¯C higher than
the equivalent values obtained when sucrose was
employed as an excipient. The effect of sugar-to-lysozyme
mass ratio on the Tg of the formulation was found to be
significant for those containing sucrose (P < 0.05) but not
for those containing trehalose (P > 0.05).

The Tc of sucrose also appeared to show some correla-
tion with the relative amount included in the formulations
inasmuch as only two formulations exhibited a crystal-
lisation peak in the DSC thermograms. The Tcs of the two
formulations, namely with sucrose-to-lysozyme mass
ratios of 4:1 and 10:1, were determined to be 149.6 § 4.7
and 131.7 § 3.4 ¯C (n ˆ 3), respectively, while the crystal-
lisation enthalpies (¢Hcs) were 42.6 § 10.1 and
89.5 § 5.4 J g¡1 (n ˆ 3), respectively. In contrast, there
was no crystallisation peak found in the thermograms
obtained for any of the trehalose containing formulations.

The effects on Tg of part or full replacement of sucrose
in sucrose-containing lysozyme formulations, with either
trehalose or dextran, were also investigated and the data
are shown in Table 2. In all these formulations, there
appeared to be no sucrose crystallisation on the basis of
the DSC thermograms obtained. The Tgs of formulations
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containing mixtures of sucrose and trehalose increased
significantly with increasing trehalose content (P < 0.05)
when the total concentration of the excipient(s) was held
constant at 10 mg mL¡1 (Table 2). The Tg of the formula-
tion containing 10 mg mL¡1 of trehalose was found to be
19 ¯C higher than that of the equivalent lysozyme±sucrose
formulation. In addition, when the content of sucrose was
replaced by 40±60% trehalose, the Tg of the formulation
increased by 5±8 ¯C. The variation in the moisture content
of the different lysozyme±sucrose±dextran batches were
minimised by storage in a phosphorus-pentoxide-contain-
ing desiccator. The stepped replacement of sucrose with
dextran was not found to alter the Tg significantly
(P < 0.05), although the Tg of formulations of lysozyme
with dextran alone could not be determined (Table 2).

The moisture sorption of lysozyme±sugar formulations
as a function of relative humidity (r.h.) is shown in Figure 1.
Three different formulations, namely spray-dried lyso-
zyme±sucrose 1:1, lysozyme±trehalose 1:1 and lysozyme±
trehalose±sucrose 5:2.5:2.5, produced similar water sorp-
tion isotherms. In the range of 0±58% r.h., the moisture
uptake for all three formulations was found to be almost
identical. However, at 73% r.h., the moisture content for

the formulation containing lysozyme±sucrose 1:1 was
found to be 25.0% w/w, which was slightly higher than
those of the other two formulations. When the three for-
mulations were stored at 97% r.h., all three formulations
virtually dissolved. The moisture content of lysozyme±
sucrose 1:1, lysozyme±trehalose 1:1 and lysozyme±
sucrose±trehalose 5:2.5:2.5 at this high level of humidity
was found to be 65.3, 53.5 and 66.1% w/w, respectively.
The study of moisture desorption was not completed due
to the crystallisation of sugars when stored at 73% r.h.
after being pre-equilibrated at 97% r.h.

Moisture uptake was found to affect the Tg of the three
formulations. In agreement with previous reports (Slade &
Levine 1988; Roos & Karel 1991; Saleki-Gerhardt &
Zografi 1994), the Tg of the formulations decreased drastic-
ally with increasing water uptake (data not shown). When
the moisture content of the formulations increased from
¹1.5%, as occurred when samples were equilibrated at
0% to ¹4% r.h., as obtained after storage at 11% r.h., the
Tgs of lysozyme±sucrose 1:1 and lysozyme±trehalose 1:1
formulations were found to decrease by more than 20 ¯C.
After equilibration of these latter two formulations at 43%
r.h., the Tg decreased to approximately 20 ¯C or below.

Table 1 The glass transition temperature (Tg) of lysozyme±sucrose/trehalose powders spray-dried from solutions

containing 5 mg mL¡1 of enzyme.

Sugar-to-lysozyme mass ratio Tg of sucrose-containing formulation (¯C) Tg of trehalose-containing formulation (¯C)

0:1 ND ND

1:10 ND ND

1:5 ND ND

2:5 34.2§ 4.1 46.0§ 0.9

1:1 51.4§ 1.5 68.6§ 1.9

2:1 48.6§ 2.6 67.6§ 5.6

4:1 52.1§ 3.6 66.7§ 5.3

10:1 58.0§ 1.2 72.0§ 3.9

Data are means§ s.d., n ˆ 3. ND, not detected.

Table 2 The glass transition temperature (Tg) of lysozyme±sucrose±trehalose and lysozyme±sucrose±dextran

powders spray-dried from solution containing 5 mg mL¡1 of enzyme.

Lysozyme-to-sucrose-to-trehalose mass ratio Tg (¯C)a Lysozyme-to-sucrose-to-dextran mass ratio Tg (¯C)b

5:10:0 44.9§ 1.2 5:5:0 60.6§ 0.8

5:8:2 48.5§ 4.3 5:4:1 57.6§ 2.2

5:6:4 50.0§ 2.8 5:3.5:1.5 56.9§ 2.5

5:4:6 52.6§ 0.4 5:2.5:2.5 59.6§ 1.3

5:2:8 59.8§ 0.3 5:1.5:3.5 60.3§ 1.1

5:0:10 63.6§ 1.6 5:0:5 ND

Data are means§ s.d., n ˆ 3. ND, not detected. aThe particles were produced from a solution spray-dried at an inlet

temperature of 95 ¯C as opposed to 120 ¯C for other samples with moisture contents ranging from 3.3% to 3.9% w/w.
bThe moisture content of lysozyme±sucrose±dextran formulations was equilibrated to 1.5±4.0% w/w as a

consequence of storage in a phosphorus-pentoxide-containing desiccator (0% r.h.).
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Effects of excipient(s) on the aerodynamic
properties of spray-dried formulations

The morphology of spray-dried particles appeared to gen-
erally be similar and independent of excipient type and
concentration as shown in scanning electron microscopy
(SEM) results (Figure 2). Visually, the surface of all
particles was smooth, although some contained typical
dimples of spray-dried materials.

The volume median diameters (VMD) of spray-dried
powders determined by laser diffraction were found to
be significantly affected by the amount of excipient
(P < 0.05) (Figure 3). The addition of sucrose or trehalose
up to 5±10 mg mL¡1 to the solution of lysozyme before
spray-drying (which corresponded to a lysozyme-to-sugar
mass ratio of 1:1 to 1:2) appeared to decrease the resultant
particle size. However, a further increase in the concentra-
tion of excipient led to an increase in the particle size. The
span of particle size distribution was found to be indepen-
dent of excipient content and varied between 0.86 and
1.41, which indicated that all powders exhibited a high
degree of monodispersity. In addition, the particle size
was not significantly affected (P > 0.05) by the stepwise
replacement of sucrose with either dextran or trehalose
when the mixture of sucrose and dextran/trehalose was
maintained constant. For example, the VMD and span of
spray-dried sucrose±dextran±lysozyme particles were
found to vary between 3.35 and 3.61 ·m and between
0.87 and 1.02, respectively (Table 3).

In pilot deposition studies, a series of formulations
were produced containing drug (spray-dried lysozyme±
sucrose 1:1 particles)-to-carrier mass ratios of 1:0, 1:3,
1:6, 1:15 and 1:67.5, and evaluated as dispersed via a

glass inhaler. The corresponding FPFs were determined
to be about 13, 27, 43, 42 and 40%, respectively. On the
basis of these results, where the FPF appeared to be max-
imised by drug-to-carrier ratio of 1:6, this latter ratio was
employed in subsequent deposition studies to determine
the effects of sugar excipient and device on FPF (Table 4).
The FPF of the studied formulations appeared to be
significantly affected by the devices utilised, while the
difference between sucrose- and trehalose-containing
formulations was found to be insignificant (two-way ana-
lysis of variance). When dispersed via a Rotahaler, the
FPF, which was 22.5% and 15.9% for lysozyme±trehalose
1:1 powder and lysozyme±sucrose 1:1 particles, respec-
tively, was found to be lower than that achievable when
the same two formulations were aerosolised from a glass
device (Table 4).

Discussion

The effects of excipients on the Tg of lysozyme-containing
powders appeared to be more complicated when produced
by spray-drying, as in this study, compared with those on
the Tg of freeze-dried formulations. In the freeze-dried
formulations, the stepped replacement of sucrose with
either trehalose (unpublished data) or dextran (Allison
et al 2000) led to an increase in the Tg of sucrose-stabilised
lysozyme, while increasing sucrose content per se in a
lysozyme powder resulted in a lowered Tg. However,
unlike the freeze-dried powders, the Tg of spray-dried
sucrose±lysozyme formulations appeared to be almost
the same as the sucrose was replaced with stepwise
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Figure 1 Moisture uptake isotherms of different spray-dried formulations as a function of relative humidity: ^, lysozyme±sucrose 1:1;
&, lysozyme±trehalose 1:1; ~, lysozyme±sucrose±trehalose 5:2.5:2.5 (mean§ s.d., n ˆ 4).
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increasing amounts of dextran, but was increased as tre-
halose replaced the sucrose. The differences in the effects
of the sucrose±dextran content on the Tgs of the resultant
powders produced by the freeze-drying and spray-drying
processes are likely to primarily arise from the differences
in the moisture content of the freeze- and spray-dried

powders. For freeze-dried powders, all formulations con-
tained a similar moisture content, which was independent
of the composition. However, the moisture content of
spray-dried combinations of sucrose with either lysozyme
or lysozyme and dextran was found to be inversely related
to the content of the former (Liao et al 2002). It has been

A B

C D

E F

Figure 2 Scanning electron micrographs of spray-dried particles. A. lysozyme alone. B. lysozyme±dextran 1:1. C. lysozyme±sucrose 1:1.

D. lysozyme±trehalose 1:1. E. lysozyme±sucrose±dextran 5:3.5:1.5. F. lysozyme±sucrose±dextran 5:1.5:3.5.
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well established that moisture has a plasticising effect
on the formulation and lowers the Tg (Roos & Karel
1991; Shamblin & Zografi 1999) in accordance with the
Gordon & Taylor equation (Gordon & Taylor 1952).
Consequently, if the plasticising effects of water exceed
the anti-plasticising functions of lysozyme and dextran,
the Tg values of the formulation decrease. In contrast,
the combining of trehalose with sucrose led to a minimal
effect on the moisture content and the anti-plasticising

effects dominated, resulting in a raised Tg. Therefore,
the Tg of a spray-dried formulation could be raised by
increasing the amount of trehalose, rather than dextran,
or the model protein.

The glass of sucrose is thermodynamically unstable and
it tends to transform to a more stable, but unwanted,
crystalline form. Such a process involves nucleation and
crystallisation, leading to a phase separation. In this
study, the crystallisation of sucrose was found to be

Table 3 Particle size distribution of spray-dried lysozyme formulations.

Lysozyme-to-sucrose-to-dextran

mass ratio

Volume median

diameter (mm)

Span

5:5:0 3.35§ 0.14 0.93 §0.02

5:4:1 3.61§ 0.36 1.00 §0.04

5:3.5:1.5 3.54§ 0.32 0.96 §0.07

5:2.5:2.5 3.34§ 0.16 0.87 §0.08

5:1.5:3.5 3.60§ 0.12 1.02 §0.10

5:0:5 3.35§ 0.26 0.88 §0.06

Data are means§ s.d., n ˆ 3.
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Figure 3 The effects of sucrose/trehalose on the particle size of spray-dried lysozyme±sucrose/trehalose powders (mean § s.d., n ˆ 3).

Table 4 Deposition results of formulations containing drug (spray-dried lysozyme±sucrose 1:1 and lysozyme±

trehalose 1:1)-to-carrier mass ratio 1:6 within a twin-stage impinger after aerosolisation at 60 L mL¡1 via a

Rotahaler or glass inhaler.

Formulation Inhaler Device fraction (%) Stage 1 fraction (%) Stage 2 fraction (%)

Lysozyme±sucrose 1:1 Rotahaler 32.1§ 5.7 45.1§ 5.7 15.9§ 2.4

Glass inhaler 9.7 § 3.7 47.5§ 9.6 39.6§ 6.9

Lysozyme±trehalose 1:1 Rotahaler 33.2§ 3.7 40.9§ 5.4 22.5§ 2.0

Glass inhaler 7.6 § 1.0 47.6§ 1.3 36.9§ 0.3

Data are means§ s.d., n ˆ 6.
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inhibited by the presence of lysozyme in a concentration-
dependent manner with the minimal content of lysozyme
required to completely inhibit the crystallisation of spray-
dried sucrose being ¹33% w/w. In addition, when the
lysozyme-to-sucrose mass ratio was at 1:1, the sucrose
present in the spray-dried powder was found to resist
crystallisation after storing at 58% r.h. These results sug-
gest that the presence of sucrose in a protein formulation
cannot exceed a certain mass ratio if the glassy sucrose is
to be protected from crystallisation. Such inhibiting
effects of lysozyme concurred with the findings from pre-
vious studies where the inhibitory capacity of somatotro-
pin (Sarciaux & Hageman 1997), catalase, bovine
pancreatic insulin and bovine pancreatic ribonuclease
(Forbes et al 1998) has been reported. Somatotropin was
found to increase the Tc of sucrose with increasing content
up to 20% w/w (Sarciaux & Hageman 1997), whereas the
other proteins were shown to inhibit the crystallisation of
spray-dried lactose-containing powders.

In this study, spray-drying was demonstrated to be a
feasible process to produce fine particles, independent of
the excipient(s) utilised. In terms of geometric particle size,
most of the spray-dried formulations appeared to contain
particles, 95% of which were <5 ·m as indicated by laser
diffraction. The particle size was found to be dependent
on excipient and concentration, although the scanning
electron micrographs showed qualitatively that there
were no gross differences in particle morphology with
varying excipients. The deposition data indicated that
spray-dried particles produced an FPF of up to 40%,
and thus the powders would appear to be highly respirable
in general. In addition, the difference in the respirable
fraction of sucrose- and trehalose-containing powders
appeared to be minimal when a glass inhaler device was
utilised.

Conclusion

The physical properties of spray-dried formulations were
found to be dependent upon composition, with trehalose-
containing formulations being superior to the equivalent
sucrose-based analogues in terms of the higher Tgs of the
former. In addition, the Tg of the spray-dried particles
appeared to increase with increasing sugar content in the
formulations. Such a trend broadly corresponded to the
degree of stabilisation conferred by sugars to spray-dried
lysozyme. However, sucrose was found to be more effec-
tive than trehalose in preserving the native structure of
spray-dried lysozyme (Liao et al 2002). As a consequence
of these findings, it would appear that, to optimise both
the physical stability of the formulations and the protein
stability, more than one excipient might be required. For
example, if the inclusion of sucrose is necessary for the
higher stabilising capacity it confers relative to trehalose,
the physical stability could be raised by the inclusion of
trehalose, albeit not dextran. In this study, spray-drying
was suitable to produce fine particles, the morphology of
which seemed to be independent of excipient(s). The
sugar-to-lysozyme mass ratio required to achieve a min-
imum geometric particle size appeared to be between 1:1

and 2:1. Coincidentally, the physical stability of the resul-
tant particles and the stabilisation of lysozyme were close
to the maximum at such mass ratios. Thus, spray-drying
could be a feasible means producing respirable particles,
which would enable protein integrity to be maintained and
suitable physical stability to be conferred providing the
excipients were carefully selected and were present at an
appropriate concentration.
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