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Abstract

The objective of the present study was to investigate the physical stability of spray-dried proteins within surfactant-free
hydrofluoroalkane (HFA) pressurised metered dose inhalers (pMDIs) during prolonged storage. Two model proteins (lysozyme
and catalase) were spray-dried and stabilised in the presence of excipients, and subsequently suspended within HFA 134a.
The pMDIs were stored valve-up for 6 months at room temperature (c&C)2%\ctivities of the proteins were determined
using biological assays and the fine particle fraction of the pMDIs was measured using a twin-stage impinger. The biological
activities of catalase and lysozyme were found to be preserved in the presence of sugars and/or 80% hydrolysed polyvinyl alcohol
(PVA) during spray drying. In addition, suspending the stabilised proteins within HFA for up to 6 months had little effect on
their activity. The aerosolisation performance of lysozyme or catalase formulations containing either sucrose or trehalose as
stabilisers appeared to deteriorate as a function of storage time. However, those formulations containing PVA were found to
generate the greatest fine particle fraction, which in some cases was up to 50%, and to possess excellent physical stability during
storage. The results indicated that the presence of PVA in the spray-dried stabilised protein particles could enhance the physical
stability of particles, when suspended in the surfactant-free HFA MDI formulations, without affecting the protein stability upon
prolonged storage.
© 2005 Elsevier B.V. All rights reserved.
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of these therapeutic agents usually requires repetitive the problems of drug particle stability in the HFA pro-
dosing, which makes parenteral administration unde- pellantsWilliams and Liu (1999utilised ethanol as a
sirable. As a result, drug delivery technologies that co-solvent to increase the solubility of commonly used
allow the administration of proteins and peptides by surfactants to effect the physical stabilisation of protein
non-parenteral routes, including via oral, nasal, trans- particles. However, the presence of alcohol might affect
dermal, buccal, rectal, vaginal and pulmonary deliv- the stability of proteins or the solubility of stabilisers
ery, have drawn increasing intere¥vdgarley, 199]). presentinthe protein particles. In addition, the presence
Of these routes, pulmonary delivery seems to be most of surfactants does not guarantee optimal aerosolisa-
promising due to the large surface area and relatively tion properties because drug particles may become
high absorption efficiency of macromolecules at this aggregated as a function of surfactant concentration
site. Numerous studies have demonstrated the feasibil-(Hickey etal., 1988 The production of self-dispersible
ity of using nebulisers and dry powder inhalers (DPIs) particles in HFA propellants in the absence of solu-
for pulmonary protein deliveryRrime et al., 1997;  ble surfactants is therefore desirabniyth, 2003.
Yamashita et al., 1998For example, both human and The aim of this study was to investigate the feasibil-
experimental animal studies have shown the success inity of developing spray-dried protein particles, which
delivering insulin, calcitonin, somatostatin and growth were physically stable in a surfactant-free HFA-based
hormones systemically using DPIs whilst insulin has pMDIwithoutloss of biological activity. Lysozyme and
also been successfully delivered to the lung using a catalase were selected as model proteins for assessing
nebuliser Agu et al., 2001; Patton, 1997 both the suspension stability and concomitant biologi-

Due to numerous technical challenges, there have cal activity during storage.
been few studies that document the successful deliv-
ery of proteins using pressurised metered dose inhalers
(pMDIs) (Zhu et al., 2002 Unlike small molecular 2. Materials and methods
weight compounds that have been successfully deliv-
ered using pMDIs since the 1950s, proteins when  The buffer phosphate salts, sucrose, trehalose,
stored within hydrophobic vehicles, are thought to be polyvinyl alcohol 80% hydrolysed (PVA, My
physically unstable. Thus, formulating such molecules 9000-10,000), hydrogen peroxide, catalasex (2
within hydrophobic pMDI propellants (e.g. hydrofluo- crystallised, aqueous suspension >46,000 units/mg),
roalkane (HFA) 134a) is perceived to be problematic. lysozyme (3« crystallised, dialysed and lyophilised,
However, it has been reported that proteins such as cal->48,000 units/mg), andMicrococcus lysodeikticus
citonin and DNase I, can be formulated so as to retain were purchased from Sigma—Aldrich Co., UK. A
their biological activity within pMDI formulations, Micro BCA kit™ including reagents A-C and stan-
although the full details of the strategies employed dard bovine serum albumin (BSA, 2mg/ml) was
have not been declaredrflton et al., 2002; Oliver  obtained from Perbio Science UK Ltd., UK and HFA
et al., 2000. In addition, preliminary studies bQuinn 134a, polyethyleneterephthalate (PET) pMDI canisters
et al. (1999)have found that lysozyme undergoes no (~20ml) fitted with 2541 metering valves actuators
immediate physicochemical change in the presence of were kindly donated by AstraZeneca, UK.
propellant HFA 134a (using Fourier transform Raman
spectroscopy). 2.1. Spray-drying samples

Apart from protein stability, excellent delivery effi-
ciency is also required for successful pulmonary pro-  The enzymes (0.5 or 1.0 g) and excipients were dis-
tein delivery, in particular for those formulations solvedin 100 or 200 ml of buffer and spray-dried using
intended to elicit systemic effects. Proteins are typi- a Model 190 Richi mini spray-dryer. The process-
cally hydrophilic and therefore, poorly soluble within  ing parameters comprised a feed rate of 3 ml/min, an
non-polar HFA propellants. To enable the delivery of atomising air-flow rate of 700 1/h and an inlet tempera-
these agents via pMDIs, the therapeutic protein must ture of 95°C. Outlet temperatures were found to range
be incorporated within a particulate carrier that can be from 65 to 69°C. The solutions employed to dissolve
suspended within the propellant. In order to overcome lysozyme and catalase were 5mM potassium phos-
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phate buffer (pH 6.2) and 5 mM potassium phosphate provided by the manufacturer was employed. Briefly,
buffer (pH 7.0), respectively and all the enzyme con- an aliquot of 15Qul of each standard or test sample was
centrations were maintained at 5 mg/ml. Spray-dried transferred into a 96-well microplate in duplicate. Sub-
particles were collected after the drying procedure had sequently, 15Q.1 of the working reagent, which was

been effected and manufactured into MDI formulations prepared by mixing 25 parts of Micro BCA reagent A

immediately. and 24 parts of reagent B with 1 part of BCA reagent
C, was added to each well and the solutions immedi-
2.2. Particle size analysis by laser diffraction ately mixed on a plate shaker for 30s. The plate was

covered and incubated at 50 for 90 min, after which

Several milligrams of the spray-dried powders were it was cooled to room temperature and the absorbance
dispersed in 1ml of 0.1% (w/v) lecithin cyclohex- in each well measured at 562 nm using a UV reader
ane solution. The particle suspension was sonicated(SpectroMax, Molecular Devices Ltd., UK). BSA was
in a water bath (Model F5100b; Decon Laboratories, used as the protein standard and a set of protein calibra-
UK) for 30s to disperse any possible agglomerates tion solutions between 2 and g@/ml was prepared
before being added to a stirred sample cell. The particle by appropriately diluting a 2.0 mg/ml (BSA) stock
size of the sample was measured by a Malvern 2600 solution using water. The response of each enzyme
laser diffraction analyser (Malvern Instruments, UK) was determined by comparing the nominal concentra-
using a 63 mm focal length lens at an obscuration of tion with the measured amount using the BCA assay.
0.165-0.25. Particle size distributions were expressed The Micro BCA assay was validated as ‘fit for pur-
in terms of volume median diameter (VMD) and span. pose’ prior to use, with the relative standard deviation
The VMD was the diameter at the 50% point of the (R.S.D.) of both intra- and inter-run samples found to
entire volume distribution whilst the span was defined be less than 5%.
as [D(v,90)-D(v,10)]/D(v,50), where D(v,90), D(v,50),
and D(v,10) were the respective diameters at 90, 50 and2.5. Determination of enzyme biological activity
10% cumulative volumes.

Lysozyme was assayed as previously repotéat(
2.3. Scanning electron microscopy (SEM) et al., 200). The activity of catalase was measured by
a published methodAgbi, 1979, in which the first-

Particle size and morphology were investigated by order degradation of hydrogen peroxide was monitored
using SEM. Double-sized adhesive tape was place onby measuring a decrease in absorbance at 240nm as a
an aluminium stub and after stripping off the upper function oftime. Briefly, 10Q.l of catalase solution, the
side of the adhesive protection, a small amount of concentration of which was between 0.4 andulg2ml,
particles was scattered on the stub and dispersed bywas transferred to 2.9 ml of substrate (420 mcg/ml,
tapping lightly on the edge of the stub with a spat- H»O; solution) contained in a silica cuvette, which was
ula to break agglomerates. The particles were then incubated in a thermostatic cell (26) for 3—4 min to
coated with approximately 15-20 nm gold using a sput- reach temperature equilibration. TAg4o of the sub-
ter coater (Polaron E5100, Polaron Equipment Ltd., strate was always initially between 0.520 and 0.550
Watford, UK) operated at an electrical potential of and the time required fof240to decrease from 0.450
15.0kV, 20 mA. Several photomicrographs were pro- to 0.400 was recorded. A calibration curve was con-
duced by scanning fields, selected randomly, at severalstructed using catalase standards of known activity and
magnifications with a Philips SEM501B scanning elec- the unknown samples were compared to this. The bio-

tron microscope (Einhoven, The Netherlands). logical assays for catalase and lysozyme were validated
as ‘it for purpose’, with the inter-run and intra-run

2.4. Quantification of proteins using the Pierce being 2-5% in terms of R.S.D.

Micro BCA protein assay™ The particles emitted from the pMDI formula-

tion were dissolved directly into 25 ml aqueous buffer
The protocol of the Pierce Micro BCA protein  (using the method described below) prior to the deter-
assayM (supplied by Perbio Science UK Ltd., UK) as mination of biological activity. Following this, the
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concentration of enzyme in each sample was deter- dried proteins several of the samples could not be tested
mined using the Micro BCA assay. The activity of at 26 weeks.

each pMDI sample was determined as units per mg and

expressed relative to the activity of a control sample. 28 Deposition test

The control sample comprised of a spray-dried enzyme
stored in a freezer, which had not been in contact with
HFA.

Aninvitro determination of the fine particle fraction
(FPF) of enzyme from pMDI formulations was carried
out using a twin stage impinger (TSI). Purified water
was introduced into the two stages as the entrapment
solvent. Each canister was mounted onto the end of the
glass throat via a rubber mouthpiece adapter and an
actuator. The vacuum pump was adjusted so that an air
flow of 601/min was established through the TSI set-
up and the pMDI was discharged three times to waste
prior to each test. The vacuum pump was switched on
and the pMDI actuated 20 times for each test. After the
final actuation, the pump was left on for a further 5,
air flow was then stopped and the set-up dismantled.

After aerosolisation of the formulation using this
procedure, the inhaler device and the mouthpiece
adapter (device) were washed with deionised water.
The amount of enzyme remaining in the device, stage
1 or stage 2 was determined using the Micro BCA assay
as described above. The fraction from each stage was
defined as the percentage of the total recovered amount
of enzyme, with the FPF defined as the percentage
depositing on stage 2 of the device.

2.6. DSC analysis

The melting enthalpiesA\Hy,) of spray-dried pow-
ders were determined using a model 2920 modulated
DSC (TA Instruments, UK), which was calibrated with
indium prior to analysis. Approximately 5mg of dry
sample was placed in an aluminium pan, which was
hermetically sealed, and then equilibrated-26°C in
the sample compartment. Data were collected whilst
the sample was heated at a rate of Clmin between
—25 and 200C. For liquid samples, approximately
30p.l of protein solution was hermetically sealed, and
data were collected between 5 and°@5at a heating
rate of 10°C/min.

2.7. Preparation of protein pMDI formulation

Samples (approximately 50 mg) of each spray-dried
formulation were accurately weighed into individual
PET canisters. The canisters were stored open in @ 9 pesermination of dose delivered through the
desiccator containing phosphorus pentoxide, thereby ,,1y.c and the recovery of deposition
exposing the formulation to a relative humidity of
0% for 24 h, so as to reduce the moisture contentto  The dose delivered through the valve of a canis-
approximately 1.5% (w/w) (thermogravimetric analy- ter was determined using the following protocol. A
sis (TGA) results showed that the moisture content of holder with three legs and central indentation with a
either catalase or lysozyme particles was at approx- hole tapered in a downward direction was placed into
imately 1.5% (w/w) upon exposure in a desiccator 50 mlglass beaker with 25 ml purified water. A canister
containing phosphorus pentoxide for a period of 24h was shaken, discharged three times to waste with >5s
or longer). Subsequently, the canisters were capped bybetween each activation and the device washed using
crimping metering valves into place and filling through purified water. After the canister and the valve assembly
the valves with ca. 10 g of HFA 134a. The integrity of were completely dried, the canister was shakentos
the crimping of the canisters was tested by monitor- and then placed inverted in the beaker vertically down-
ing the weight change, when a weight change less thanwards and immediately discharged once. Subsequently,
10 mg was regarded as meeting the integrity require- 19 more puffs were actuated into the beaker, after shak-
ment. Both integrity and other tests were carried out ingfor5 s between each actuation. The resultant protein
on formulations which were stored for2 days, 6 solution was diluted to 200 ml with purified water for
weeks, 12 weeks and 26 weeks at room temperaturesubsequent quantification. The percentage deposition
and the results obtained after these time intervals were at various points in the impinger set up was expressed
designated as week-1, week-6, week-12 and week-26as the total amount of enzyme recovered from the three
respectively. Due to the limited availability of the spray stages relative to the dose delivered through the valve.
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Table 1

The recovered biological activity of spray-dried lysozyme and cata-
lase microparticles prior to suspension in hydrofluroralkane propel-
lant (meant S.D.,n=3)

Formulation Relative activity (%)
Lysozyme alone 87.2 2.1
Lysozyme:sucrose 1:1 972 3.0
Lysozyme:trehalose 1:1 968 3.2
Lysozyme:PVA:trehalose 5:0.5:5.5 106#42.2
Lysozyme:PVA:trehalose 5:1:6 974 3.7
Lysozyme:PVA:trehalose 5:2:7 978 4.8
Lysozyme:PVA:trehalose 1:1:2 950 3.0
Catalase alone 544 4.1
Catalase:sucrose 1:1 92132.8
Catalase:trehalose 1:1 93.382.1
Catalase:PVA:trehalose 5:1:6 99182.8

2.10. Statistical analysis

All data are expressed as meanstandard devia-
tions (S.D.). Statistical analysis was performed using a
Kruskal-Wallis test, Mann—-Whitney test or Student’s
t-test (Minitab, Minitab Inc., CA, USA). In all cases,

p values less than 0.05 were considered statistically
significant.

3. Results

3.1. Relative biological activity preservation after
spray-drying

The biological activity of the spray-dried enzymes
(measured immediately after spray-drying) prior to

Table 2

The retained biological activity of HFA based pMDI-formulated lysozyme and catalase patrticles relative to the corresponding control powders

after storage for 12 weeks at room temperature 1 or 3)

33

suspension in HFA propellant is shown Table 1
Lysozyme, spray-dried alone lost just over 10% of its
original biological activity. However, the incorporation
of either sucrose, trehalose or a combination of tre
halose and polyvinyl alcohol with lysozyme preserved
approximately 100% of the enzyme’s biological activ-
ity. Catalase lost 45% of its biological activity upon
spray-drying, but this reduction in activity was reduced
to approximately 7% when either sucrose or trehalose
was used to stabilise the enzyme during the manufac-
ture process. Catalase retained almost full activity when
it was stabilised using a mixture of PVA-trehalose.
Spray-dried catalase with or without trehalose (at a
sugar to enzyme mass ratio 1:1) was found to have
AHp values of 26.8 and 9.2 J/g, which was approxi-
mately 95.0 and 32.6%, respectively of th&/, of the
native structure (28.2 J/g). Such results suggested that
the native structure of the enzymes was preserved by the
presence of stabiliser during spray-drying. The stabili-
sation of lysozyme and catalase conferred by excipients
during spray-drying and the use A, to determine
protein denaturation has been reported previolsao(

et al., 2002; Quader et al., 2002

3.2. The effect of HFA on the biological activity of
spray-dried enzymes during storage

Spray-dried lysozyme, either alone or stabilised
using a number of different excipients including
sucrose, trehalose, PVA and mixtures of trehalose and
PVA displayed no detectable reduction in biological
activity after being stored within a HFA based-pMDI
canister for up to 12 weekddble 2. Due to a lack

Formulation

Activity of pMDI-formulated
enzyme at week-1 (%)

Activity of pMDI-formulated
enzyme at week-12 (%)

Lysozyme alone 99.0
Lysozyme: trehalose 1:1 96424.8
Lysozyme:PVA:trehalose 5:0.5:5.5 96.8
Lysozyme:PVA:trehalose 5:1:6 102.9
Lysozyme:PVA:trehalose 5:2:7 98.9
Lysozyme:PVA:trehalose 1:1:2 97.6
Catalase alone 98:02.7
Catalase: trehalose 1:1 10&:9.8
Catalase:PVA:trehalose 5:1:6 1o%xn.7

98.1
98.1+10.0
100.0
95.3
99.0
93.0

20.8+6.8
101.3+12.3
98.2+1.8
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of available spray-dried protein, only a single biolog- 120
ical activity measurement was performed for several [EWeek-1 MWeek 6 mWeck 120 Week 26
of the MDI formulations and therefore it is difficult to 10+

—_~

make statistical comparisons across this data set. How- £
ever, itwas apparent even from this limited data set that £

vity (%
8

lysozyme was a very robust protein that did not loose 3§ 900l
its biological activity either during spray drying or sus- o

. . >
pension within HFA propellants. Only the lysozyme £ g1

and sugar combinations were tested beyond 13 weeks
i.e. up to 26 weeks and in a similar manner there was 701l
no change in the biological activity of the protein over
this extended time period, which again confirms our 60 -
previous findingsKig. 1).
The biological activity of catalase when spray-dried

alone was reduced from+100 to ~20% during 12 Fig. 1. The retained biological activity of HFA-based pMDI formula-
weeks of storage in HFAT@able 3. However, a sim- tions of lysozyme and catalase particles relative to the corresponding
ilar reduction in biological activity was not observed control powders (which were the corresponding spray-dried enzyme
when catalase was stabilised with sucrose, trehalose orpowder as stored in the freezer without being dispersed in HFA),

. . . after storage up to 26 weeks at room temperature (.,
the combination of trehalose and PVA. Overall, no sig- n=3). CS11, CT11, LS11 and LT11 represent spray-dried cata-

nificant change in the biological aCtiVity of lysozyme  |ase:sucrose 1:1, catalase:trehalose 1:1, lysozyme:sucrose 1:1 and
or catalase occurred over 26 weeks in the presencelysozyme:trehalose 1:1 particles, respectively.

of either sucrose or trehalose as a function of storage

CS11 CT11 LS11 LT11
Formulations

(Fig. 1, p>0.05, Kruskal-Wallis test). although all the spray dried lysosyme and catalase par-
ticles were analysed using SEM only two representative

3.3. PFarticle size and morphology of spray-dried images are shown iAg. 2 Spray-dried lysozyme (with

particles or without excipient) presented smooth surfaces con-

taining characteristic dimples, typical of a spray-dried
The scanning electron microscopy (SEM) results material.
demonstrated that the morphology of spray-dried par-  The particle size and size distribution of the spray-
ticles appeared to be similar regardless of the type anddried protein particles are shown ifable 3 The
guantities of excipents used to stabilise the protein. Due volume median diameters (VMD) of all spray-dried
to the lack of discrimination between the microparticles batches were found to be between 2.48 and 3

42316 SEl 15Kv CT11

Fig. 2. Scanning electron micrographs of spray-dried (a) catalase in the presence of trehalose at a mass ratio 1:1 and (b) catalase in the presen
of PVA-trehalose at a mass ratio 5:1:6.
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Table 3 dried lysozyme in the presence of either sucrose or
Particle size and distribution of spray-dried lysozyme and catalase trehalose. the aerodynamic properties of the resultant
formulations pMDI formulations were significantly affected by stor-

Formulation Volume median  Span age p <0.05, Kruskal-Walllis tesEig. 3a and b). Anal-
diameter ¢m) ysis at week 1 determined the stage 2 fraction of the
Lysozyme alone - 3.09 077 |ysozyme:sucrose 1:1 pMDl as 27.2% (recovered dose)
tﬁgggg;ﬁgi‘;:fl g:gi gzgi whilst the fractions recovered from the device and stage
Lysozyme:PVA trehalose 5:0.55.5  2.48 115 1 were 21.7 and 51.3%, respectively. After 6 weeks
Lysozyme:PVA:trehalose 5:1:6 2.67 1.03 storage at room temperature, the fraction depositing in
Lysozyme:PVA:trehalose 5:2:7 2.78 118  stage 2 decreased significantly to approximately 8%,
Lysozyme:PVA:trehalose 1:1:2 2.89 113 however with further storage for up to 26 weeks, there
Catalase alone 3.12 118  appeared to be no further reduction in the stage 2
ga:a:asefuszise 11111 g-gg 1-2‘51 fraction. The pMDI formulated lysozyme:trehalose 1:1
alalase:trehalose 1: . . H H o H
Catalase PVArehalose 5116 577 113 particles displayed a similar aerodynamic performance

to those emitted from the lysozyme:sucrose 1:1 formu-
lation at the first week after preparation. However, the

. . . storage suspension stability of the former proved to
In addition, the particle size span fpr these batches lay |, significantly better than the lattgr<0.05, paired
between 0.77 and 1.18, which indicates that the man- Studentr-test). Nonetheless, the fine particle fraction

ufacturing method generated particles within a narrow (stage 2 fraction) of trehalose-based pMDI formulation

size distribution. was susceptible to decrease as a function of storage time

and at 26 weeks, the fine particle fraction decreased to
3.4. Deposition of pMDI-formulated enzyme 12.7% whilst the stage 1 fraction increased to 61.4%
particles in the absence of PVA (Fig. ).

The fine particle fractions generated by the spray

The mean dose of protein delivered through the dried catalase particles in the presence of either sucrose
valve from four formulations, lysozyme:sucrose, 1:1 or trehalose appeared to significantly decrease as a
(LS 1:1), lysosyme: trehalose 1:1 (LT 1:1), cata- function of storage timgx{<0.05, Kruskal-Wallis test,
lase:sucrose (CS 1:1), catalase:trehalose (CT 1:1) eachrig. 3¢ and d). The formulation, which incorporated
of which comprised three independent samples, was trehalose, was found to deposit a higher fine particle
found to be between 1395 and 1524 per 20 actua-  fraction in stage 2 after 6—26 weeks of storage than the
tions. The coefficients of variation between samples of similar formulation containing sucrose. For example,
each formulation and between formulations were less after 26 weeks storage at room temperature, the stage
than 10% (data not shown). Such results indicated that 2 fraction of the pMDI formulation containing sucrose
the uniformity of the pMDI formulations was satisfac- was 6.0%, relative to the 18.7% recovered from the
tory and was independent of formulation. The recovery pMDIformulated usingtrehalose. The reductionsinthe
(relative to the theoretical dose) of protein from the four fine particle fractions were compensated by increases
formulations was found to range from 94.8 to 101.6% in the stage 1 fractions, whilst the device fractions
with a mean of 97.46.8% (n=12). As a result, the  were consistently found to be approximately 20% of
emitted dose appeared to represent the theoretical dosethe recovered dose and independent of formulation and

The physical stability of pMDI formulations was storage time.
primarily evaluated in terms of changes in fine particle
fraction as a function of storage time. Only the pro- 3.5. Deposition of pMDI-formulated enzyme
tein formulations containing stabilisers were assessedparticles in the presence of PVA
using the twin-stage impinger as the biological activ-
ity measurements for all these systems, irrespective  Combining lysozyme with both PVA and trehalose
of the protein or stabiliser employed, was shown to during the spray-drying process produced microparti-
be ca. 100%. For formulations prepared using spray- cles that when suspended in HFA to produce pMDI
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Fig. 3. The aerosol performance of HFA based pMDI-formulated spray-dried (a) lysozyme:sucrose 1:1, (b) lysozyme:trehalose 1:1, (c) cata-
lase:sucrose 1:1 and (d) catalase:trehalose 1:1 particles as a function of storage time, evaluated by a twin stage impitig2D(nmea8).

formulations appeared to have significantly better week of preparation Hig. 4a). However, the sta-

aerosol performance, indicated by a higher fine par- bility of the aerodynamic properties was found to
ticle fraction than those formulated using either tre- independent of the PVA content in the spray-dried
halose or sucrose along <0.05, Mann-Whitney  particles Fig. 5. For example, although after stor-

test, Fig. 3a and b). The fine particle fraction of age for 12 weeks at room temperature, the formu-
pMDI formulations of lysozyme containing PVA were  lation (lysozyme:PVA:trehalose 5:0.5:5.5) containing
found to range from 47.1 to 52.7% during the first the lowest PVA content was found to produce a slightly

80 80
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Fig. 4. The aerosol performance of HFA based pMDI-formulated spray-dried (a) lysozyme:trehalose:PVA 5:1:6 and (b) catalase:trehalose:PVA
5:1:6 particles as a function of storage time, evaluated by a twin stage impinger{n&Bnn = 3).
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Fig. 5. The aerosol performance of HFA based pMDI-formulated
spray-dried lysozyme:trehalose:PVA formulated at various relative
weight:weight ratios.

decreased fine particle fraction, 42.8%, in compari-
son to the 48.3%, obtained during week-1 this appar-
ent reduction was not statistically significapt(0.05,
ANOVA). Furthermore, all the PVA containing pMDI
formulations displayed a significantly better storage
suspension stability in terms of fine particle frac-
tion than either of the pMDI formulations containing
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4. Discussion

In this study, spray-dried lysozyme with or without
additional excipients was found to be biologically sta-
ble in HFA 134a contained within a pMDI for up to 26
weeks. Such results were broadly in agreement with a
previous study, which reported thatthe secondary struc-
ture of lysozyme underwent no change after dispersal
in HFA propellants, although the effects of storage
time on structure conformation were not investigated
in the earlier investigationQuinn et al., 1999 In
addition, the results of the current study showed that
spray-dried catalase, in the presence of stabiliser(s),
was stable in the propellant upon storage. Therefore,
these results indicate that HFA propellants are compat-
ible with these proteins when the latter are presentin a
particulate form. However, spray-dried catalase with-
out stabiliser was found to undergo rapid inactivation
after dispersal of the protein in HFA 134a. The inac-
tivating effect might be attributable to the unfolding
of the protein. Indeed, the spray-dried catalase alone
appeared to be considerably denatured, as indicated by
the change in melting enthalpyAn), obtained by
DSC. The denaturing of proteins leads to the expo-

lysozyme:sucrose 1:1 or lysozyme:trehalose 1:1 alone sure of the reactive side chains such as hydrophobic

(p <0.05 Mann—Whitney test).

The fine particle fraction of the PVA-containing
catalase pMDI formulation was found to be 58.9%
(Fig. 4b), which was significantly higher than that
of the pMDI formulated catalase:sucrose 1:1 or cata-
lase:trehalose 1:1 particle§ig. 3¢ and d,p <0.05,
Mann—Whitney test). The device and stage 1 frac-
tions from the PVA-containing catalase formulations
accounted for only 15.9 and 25.2% of the recovered

groups, which might be expected to increase the rate
of aggregation, degradation and inactivatibtafining
et al., 1989. The present results support the hypothe-
sis reported previouslyJarpenter et al., 1999which
states that to maintain the protein stability in formu-
lations (in the present study, the biological activity
of pMDI-formulated proteins), the native structure is
required to be intact.

It is thought that sugars stabilise proteins during

does respectively, as evaluated during the first week rapid dehydration through either vitrification or water

after preparationKig. 4b). After storage for 6 weeks

substitution mechanisms. Water substitution involves

at room temperature, a slight decrease in fine particle the formation of hydrogen bonds between the sugar

fraction was found. However, after storage for a further

and protein, which is believed to be responsible for the

6 weeks, the recovered fine particle fraction appeared inhibition of the unfolding of the proteins, whereas vit-
to be the same and the effect of storage on the fine rification depends upon the immobilisation of protein

particle fraction appeared to be insignificamt(0.05,
Kruskal-Wallis test). When catalase was spray-dried

molecules that accompanies glass formatfrakawa
et al., 1993; Carpenter et al., 1999 he vitrification

in the presence of a PVA-trehalose mixture, the resul- mechanism is kinetic in origin but, the water substi-
tant pMDI formulations appeared to always display tution hypothesis describes a thermodynamic mecha-
a markedly better aerosol performance in comparison nism, dependent upon the free energy of unfolding.
to the pMDI formulated catalase:sucrose 1:1 or cata- Although the exact mechanism of trehalose stabilisa-
lase:trehalose 1:1 particles during storagecQ.05, tion was not identified in this work it was shown that
Mann-Whitney test) as shownkigs. 3canddand 4b  the sugar was able to conserve the biological activ-
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ity of the proteins both during spray-drying and sus- droplet is dependent upon both diffusion and convec-
pension in HFA propellants. However, in addition to tion. Whilst the PVA used in this work is significantly
heat-induced dehydration, the process of spray-drying smaller than either catalase or lysosyme and should
exposes macromolecules to high shear and rapidly therefore diffuse to the droplet surface more rapidly,
forming air-water interfaces. Whilst trehalose is known this is based on the assumption that the two molecules
to protect DNase | against the removal of water, there do notinteract. In addition, both compounds are macro-
is little evidence that it is effective in protecting ther- molecules containing a number of discrete confirma-
apeutic agents against the surface effects caused bytions and it is difficult to predict if certain functional-
atomization. Simply measuring the biological activity ities within the molecules will adsorb to the interface
of proteins may not determine such effects and further preferentially. Although using current analytical tech-
work should go onto investigate these effects in more nology itis difficultto determine the interactions within
detail. a dynamic environment such as a spray-drier’'s spray-
Without the inclusion of PVA in the spray-dried plume, further work, perhaps using a model system
enzyme particles, the resultant pMDI suspensions would be beneficial to truly understand the effects of
delivered a low fine particle fraction. This poor aerosol such a process on complex macromolecules such as
performance is likely to be attributable to differences proteins.
in the physicochemical properties of the suspended
enzyme particles within the HFA propellant. The pro-
tein/sugar microparticles probably formed aggregates 5. Conclusion
within the pMDI which were not re-dispersed upon
dose actuation. Thus, whilst the combination of the During microparticulate fabrication methods such
proteins with a sugar may have conferred significant as spray-drying, peptides and proteins can be suscepti-
advantages in terms retaining functional integrity dur- ble to inactivation. However, the different susceptibil-
ing spray-drying they did not facilitate the production ity of the two model proteins in this study indicated
of a physically stable suspension of the enzyme in HFA that the extent of inactivation is molecule specific.
propellant. In the present study, the spray-dried protein particles
The enhanced suspension stability conferred by the were found to display different physical characteristics
inclusion of PVA presumably involves the modifica- when suspended within HFA pMDIs. The aerosolisa-
tion of the surface composition of spray-dried parti- tion performance and thus, the suspension stability was
cles such that the interparticle interactions favouring shown to be dependent upon the composition of the
particle agglomeration were reduced. The effects of protein microparticles. Those formulations containing
excipients on the surface composition of spray-dried PVA were found to physically stabilise suspensions of
protein particles have been reported to depend uponthe test proteins and limit the potential for irreversible
the differences between the adsorptivity of proteins aggregation more effectively than those that did not
and excipients at the air-water interfaces of the droplets contain the polymer. In addition the biological activ-
(Landstrom et al., 2000; Millgvist-Fureby etal., 1999 ity of the protein was preserved for a minimum of
Itis possible that the PVA, a polymeric surfactant, pref- 12 weeks when PVA and a sugar was used in com-
erentially adsorbed at the surface of the droplets during bination regardless of the type of protein or relative
the spray-drying procedure, displacing protein and/or quantities of excipients. Importantly, PVA conferred
sugars from the surface of the resultant particles. Previ- excellent suspension stability and aerosolisation per-
ously, Tarara et al. (2004eported that coating budes- formance without the requirement for the inclusion of
onide microcrystals with surfactants (lipid) resulted in  surfactants. This may be an additional advantage for
the enhanced suspension stability. Therefore, when thepMDI formulations since surfactants, which are usu-
formulated protein particles are dispersed in HFA, the ally presented as dissolved excipients can lead to the
PVA might by steric stabilisation, reduce interparti- production of aerosolised aggregates during the evap-
cle attractions, which might otherwise be expected to oration of sprayed droplets. In particular, such detri-
decrease the physical stability of pMDI suspensions. mental effects can increase with increasing suspension
However, adsorption at the air-liquid interface withina concentration.
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