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Abstract—The objective of this study was to evaluate the joint effects of various processing and formulation
variables on the properties of spray-dried f-galactosidase using statistically designed experiments. The key
response variables evaluated were product yield, residual enzymatic activity, moisture content and particle
size and appearance. The residual enzymatic activity and product yield were significantly affected by the
processing variables. The highest product yields were obtained when the drier outlet temperature was
relatively high, resulting in extensive protein denaturation. Subsequent experiments, therefore, compared
the relative effectiveness of four stabilizers (mannitol, sucrose, arginine hydrochloride and trehalose) in
terms of their ability to preserve enzymatic activity during the spray-drying process and during long-term
storage. Trehalose was the most suitable stabilizer. The effect of a number of other formulation variables
(total solids level, ratio of stabilizer to protein, presence of surfactant and presence of buffer) was also
investigated. A final formulation consisting of 6% f-galactosidase and 10% trehalose in deionized water
was selected. Spray-drying at inlet and outlet temperatures of 140 and 95°C, respectively, results in greater
than 70% yields of a fully active product with a moisture content of 2-5% and a mean particle size of

2-4 ym.

Spray-drying has been used extensively in the pharmaceuti-
cal industry, primarily in the production of raw drug
materials (such as antibiotics) and excipients (spray-dried
lactose). Other well established pharmaceutical applications
include granulation and microencapsulation processes
(Broadhead et al 1992). Interest in developing novel delivery
systems for protein and peptide drugs has focussed attention
on spray-drying as a means of processing these thermolabile
materials. The potential of spray-drying in protein formula-
tion lies in its ability to produce particles of controlled size
and shape. This is critical to the development of systems such
as dry powders suitable for inhalation and microparticulates
for controlled drug delivery.

Spray-drying is already used extensively for drying other
heat sensitive materials including enzymes, blood products
and microorganisms (Masters 1985). In spite of the high
temperatures which are involved, the cooling effect caused by
solvent evaporation means that the temperature of the dried
product remains relatively low (Masters 1990). Therefore,
biologically active materials can be spray-dried without
activity losses occurring. The recent development of bovine
somatotrophin microspheres using spray-drying techniques
highlights the potential of spray-drying for the processing of
protein drugs (Steber et al 1987; Cady et al 1989). It has also
been reported recently that formulations of tissue plasmino-
gen activator and human growth hormone can be spray-
dried at temperatures of 150°C with little or no activity loss
(Mumenthaler et al 1991).

Despite the potential advantages of spray-drying, there are
a number of difficulties which must be overcome. A major
problem often encountered with laboratory-scale spray-
driers is a low product recovery. This may be prohibitive in
the early stages of pharmaceutical development when only
small quantities of very costly drugs are available. In
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addition, spray-drying is usually associated with product
moisture contents considerably higher than those which have
been established for marketed lyophilized products.

The aim of this study was, therefore, to evaluate the effects
of process and formulation parameters on the characteristics
of a model spray-dried protein. The enzyme f-galactosidase,
derived from Aspergillus oryzae, was chosen as a model. This
is a monomeric protein of molecular weight 105 kDa, with an
isoelectric point of around pH 4-5 (Tanaka et al 1975; Ogushi
et al 1980). Statistically designed experiments were used
throughout this study so that the effects of several process
and formulation variables could be evaluated simulta-
neously. The study was carried out in two stages. In the first
stage, the goal was to study how process variables (tempera-
ture, solution feed rate and air flow rate) affected product
characteristics (responses). The second stage of the study
focused on the use of formulation excipients to preserve
enzymatic activity under conditions where the highest yields
could be obtained. The effects of excipient, total solids and
the inclusion of a surfactant or buffer salts in the formulation
were evaluated, and a final formulation and process estab-
lished.

Materials and Methods

Materials

Lyophilized f-galactosidase derived from Aspergillus oryzae
was purchased from Enzyme Development Corporation
(New York, USA). The reagents and standard used for the
BCA protein assay were purchased from Pierce Chemical
Company (Rockford, IL). Tween 80 was purchased from ICI
Chemicals (New Brunswick, NJ). Mannitol, O-nitrophenyl-
p-p-galactopyranoside (ONPQG), sucrose, trehalose, arginine
hydrochloride and all other chemicals were purchased from
Sigma Chemical Company.

Feed solution preparation
A dispersion of the commercially obtained f-galactosidase
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was prepared in deionized water (10 g/60 mL). This was
centrifuged at 12000 rev min—! for 1S min to remove the
insoluble material present in the commercial preparation.
The supernatant was then dialysed against deionized water
for 24 h with three changes. This process resulted in a final
protein concentration of approximately 60 mg mL~'. The
protein solution was diluted to the appropriate concentra-
tion with deionized water, when required, and any formula-
tion excipients were added before spray-drying.

Spray-drying

The spray-drying was carried out using a Biichi 190 mini
spray-drier. This is a co-current two-fluid drier in which the
atomizing air and feed solution pass separately to the nozzle.
The feed is atomized by the air as it leaves the nozzle and
enters the top of the drying chamber. The dried product is
separated from the air stream by means of a cyclone
separator. The process variables which can be altered are the
drier inlet temperature, the solution feed rate, the air flow
rate and the aspirator vacuum. The outlet temperature
cannot be controlled directly, but is a function of the drier
inlet temperature and the solution feed rate. The aspirator
vacuum was kept at approximately 35 mbar throughout the
studies. The yield was calculated as the percentage of the
solids present in the feed solution which were recovered in the
product collector.

Activity determination

The activity of the spray-dried f-galactosidase was deter-
mined using a modified method of the Food and Chemical
Codex (1981). Approximately 1 mg mL~! solutions of the
spray-dried protein were prepared in 0-1 M acetate buffer, pH
4-5. Fifty and 100 uL portions of these solutions were added
to 3 mL of ONPG substrate solution (493 mg/100 mL buffer)
in a 35 mL cuvette. The activity of the samples was
calculated by measuring the rate of increase in absorbance at
420 nm caused by the enzyme-catalysed hydrolysis of ONPG
to o-nitrophenol. A Perkin Elmer Lambda 7 UV-vis spectro-
photometer, maintained at 37°C by a circulating water bath,
was used for the activity determinations.

The protein content of the samples was determined using
the BCA method (Smith et al 1985) which quantitatively
measures protein by the enhanced colorimetric detection of
Cu* produced in the reaction of protein with alkaline Cu?*.
Bovine serum albumin (BSA) was used as a protein standard.
Since some spray-dried samples contained fragments which
were insoluble in buffer, the total protein content of the
samples was determined after solubilization in 8 M urea. The
fraction of insoluble protein was calculated by comparing
the protein measurements in the presence and absence of
urea. The specific activity of the spray-dried samples (activity
(mg of total protein)~!) could thus be calculated. Residual
activity was expressed as a percentage of the specific activity
of the original lyophilized material.

Moisture content determination

The moisture content of the spray-dried samples was
determined using a Mitsubishi Moisture Meter (model CA-
06, with vaporizer VA-06), in which the samples were heated
to 120°C for 10 min before Karl Fischer titration (Johnson
1967).

Particle size analysis

The particle size of the samples was determined using image
analysis (Magiscan, Joyce Loebl). Fifty milligram samples of
spray-dried material were dispersed in 15 mL silicone fluid
and sonicated for 1 min. Four slides were prepared from each
dispersion and four fields of view were analysed from each
slide. Approximately 400-600 particles from each sample
were measured. The Feret diameter (horizontally) was used
to represent the sizes of the particles. The geometric mean
size was used as the basis for comparing different samples
since the size distributions appeared to follow a log-normal
pattern.

Scanning electron micrographs (SEM )

Samples of the spray-dried powders were sprinkled on SEM
stubs and gold coated. Scanning electron micrographs were
obtained using an Amray 1200C Instrument.

Experimental design

Initially, a model formulation consisting of 6% fS-galactosi-
dase and 5% mannitol in deionized water was used to
evaluate the effect of process variables on the properties of
the product. A 2* full factorial experimental design was
utilized (Box et al 1978). In such a design, three factors are
evaluated, each at two levels, and experimental runs are
carried out at all eight possible combinations of the levels.
Preliminary experiments were carried out to establish appro-
priate ranges for the processing variables. The high and low
temperatures were selected such that activity losses would be
expected at the high but not at the low temperature. The high
level for the feed rate of 5 mL min~! was the maximum rate
which could be used at the low temperature without
condensation appearing in the drying chamber, whereas the
low level of 2 mL min~—! was the slowest practical rate. The
high air flow rate was the maximum which was easily
achievable using the Biichi 190 drier, whilst the low level of
500 L h—! was the minimum required to provide sufficient
energy for atomization. Two replicates of each experimental
run were carried out to estimate the inherent variability of
the experiments (both measurement variability and other
random errors in the system). Since all the runs and
duplicates could not be completed in one day, the sixteen
runs were carried out in two sets one week apart. So that
between-day variability could be estimated and separated
from the process variable effects, the sixteen runs were
designed in two blocks. The blocking variable was designed
in such a way that it was only confounded with the three
factor interaction effect, which is considered to be of least
interest (Box et al 1978). The experimental design is shown in
Table 1.

A 2° full factorial experimental design was subsequently
used to examine the effect of formulation variables on the
spray-dried product (Table 2). This study examined the effect
of stabilizer (arginine hydrochloride vs trehalose), surfactant
(0:05% Tween 80), total solids concentration, ratio of
stabilizer to enzyme, and drying temperature, on the final
product. This five-factor design required 32 runs. The
experiments were blocked into four sets, carried out at
weekly intervals. Duplicate runs were not carried out, since
the previous study had not indicated substantial experi-
mental variability. Computations were performed using
programs in SAS (Statistical Application Software).
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Table 1. Experimental design used to evaluate the effect of
processing variables.

Run Inlet Feed Airflow Day
temperature rate rate X4
X, X2 X3
1 -1 -1 -1 1
2 +1 -1 -1 2
3 —1 +1 -1 2
4 +1 +1 —1 1
5 -1 -1 +1 2
6 +1 -1 +1 1
7 —1 +1 +1 1
8 +1 +1 +1 2
9 0 0 0 2

Inlet temperature, +140°C; —70°C. PumpinF speed: +5 mL
min~!; —2 mL min—!. Airflow rate: +700 L h='; —S00 L h—!,

Table 2. Experimental design used to evaluate the effect of
formulation variables.

X X X X X
Week |
1 - - — 4+ 4+ X surfactant
2 + - + - + + present
3 + - + + = —absent
4 + + 0 0 0
S - - = = — X stabilizer
6 + + - - = +trehalose
7 + 4+ - + 4+ —arginine HC]
8 - + 4+ - +
9 — + + + — X total solids
Week 2 +16%
1 - - + - - —8%
2 - + — + — X stabilizer:enzyme ratio
3 + + + - -
4 + - - - + +7:1
5 + - - 4+ - —1-67:1
6 - + - - +
7 + + + 4+ 4+ X inlet temperature
8 - - 0 0 0 +175°C
9 - - + + + —105°C
Week 3
1 - = + - +
2 — + - + +  Xe XXX
3 + — - — — XX XeXs
4 + + o+ o+ -
5 - - + 4+ - X Xy
6 + - — 4+ 4+ Weekl — —
7 - + - = — Week2 + +
8 + 0 0 0 Week3 + -
9 + + - + Week4 - +
Week 4
1 + - 0 0 O
2 + - o+ - -
3 + o+ - +
4 -+ + - -
5 + - + + o+
6 -+ + + o+
7 + + - o+ =
8 - - - - %
9 - - - 4+ -

Results and Discussion

Activity losses induced by spray-drying

Initial experiments were carried out in which f-galactosidase
was spray-dried in the absence of any protective excipient.
Fig. 1 shows the effect of drying temperature (inlet and
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F1G. 1. The effect of drier inlet and outlet temperature on the residual
activity of §-galactosidase spray-dried without protective excipients.
B Inlet temperature, O outlet temperature. (Solution feed rate, 3-5
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F1G. 2. The relationship between activity loss and the proportion of
insoluble protein in f-galactosidase samples spray-dried without
protective excipients.

outlet) on the residual enzymatic activity. It is evident that
even at the lowest possible drying temperatures, activity
losses occur. Fig. 2 shows the relationship between the
residual activity of the above samples, and the presence of
insoluble protein. The formation of insoluble protein aggre-
gates is clearly involved in the observed activity losses,
although this phenomenon only occurs with activity losses
greater than about 15%. Izutsu et al (1991) observed that
when freeze-dried f-galactosidase (derived from A. oryzae)
was stored at 70°C, soluble higher molecular weight aggre-
gates formed which were associated with activity losses. This
may also occur as a result of spray-drying, with insoluble
precipitates forming when denaturation is more extensive.

Effect of process variables
Table 3 shows the fitted equations relating the response
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Table 3. Fitted equations relating product characteristics to processing variables.

Drier outlet temperature (°C)
Residual activity (%)

Geometric mean particle size (um)
Moisture content (%)

Yield (%)

Y, =5924+211X,—87X,—1-8X4

Y:=766—22-3X,4+12-6X,+ 11-6(X;+X3)

Y3 =407 +0-41X; +0-30(X2 X3) — 0-20(X; - X2)* +0-59X
Ys5=530—-0-20X, —0-22X,+0-23X3—0-29(X, - X3) + 0-27(X;- X3) — 0- 16 X4*
Yo=156+39X, —7-5X,— 6:9(X; - X2) + 4(X2- X3)

=0-995
=0979
=0926
=0-883
=0-923

LSRN SRR CE ST )

* Significant at 90% confidence level. X;: Inlet temperature; X,: feed rate; X;: air flow rate; X4: day.
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Fi1G. 3. The effect of process variables on residual activity and yield. *Indicates missing data points where yields were too
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Table 4. The effect of formulation additives on the properties of
spray-dried S-galactosidase.

Stabilizer Moisture Geometric Residual activity
content mean following drying
(%) particle size (%)
None 4-5 39 42
Mannitol 15 43 81
Sucrose 2-8 43 102
Arginine HCI 32 44 106
Trehalose 4-0 4-0 109

parameters to the processing factors. Terms included in the
equations were significant at the 95% level unless otherwise
marked.

Several terms were found to have statistically significant
effects on the product moisture content. However, the
magnitude of the effects was small and of little practical
importance. Labrude et al (1989) reported a decrease in
moisture content with an increase in drying temperature
when a haemoglobin and sucrose formulation was dried
using a Biichi spray-drier. It has been reported that the
moisture content of the product is determined by the outlet
temperature of the spray-drier (Masters 1985); this effect was
not observed in this study over a temperature range of 70—
140°C.

A tendency for the particle size to increase with increasing
drier inlet temperature was observed. This effect is probably
due, at least in part, to the increased tendency to agglomerate
exhibited by the powders spray-dried at high temperatures.
The effect of temperature on particle size is reported to be
dependent on the material being dried (Crosby & Marshall
1958), and so this observation is probably formulation
specific. In two-fluid driers such as the Biichi 190, the particle
size is reported to decrease with an increase in the ratio of the
air to liquid flow rates, since this represents an increase in the
energy available for atomization (Masters 1985). Our model
supports this theory since when both flow rates are high or
low (minimizing this ratio), the X,-X; interaction term is



462 J. BROADHEAD ET AL

Table 5. The effect of storage on the residual activity of spray-dried

B-galactosidase formulations.

Residual activity

Conditions
No stabilizer Mannitol
Initial 41-8 80-5
5°C
1 month 300 623
6 months 274 43-2
12 months 19-9 247
30°C
1 week 26-5 50-7
1 month 212 330
4 months 17-6 28-7
6 months 18-0 26-7
12 months 11-7 20-5
40°C
1 week 24-8 351
1 month 19-6 19-2
4 months 151 185
6 months 13-3 165
12 months 92 133

Sucrose Arginine HCl Trehalose

101-5 105-8 108-6
106-2 99-9 101-8
951 97-8 100-7
959 94-7 96-0
103-2 96-9 109-3
100-5 104-5 110-3
100-3 104-6 100-4
90-2 91-8 959
88-6 97:5 96-8
101-0 105-2 108-6
102-2 109-8 106-6
87-6 105-9 104-7
81-4 96-2 99-7
74-1 955 107-4

positive and hence results in an increase in particle size.
Although this model fits the data quite well, the day-to-day
variability (X4) is significant, and is larger than any change
which could be induced by alteration of process variables.
Since the day-to-day variation is confounded with the three
factor interaction effect (X, - X; - X;) however, it is impossible
to differentiate the relative importance of their respective
contributions.

The outlet temperature of the drier was determined solely
by the main effects of the inlet temperature and the solution
feed rate. Ata given inlet temperature, a decrease in feed rate
will cause the outlet temperature to rise. The outlet tempera-
ture of the spray-drier is considered to be the most important
factor in determining the residual activity of spray-dried heat
sensitive materials (Daemen & van der Stege 1982; Labrude
et al 1989). With the Biichi apparatus, the outlet temperature
cannot be controlled directly, but the fitted equation shows
that it can be predicted with considerable accuracy from a
knowledge of the inlet temperature and the solution feed rate
(Table 3, eqn 1). Similarly, it enables the processing condi-
tions to be controlled so as to give a desired outlet
temperature. The extent to which this relationship would
change with different formulations is uncertain, but it is
unlikely to be substantially altered as long as the viscosity of
the solution remains low.

The fitted equation in Table 3 indicates that the residual
activity is determined by the main effects of solution feed rate
and drier inlet temperature with the interaction between the
two also being significant. It can be seen from Fig. 3 that
increasing the inlet temperature results in much greater
activity losses when the feed rate is low, compared with when
feed rate is high. This phenomenon is reflected in the X;-X;
interaction term in the fitted equation (Table 3, eqn 2). This
can be explained by the manner in which inlet temperature
and solution feed rate control outlet temperature, as de-
scribed above. The relationship between residual activity and
drier outlet temperature is illustrated in Fig. 4. It can be seen
from the nature of the curve that the residual activity is much
more sensitive to small changes in outlet temperature when

the temperature is high, than at low or moderate tempera-
tures.

The yield was also determined by the drier inlet tempera-
ture, the liquid feed rate and the interaction between the two.
Here again the interaction term is of critical importance as
illustrated in Fig. 3. An increase in inlet temperature
improves yield only when the solution feed rate is low. At
high solution feed rates yields are low, irrespective of drying
temperature. The fitted equation confirms these observa-
tions; the yield can be considerably increased by reducing the
solution feed rate. A simultaneous increase in the drier inlet
temperature results in dramatic improvements in the product
yield. The yield is therefore highly dependent on drier outlet
temperature as shown in Fig. 4. A positive value of the X, X;
term (i.e. a low airflow: feed rate ratio) further increases the
yield. Since a low feed rate is required to obtain high product
yields, it follows that a low air flow rate is also required to
maximize the yield.

The strong interaction effects observed between inlet
temperature and solution feed rate, with respect to residual
activity and yield, highlight the value of using statistically
designed experiments. Had the effects of the process vari-
ables been studied individually, varying one factor at a time,
these findings would have been missed.

It is evident from Figs 3 and 4 that the highest product
yields are associated with significant losses in enzymatic
activity. The experimental region where yields are greatest
corresponds to the region where residual activity levels are
lowest. Clearly a prerequisite for the use of this process
would be that drying could be accomplished without any
activity losses. Nevertheless low yields are a persistent
problem with laboratory-scale spray-driers, and may place
severe restrictions on the use of the process in early product
development of protein drugs. Thus, it is obviously desirable
to be able to carry out the process under conditons which
maximize yields. This led us to investigate potential stabi-
lizers which might be effective in stabilizing the enzyme under
the harsher drying conditions required to achieve acceptable
yields.
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F1G. 5. Scanning electron micrographs of spray-dried f-
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Table 6. Fitted equations relating product characteristics to formulation variables.

Yield (%) Y =488 — 109X+ 7-3X35—5-3X4—50(X; - Xg)* r’=074

Residual activity (%) Y,;=785+12-0X;—39-3Xs+ 7-4(X5- Xs)* r’=091

Residual moisture content (%) Y;=—0-03% —026X;*-0-30X; —0-44X4—0-77Xs =082
+0-36(X3+X4) —0-36(X; - X5)+0-40(X4- X5)

Geometric size (um) Y4=2:09—-043X;+0-72X¢—0-74X 74 0-05r.h. + 0-28(X, - X3) ?=0-77

* Significant at 90% confidence level. * Not significant. X;: Surfactant; X;: stabilizer (+ trehalose, —arginine HCI);
X3s: total solids; X4: stabilizer:enzyme ratio; Xs: inlet temperature; Xe, X7: day.
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Fi1G. 6. The effect of ambient relative humidity on the moisture
content of spray-dried formulations.

Effect of excipient

Table 4 shows the properties of formulations containing 6%
B-galactosidase and 10% arginine hydrochloride, sucrose,
trehalose or mannitol in deionized water. These formulations
were dried at a feed rate of 2 mL min~!, an air flow rate of 500
L h—'and ataninlet temperature of 105°C. Yields of 40-65%
were obtained. Table 5 shows the effect of storage at 5, 30 and
40°C on the residual activity of the product. The control and
mannitol formulations which both suffered activity losses
during the spray-drying process continued to degrade during
storage. As would be expected, the activity losses progressed
faster at higher storage temperatures. Whilst mannitol
evidently has a slight protectant effect compared with the
control formulation, the other stabilizers are all more
effective. Arginine hydrochloride and trehalose were able to
maintain the potency of §-galactosidase both during spray-
drying and during storage at 40°C for one year. Both these
substances have previously been reported to stabilize A.
oryzae-derived f-galactosidase during freeze-drying and
subsequent storage at 70°C for a period of seven days (Izutsu
et al 1991). The sucrose formulation was stable for one year
at 5°C, but started to lose activity after about three months

storage at higher temperatures. This formulation also devel-
oped a brown discoloration after prolonged storage at the
higher temperatures. This can be attributed to Maillard
reactions which occur when sucrose is hydrolysed to its
constituent monosaccharides (Roser 1991; te Booy et al
1992). This phenomenon has been shown to occur in freeze-
dried protein preparations containing sucrose even when
prepared under neutral or only mildly acidic conditions
(Tarelli & White 1982). Those authors also observed that
mannitol and trehalose possessed much greater inherent
stability than sucrose and lactose, especially when the
product moisture content was greater than 1%. It is interest-
ing to note that the excipients which provided the greatest
degree of protection in the spray-drying process also
afforded the best long-term stability. This may indicate a
similarity in the mechanism of protection from the two
different types of thermal stress.

Fig. 5 shows scanning electron micrographs of the formu-
lations described above. There is a striking difference
between the smooth-surfaced particles observed in the
control formulation containing no excipient, and the more
pitted surfaces observed when stabilizers were included in the
formulation. This is particularly apparent in the case of the
arginine hydrochloride and trehalose formulations. A small
increase in particle size (1-2 um) was observed for the sucrose
and arginine hydrochloride samples after storage at 30 and
40°C. This occurred because these samples tended to form
hard cakes during storage which did not easily disperse
during the slide preparation process. Therefore, the apparent
increase in size can be attributed to the presence of powder
agglomerates on the slides. This effect was observed to a
lesser extent with the control and mannitol formulations,
and did not occur at all with the trehalose formulation, which
maintained its fine, powdery appearance even after twelve
months storage at 40°C.

Effect of formulation variables

From the results observed in the stability studies, arginine
hydrochloride and trehalose were judged to be the most
promising stabilizers and were therefore investigated further.
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F1G. 7. The effect of total solids, presence of surfactant and drying temperature on the residual activity of arginine
hydrochloride and trehalose formulations. * Indicates missing data points where yield was too small to permit analyses to

be carried out.
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A 2° full factorial experimental design was used to compare
these two stabilizers, and also to evaluate the effect of total
solids (8-16%), stabilizer to protein concentration ratio
(1-7:1-7:1), presence of surfactant (0-05% Tween 80) and
drying temperature (105-170°C). Drying temperature was
included in this experimental design since we wished to
evaluate the effect of higher drying temperatures than those
used in the first phase of the study. A feed rate of 2 mL min~!
and an air flow rate of 500 L h~' were used throughout this
study. The 32 experimental runs were blocked into four sets
of eight runs. Again the three-factor interactions were
confounded with the day-to-day variation. Table 6 shows the
fitted equations obtained from the experimental data.
There was substantial variation in the ambient relative
humidity on the four occasions on which the spray-drying
was conducted. Levels ranged from less than 15% to over
50%. These variations clearly affected the moisture content
of the product. In addition, the yields from the arginine
hydrochloride runs carried out when the relative humidity
was high were very poor, since the product obtained was
extremely sticky and could not easily be removed from the
product collector. The effect of relative humidity on the
product moisture content is illustrated in Fig. 6. Although
the r? value for this fitted equation is only 0-506, it must be
remembered that this plot shows data from all the experi-
mental runs and so was not obtained under constant
conditions with respect to the five experimentally controlied
parameters. Statistical analysis of the data showed a highly
significant effect of relative humidity on product moisture
content (P=0-0001). Thus the residuals procedure of SAS
was used to eliminate the effect of relative humidity from the
data, so that the effects of the experimentally controlled

1204
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Y . : . .
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FiG. 8. The effect of spray-drier outlet temperature on the residual
activity of arginine hydrochloride (®), trehalose (R), and control (a)
formulations. Pump speed, 2 mL min~!; air flow rate, 500 L h—*.

variables could be analysed. Using this procedure, the
portion of the moisture content which is due to the ambient
humidity is subtracted from the experimental data to give the
residual moisture content. The residual data values can then
be analysed in the usual manner to test for the effect of the
experimentally controlled variables (Daniel & Wood 1980).

Comparison of arginine hydrochloride and trehalose formula-
tions

Fig. 7 illustrates the effect of solids, surfactant and drying
temperature on the residual activity of arginine hydrochlor-
ide and trehalose formulations. This figure clearly shows a
greater ability of trehalose to preserve the enzymatic activity
at higher drying temperatures. This was confirmed by a
subsequent experiment in which trehalose and arginine
hydrochloride formulations were dried at inlet temperatures
between 105 and 200°C (Fig. 8). Data obtained when
f-galactosidase was spray-dried without additives were
included in this plot for comparison. The ability of trehalose
to stabilize proteinsis currently the subject of much debate. It
has been reported to have remarkable stabilizing properties
in the air-drying of various biologically active materials
(Roser 1991; Colago et al 1992), although other researchers
have found sucrose to be equally effective (Levine & Slade
1992). Nevertheless, trehalose appears to be extremely
effective in preventing thermal denaturation of f-galactosi-
dase during spray-drying, and allows drying to be carried out
at a temperature at least 20°C higher than is possible when
either sucrose or arginine hydrochloride is used as the
stabilizer.

The regression equations in Table 6 also show a slightly
smaller particle size and a slightly lower moisture content
when trehalose is used as a stabilizer rather than arginine
hydrochloride. Trehalose was therefore selected as the
stabilizer of choice for spray-drying f-galactosidase.

Determination of final formulation and process for trehalose
Sformulation

Table 7 shows the regression equations obtained using only
the data from the trehalose runs. This procedure results in
simpler regression equations, containing fewer terms since
the stabilizer term and its respective interaction terms have
been removed.

Both the product moisture content and residual activity
were only affected to a statistically significant extent by the
drying temperature. An increase in drying temperature
caused a reduction in both residual activity and moisture
content. It is interesting that in these experiments there was a
clear effect of temperature on the product moisture content,
since this effect was expected, but not observed, in the

Table 7. Fitted equations relating product characteristics of the trehalose formulation to the

formulation variables.

Yield (%)

Residual activity (%)
Residual moisture content (%)
Geometric mean size (um)

Y,=89-5—-31-9X;s

Ys=2-62—0-35X4—0-50X*

Y, =338~ 11-0X;+9-5X3—42(X, - X¢)* 2-0-92
2=0-81
Y3=003% —1-15X5+ 0-36(X4* Xs)* 2=0-87
12=0-81

* Significant at 90% confidence level. * Not significant. X;: Surfactant; Xa: total solids; Xa:
stabilizer :enzyme ratio; Xs: inlet temperature; X4, X7: day.
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previous experiments which focused on processing variables.
It may be because the temperature range in the initial study
was only 70-140°C, whereas in this study a range of 105-
175°C was used. In addition, the very low yiclds obtained in
the earlier experiments may have led to misleading moisture
content results.

Clearly there is no benefit to be gained by including Tween
80 in the formulation, since its only significant effect was to
reduce the yield from the drier. Formulations containing
Tween 80 tended to form small spherical beads in the drier
which did not collect as efficiently as the fine powders from
the other runs, and lower yields were observed. The yield
could be increased by almost 20% by using a high (16%)
rather than a low (8%) total solids content. It therefore seems
sensible to use as high a total solids content as possible, since
this also reduces the time required to dry a given amount of
material.

The ratio of stabilizer to protein affected only the geo-
metric mean size of the product. A slightly smaller mean size
could be obtained by increasing the proportion of trehalose
in the formulation. Any potential benefit resulting from this
size decrease, however, would probably not be sufficient to
merit the large increase in the amount of excipient.

To minimize the product moisture content, it is obviously
desirable to operate at the maximum drying temperature
which can be used without causing activity losses. Present
data indicate that an inlet temperature of 140°C and an
outlet temperature of 95-100°C can be used, provided that
cooling water is circulated through the drier nozzle to
prevent thermal denaturation in the nozzle.

Effect of feed solution pH

A final study was carried out to evaluate the effect of the pH
of the feed solution on the residual activity of the trehalose
formulation. Up to this point, all experimental runs had been
carried out in a simple aqueous solution containing only the
protein and a stabilizer (approx. pH 5-8-6-5). 4. oryzae-
derived B-galactosidase has a reported isoelectric point of
about pH 4-5 as determined by isoelectric focusing (Ogushi et
al 1980), and formulations of pH 2-5, 4-5 and 6-5 were
evaluated so that any effect of the overall charge on the
protein could be observed. The protein solutions were
prepared in phosphate-citrate buffer adjusted to the desired
pH and dialysed against the appropriate buffer for 24 h. The
pH 2-5 formulation was not spray-dried, since degradation
and precipitation of the protein occurred during the dialysis.
Table 8 shows the residual activity of the pH 4-5 and 6-5
formulations spray-dried at inlet temperatures of 140 and
150°C. Two different buffer strengths were evaluated. The
pH 4-5 formulation degraded to a much greater extent than
the pH 6-5 formulation, which behaved in the same manner
as the unbuffered formulation. The buffer strength also
affected the residual activity of the pH 4-5 formulation, with
less activity loss occurring at both temperatures when the
jonic strength was reduced. Since the pH 6-5 buffered
solution behaved in the same fashion as the unbuffered
solution, a buffer was not included in the formulation.

The final formulation and process is shown in Table 9.
Drying under these conditions causes no activity loss, and
yields of over 70% have been achieved. The geometric mean
size of the product is typically between 3 and 4 um, an ideal

Table 8. The effect of feed solution pH and ionic strength on the
residual activity of spray-dried f-galactosidase.

Feed solution formulation Residual activity (%)

(phosphate/citrate)

140°C 150°C
pH 4-5 (0-2 M/0-1 M) 69-8 42-0
pH 4-5 (0-1 M/0-05 M) 875 60-5
pH 65 (0-2 M/0-1 M) 98-9 81-8
pH 6-5 (0-1 M/0-05 M) 98-5 79-0
pH 6-0 (unbuffered) 101-6 71-6

Table 9. Optimal formulation and process.

Stabilizer 10% Trehalose
Solids 16%
Stabilizer: protein ratio 1-67:1

Other excipients None

Inlet temperature 140°C

Outlet temperature 95-100°C
Solution feed rate 2 mL min~'
Air flow rate 500 L h~!

size for inclusion in dry-powder inhaler devices. The particle
size and size distribution were not greatly affected by any of
the process or formulation variables, and are probably
largely a function of the spray-drier design. It is likely that to
effect any significant changes in particle size, a different
nozzle would be required.

The moisture content of the final formulation is typically
between 2 and 5%. This study clearly demonstrated the effect
of ambient relative humidity on the moisture content of the
product, and it would be desirable to carry out the spray-
drying process in a low humidity environment. Under these
conditions moisture levels of around 2-3% could be
achieved.

This study indicates that spray-drying is a valuable
technique in the formulation of protein drugs. By judicious
control of processing variables, yields of fully active protein
in excess of 70% are achievable. The identification of an
efficient stabilizer is likely to be of paramount importance in
the development of a spray-dried formulation of any protein
drug. A relatively high aqueous solubility is advantageous,
since spray-drying operates best when the feed solution has a
high solids content. Furthermore, the difficulties encoun-
tered in obtaining adequate yields from laboratory-scale
spray-driers may be resolved during the scaling-up process.
Spray-drying thus merits consideration by protein formula-
tors when the control of particle size is necessary or desirable.
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