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Abstract

The standardization of the operation conditions of an Andersen-Cascade impactor (Mark II}, based on the physical
relationship between adhesion and aerodynamic particle behaviour, has been undertaken using the Serevent”
Disk-haler. In this case, the drug (Salmeterol xinafoate) is primarily adhered to a carrier material (lactose
monohydrate), and thus the standard operation procedure to use this type of impactor had to be modified. For the
modified procedure, operating conditions such as air flow rate, thickness of a silicon coat of the impaction plates and
drug loading were optimized, bearing in mind the findings reported in the literature about the relationship between
adhesion and impaction on plates. For this particular drug, the optimal thickness of the silicon film was found to be
3.75 um, and the drug loading should not exceed 400 pg. Although any air flow velocity between 20 and 60 1 min !
gave a physically correct aerodynamic particle size for this drug and the chosen inhaler device, a maximum amount
of drug was released from the device only applying flow rates between 50 and 60 1 min ~ !. Four different industrially
manufactured Serevent® batches were studied under these optimized operation conditions. Using centrifugal adhesion
force measurements, the median adhesion force between Salmeterol xinafoate particles and lactose monohydrate
carrier particles was established and linked to the aerodynamic behaviour of the drug using the Cascade impactor.
The median adhesion force (F,4) and the mass median aerodynamic diameter (MMAD) were found to be directly
proportional. Statistical analysis, however, indicated that the differences in F,; and MMAD were not significant
between the tested batches. The procedure established that the formulation had been produced with high accuracy
and reproducibility. The sensitivity of the adhesion force measurements to variability in the manufacturing process
would allow an in-process control of the mixture and could help to assure this high standard. © 1997 Elsevier Science
B.V.

Keywords: Andersen-Cascade impactor; Centrifugal adhesion measurements; Dry powder inhalations: Serevent®

0378-5173/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PII S0378-5173(96)04850-8



52 F. Podczeck / International Journal of Pharmaceutics 149 (1997) 51-61

1. Introduction

The in vitro test of aerosol products is an
essential feature during the development stage and
is an in-process and quality control measurement
to guarantee a satisfactory in vivo effect after
application, for example for the treatment of lung
related diseases such as asthma. The size distribu-
tion of aerosol particles will strongly influence the
therapeutic effect due to its proportional deposi-
tion in the respiratory tract. Particles larger than 25
pm are most unlikely to penetrate the airways,
whereas those smaller than about 0.3 um are
usually exhaled (Warnke et al., 1994).

In principle, two general ways of in vitro testing
exist: (a) the direct determination of the particle
size of the aerosol cloud, (b) the fractionated
collection of the particles using impactors. The
advantage of using impactors is, that the aerody-
namic particle size distribution can be found from
pure determination of weight (Biirkholz, 1973).
However, when compared to direct particle size
measurements, the values obtained by impaction
will contain considerable errors (Schuch and
Loffler, 1975; Bartz et al., 1978; Filan et al., 1979),
which require detailed mathematical analysis. Ai-
ache et al. (1993) studied the performance of
different impactors in terms of including them into
the European Pharmacopoeia as standard meth-
ods. They found, that the use of the Multi-stage
Anderson-Cascade Impactor (Mark II) was associ-
ated with a larger variability of the results due to
the more complex assessment procedure involved.
Nevertheless, this method is more often used in the
development stage to obtain more detailed infor-
mation about the aerodynamic particle size distri-
bution of the respirable fraction of the drug,
whereas simpler techniques are used for in-process
and quality control.

Byron (1986) pointed out that adhesion forces
are the main physical factors determining the
re-suspension of the micronized drug from the
carrier during inhalation. Friction forces are how-
ever also largely involved. Hence, it appears useful
to link adhesion and friction force measurements,
which only require very small quantities of mate-
rial, to the in vitro testing of dry powder inhala-
tions. Adhesion and friction can be measured

between single particles for example using a cen-
trifuge (Podczeck et al., 1995a,b). When measured
by the centrifuge method, variables of concern
such as surface properties of the carrier particles or
carrier particle size (Timsina et al., 1994) can be
studied with respect to the adhesion and friction
forces between drug and carrier particles.

The aim of this work was to find a general link
between the median adhesion force between a drug
(Salmeterol xinafoate) and lactose monohydrate
carrier particles, as used in the commercially avail-
able dry powder inhalation product Serevent®, and
the aerodynamic behaviour of the drug using the
Andersen-Cascade impactor (Mark II). For this
reason, the impactor test procedure had to be
modified and optimized conditions had to be
found. These optimal operation conditions were
sought with respect to the physical laws governing
the impaction of airborne particles on plates.

2. Materials and methods
2.1. Materials

Four batches of Serevent® Diskhaler (Allen and
Hanburys, Uxbridge, UK), randomly chosen, were
tested and are labelled with batch a—d.

For the chemical evaluation of the drug by
means of an HPLC method, the following materi-
als were used: methanol HPLC grade, analar
grades of hexane, sodium dodecyl sulphate, glacial
acetic acid, silicon oil (BDH, Poole, UK). The
silicon oil is characterised by the following parame-
ters: density 0.976 g cm —3, refractive index 1.403,
kinematic viscosity 60000 m? s~' and surface
tension 21.5 mNm~'. Salmeterol hydroxynaph-
thoate (Glaxo Research and Development, Ware,
UK) was used as calibration standard (purity
99.7%).

2.2. Methods

The adhesion force between drug and lactose
monohydrate carrier particles was determined us-
ing the centrifuge technique, which is described in
detail by Podczeck and Newton (1995). An Ultra-
centrifuge (Centrikon T-1080, Kontron Instru-
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ments, Milan, Italy) with a vertical rotor (TV-850,
DuPont Sorvall, Wilmington, USA) and a set of
specially developed adapters (Ventura Scientific,
Orpington, UK) was used. The adhesion samples
were prepared using aluminium disks as support
surfaces, which were covered on one side with a
double-sided sticky tape. A paper ring of match-
ing size, which had an inner open area of about 7
mm diameter, was stuck on top of the sticky tape
allowing the removal of the disks from the
adapters in the experimental stage. Particles of the
interactive mixtures (Serevent®) were sprinkled on
top of the remaining sticky surface, and the disks
were gently tapped to allow an orientation of the
lactose monohydrate carrier particles to be at-
tached in their most stable position. The number
of drug particles initially adhered to the carrier
particles was determined using an image analyzer
(Seescan Solitaire 512, Cambridge, UK), attached
to a microscope (Olympus BH-2, Tokyo, Japan)
in a manual mode. The surfaces were illuminated
using a cold light source (High Light 3002, Olym-
pus, Hamburg, Germany), which was attached
parallel to the surface, about 1.5 cm from the
periphery. The two light beams were placed at an
angle of 180° to each other to minimize the for-
mation of shadows. The initial number of drug
particles was about 150 per surface, and six sur-
faces were used parallel in each experiment. A
spin-off force was applied, and the number of
particles remained adhered was determined. An
adhesion force distribution was obtained by suc-
cessively increasing the spin-off force after each
counting. The median adhesion force, which is the
force value where 50% of the particles are de-
tached, and the interquartile range, which is the
difference of the force values necessary to detach
75% and 25% of the particles initially adhered,
was calculated from each individual adhesion
force distribution. In this way, a quantitative
characterization of the average adhesion force and
its variability was possible without making any
assumption about the nature of the underlying
distribution function. All results are the mean and
standard deviation of these characteristic values
using six replicates.

The mass median aerodynamic diameter of the
drug particles was determined using a cascade

impactor (Mark II, Graseby Andersen, Atlanta,
GA) attached to a vacuum pump with an ad-
justable nominal flow rate between 6 and 100 I
min~! (Copley, Nottingham, UK). Due to loss
impaired by the impactor, an experimental flow
rate between 6 and 70 1 min ~' can be achieved.
To reduce the rebouncing effect due to the high
elasticity of the drug particles, the stainless steel
collection plates were coated with silicon oil. The
silicon oil was suspended in hexane (1% wjw for
film thickness up to 2.5 um, 2% w/w for thicker
films). An accurately defined volume of the sus-
pension was distributed on each collection plate,
and the plates were left to dry under ambient
room conditions at least for 1 h. The theoretical
film thickness was calculated from the plate sur-
face area and the amount of silicon oil suspended
in the defined volume applied. Film thicknesses
between 1.25 and 5.00 gm were used. A high-effi-
ciency preseparator (Graseby Andersen, Atlanta,
USA) was also used. The glass throat used has
been described by the European Community
Pharmacopoeia Commission (1993), and is the
standard throat required by the European Phar-
macopoeia. Prior to each experiment the accuracy
of the flow rate selected was tested and adjust-
ments were made when necessary. Afterwards, the
preseparator was filled with 5.0 ml methanol and
the mouth piece was attached to the throat. The
selected number of disks were cleaned with ace-
tone to remove all ink from the aluminium foil. A
disk containing four blisters was inserted into the
inhaler device, and a blister was opened lifting the
inhaler device lid and thus pushing the piercing
pin into the blister. The lid was carefully closed
avoiding the loss of any powder adhered to the
piercing pin. The device was inserted into the
mouth piece assuring its correct horizontal posi-
tion. The pump was switched on for 3 s. The
inhaler device was removed from the mouth piece,
and the disk was turned so that a further blister
could be opened. In this way, the desired number
of blisters was used. Empty disks were stored in a
Petri dish, and also the inhaler device was stored
in a Petri dish, until the analytical assessment of
the drug content, which remained, took place.
The amount of drug on each collection plate, in
the backup filter, in the throat, preseparator.
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device stage (i.e. in the empty disks and the
inhaler device) and on the impactor walls (i.e. the
stainless steel stages without collecting plates) was
determined using an HPLC method. Under stan-
dard conditions, i.e. using eight blisters, the drug
was washed into volumetric flasks of the following
volume using methanol: device, throat, presepara-
tor into 100.00 ml each, collection plates 0 to 7
and backup filter into 25.00 ml each, impactor
walls into 50.00 ml. Thus, 13 different samples
were collected for each experiment. For experi-
ments using 12 or 16 blisters, the volume of the
volumetric flasks was doubled.

A carefully degassed buffered mobile phase,
which contained methanol and aqueous buffer
(sodium dodecyl sulphate/acetic acid 0.0025 M) in
a ratio of 10:1 was used in the HPLC procedure.
A short Hypersil column (ODS 5 gm, Shandon
HPLC, Runcorn, UK) was placed into a tempera-
ture control unit (TC 1900, ICI, Instruments,
Dingley, Australia) maintaining a working tem-
perature of 40°C. The flow rate of the mobile
phase was set to 1 ml min~' using a standard
pump module (Consta Metric 3000, LDC, Milton
Roy, UK). The drug content was detected using a
fluorescence detector (ABI 980, ABI Instruments,
UK). The excitation wave length was 225 nm, and
the emission wave length was 345 nm. The light
intensity was recorded using a chart recorder (Ser-
voscribe RE 511.20, BBC Goerz, Metrawatt, Vi-
enna, Austria). The area under the peaks was
measured using a planimeter (Allbrit, London,
UK). Usually, 100 gl were injected via an injec-
tion port with an 100.0-ul injection loop. Each
sample solution was injected at least twice to
guarantee the reproducibility of the results. The
sensitivity of the detector was adjusted in accor-
dance with the concentration of the drug. A stan-
dard solution of 0.7 ug ml~! salmeterol
hydroxynaphthoate was used to calibrate the
method. The standard was injected at least twice
for each level of sensitivity. A short computer
program was written to calculate the amount of
drug per sample and blister from the analytical
data.

The mass median aerodynamic diameter and its
geometric standard deviation were calculated us-
ing probit analysis, based on the amount of drug

impacted on stages 0 to 7, using the statistical
package SPSS V4.0.1 (SPSS, UK).

3. Results and discussion

In standard operation procedures issued for the
Andersen-Cascade impactor, usually the amount
of drug withheld by the preseparator and de-
posited on collection plate 0 is analyzed together
and quoted as a single drug entity (so-called stage
0). However, in formulations where the drug is
delivered as an interactive mixture, i.e. adhered to
a carrier material of non-respirable size, the loss
of drug in the preseparator can be large, and
together with the amount of drug deposited on
collection plate 0 more than 50% of the drug is
often removed from the air stream. Hence, it is
difficult or impossible to derive a mass median
aerodynamic diameter (MMAD) for the formula-
tion. Therefore, it appears reasonable to split the
stage 0 as defined in the standard operation pro-
cedures into its two components and to analyze
the amount of drug in the preseparator and on
collection plate 0 separately. It is also not known
whether the drug found in the preseparator has
detached from the carrier particles or not. Pre-
sumably, some fine drug particles deposited will
still be adhering to the carrier particles, and a
further quantity of drug, mainly larger particles
above 5 um, will have been removed at this stage
according to their aerodynamic behaviour. Thus,
it would be incorrect to use the amount of drug
found in the preseparator for the determination of
the MMAD, which should be entirely based on
the respirable drug, i.e. on the amount of drug
detached from the carrier material. In this study,
the following definitions were therefore made:
first, all drug that was found in the device, throat
and preseparator is classified as drug unavailable
for respiration. The total amount of drug de-
posited on the collection plates 0 to 7, lost on the
impactor walls and recovered from the filter is
regarded as the drug proportion that has been
detached from the carrier particles, but the res-
pirable fraction is calculated without the amount
of drug lost on the impactor walls. Secondly, the
amount of drug found on each collection plate is
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calculated as percentage of the drug of the res-
pirable fraction, thus normalized to give a mass
aerodynamic particle size distribution spreading
between 0 and 100%. Therefore, the MMAD is
taken from the cumulative percentage of the res-
pirable amount of drug as a function of the
effective cut-off diameter. Both MMAD and the
geometric standard deviation were assessed using
Probit-Regression analysis.

With respect to the outcome of a cascade im-
pactor analysis, the number of particles adhering
to plates placed in an air stream is determined by
the particle concentration of the air stream, the
properties of the particles and surfaces, the flow
velocity and the relative position of the surface to
the flow axis. In a cascade impactor the latter is
fixed perpendicular to the air stream and hence
cannot be regarded as a variable to control parti-
cle deposition. However, the properties of the
collection surfaces, the air flow velocity and the
drug loading are parameters, for which optimiza-
tion is crucial for the reproducibility of experi-
ments, and which have to be determined for any
drug separately to match the physical properties
of the drug.

The presence of an oil film on the collection
plate surface promotes adhesion and is especially
useful, if the impinging particles are very compli-
ant compared to the collection surfaces (Zimon,
1982). The Young's modulus of Salmeterol xi-
nafoate indicates a high elasticity (Podczeck et al.,
1995a), which is in contrast to the stiffness of
stainless steel collection plates. Hence, a coating
with a compliant material such as silicon oil ap-
peared necessary. However, it is essential to con-
trol exactly the thickness of such an oil film,
because the amount of particles adhering will
increase proportionally with the film thickness
(Dahneke, 1971). The optimal film thickness to
ensure an efficient capture of the particles has
been reported to be about half the particle diame-
ter (Zimon, 1982). Therefore, experiments were
undertaken to optimize the thickness of the silicon
oil film applied to the collection plates in the
cascade impactor. An air flow rate of 60 | min '
was chosen as standard condition. The maximum
particle size of the drug was 8.3 um, and hence
film thicknesses between 0 and 5 um were tested.

Fig. | shows the cumulative aerodynamic particle
size distributions, and Table 1 summarizes the
results.

The optimum flim thickness appears to be 3.75
um, because the smallest MMAD was found us-
ing this film thickness (see Fig. 2). On average, 20
to 30% of the drug initially adhered to the lactose
monohydrate carrier particles was freely available
regardless of the actual film thickness. Thus, the
smaller is the MMAD, the more respirable drug
can reach the lower airways. At a film thickness of
S um the majority of drug adhered to collection
plate 0, indicating that an oil film, which is too
thick, causes embedment of the particles. Follow-
ing Dahneke’s results one should in fact optimize
the film thickness for each collection plate sepa-
rately. However, this appears impractical and thus
for all further experiments the thickness of the
silicon oil film was maintained exactly at 3.75 ¢m
on each plate.

Only initially, when no particles adhere to the
collection plate surfaces, will the number of de-
posited particles be proportional to the number of
particles striking the surface. Afterwards, the
probability as to whether particles will hit parti-
cles already adhering rather than the surface in-
creases, and therefore the probability of particle
rebound is increased (Zimon, 1982). However, if
too many particles are in the air stream, which
then cover the collection plate surface. the adhe-
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Fig. |. Cumulative aerodynamic particle size distributions for
Salmeterol xinafoate at different silicon oil film thicknesses (air
flow rate 60 | min — ', 8 single doses). B, no film; ¢. 1.25 gm;:
A, 250 gm; ¥, 375 um; @, 5.00 gm.
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Table 1

Mass median aerodynamic diameter and loss of drug, tested using different silicon oil film thicknesses at a flow rate of 60 I min~

using eight single doses

Film thickness (um)

0.00 1.25 2.50 3.75 5.00

I. Drug on carrier

Device [%)] 18.71 10.92 14.69 17.50 9.95

Throat [%)] 26.97 24.81 21.04 27.72 19.96

Preseparator [%] 33.54 26.23 36.05 28.66 47.87

Total [%] 78.22 61.96 71.78 74.88 77.78
2. Detached drug

Total [%)] 21.78 38.04 28.22 25.12 22.22

Loss on walls [%)] 2.84 12.22 5.59 8.12 3.47
MMAD {[um] 442 4.83 4.58 4.31 7.60
GSD [um]} 0.77 0.83 0.83 0.81 0.75

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation.

sion becomes more and more related to the prop-
erties of the particle layer formed. The main
feature will be the apparent surface roughness of
the particle layer, which if large enough will cause
increased particle adhesion. Such phenomenon
was previously observed by Graham et al. (1995)
and Nasr and Allgire (1995), and can be tested
using different numbers of single doses per exper-
iment. Three different loading levels (8, 12 and 16
single doses, equivalent to 400, 600 and 800 ug
drug, respectively) were tested. Fig. 3 shows the
cumulative aerodynamic particle size distributions
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Fig. 2. Mass median aerodynamic diameter (MMAD) as a
function of the film thickness of the silicon oil at the collection
plates.

for these experiments, and Table 2 summarizes
the results.

Overloading is characterized by an increase in
MMAD, and therefore the results suggest that
600 ug per experiment already considerably over-
loads the cascade impactor. To test this assump-
tion, the collection plates were examined
microscopically. Multiple layers of drug and fine
lactose monohydrate particles were already found
for a drug loading of 400 ug, and there was
clearly an increase of particle layers with increase

drug retained |%]

0 1 2 3 4 5 6 7 8 9 10
effective cut-off diameter {um]

Fig. 3. Cumulative aerodynamic particle size distributions for
Salmeterol xinafoate using different drug loadings (air flow
rate 60 1 min — ', silicon oil film thickness 3.75 xm). M, 8 single
doses (=400 ug drug); ¢, 12 single doses (=600 ug drug);
A, 16 single doses ( = 800 i g drug).



F. Podczeck / International Journal of Pharmaceutics 149 (1997) 51-61 57

Table 2

Mass median aerodynamic diameter and drug loss, tested
using different numbers of single doses at a flow rate of 60 1
min~' using a film thickness of 3.75 pm

Number of doses

8 12 16
1. Drug on carrier
Device %] 17.50 13.72 13.88
Throat [%] 27.72 21.30 20.85
Preseparator [%0] 28.66 37.78 36.33
Total [%)] 74.88 72.80 71.06
2. Detached drug
Total [} 25.12 27.20 28.94
Loss on walls [%] 8.12 6.32 7.18
MMAD [um] 4.31 4.56 4.50
GSD [pm] 0.81 0.81 0.81

MMAD, mass median aerodynamic diameter; GSD, geometric
standard deviation:

in drug loading. Therefore, all further experiments
were undertaken using eight single doses, equiva-
lent to 400 pg drug.

One important factor in the use of cascade
impactors to determine a MMAD as a character-
istic property of a dry powder inhalation is the
choice of the correct air flow rate during the
experiment. Often, an air flow rate of 60 | min ~'
is recommended, but the peak inspiratory flow
rate equivalent to such an in vitro test flow rate
can vary between inhaler devices (Timsina et al.,
1993). Hence, the flow rate should be optimized in
vitro for both the inhaler device (Timsina et al.,
1994), and also for the preparation. Zimon (1982)
has shown, that the number of particles adhered
to a collection plate changes with air flow rate
according to the adhesion properties. Two critical
velocities were defined. The first critical velocity
determines the possibility of particle rebound
from a surface, and depends on particle size, air
flow velocity and the elastic properties of the
materials in contact. With increasing particle ve-
locity, the force of elastic repulsion increases, and
thus particle detachment becomes easier. Thus in
a graph of the number of particles adhered to a
collection plate as a function of air flow rate,
initially the adhesion number will decrease rapidly

with increased flow velocity. However, when elas-
tic repulsion and the force of adhesion arrive at
an equilibrium, no further decrease in adhesion
number will occur, and the first critical air flow
velocity has been reached. A subsequent increase
in air flow velocity will not change the number of
particles adhered until the second critical velocity
has been reached. Beyond this point the number
of particles adhering will again increase propor-
tionally to the air flow rate. This is due to parti-
cles starting to embed into the surface of the
collection plate. The degree of particle embedment
depends mainly on the particle density and the
hardness of the contiguous bodies. Particle em-
bedment increases the true area of contact be-
tween particles and surface, which in turn
increases the forces of adhesion and friction. Fur-
thermore, the aerodynamic force of the air stream
is reduced as a result of the decrease of the drag
force acting on the particles. This aerodynamic
force becomes zero, if the depth of the embed-
ment is greater than the particle diameter. In this
case, no particle detachment can take place.

The following experiments have been under-
taken to evaluate the critical velocities for the
Diskhaler® if loaded with interactive mixtures of
Salmeterol xinafoate and lactose monohydrate
(Serevent™). Air velocities between 10 and 70 1|
min ~' have been used. Fig. 4 shows the cumula-
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Fig. 4. Cumulative aerodynamic particle size distributions for
Salmeterol xinafoate at different air flow rates (8 single doses,
silicon oil film thickness 3.75 ym). x, 10 I min~'; ¢, 20 |
min~'": A,30Imin~"; ¥.40 Imin—'; @ 50 I min " '; X, 60
l min~'; M, 70 1 min —".
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Table 3

Mass median aerodynamic diameter and drug loss, tested at different flow rates using a silicon oil film thickness of 3.75 ym and

eight single doses

Flow rate [l min—']

10 20 30 40 50 60 70
1. Drug on carrier
Device [%)] 82.71 51.76 28.28 25.30 16.80 17.50 16.83
Throat [%)] 6.30 15.99 18.80 20.06 20.05 27.72 14.29
Preseparator [%] 4.91 14.53 28.04 29.51 37.83 28.66 41.41
Total [%)] 93.92 82.28 75.12 74.87 74.68 74.88 72.53
2. Detached drug
Total [%] 6.08 17.72 24.88 25.13 25.32 25.12 27.47
Loss on walls [%] 3.74 5.45 5.75 6.31 5.1 8.12 491
MMAD [um] 5.03 3.99 3.92 4.36 4.36 431 4.86
GSD [um] 0.83 0.78 0.80 0.82 0.83 0.81 0.84

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation.

tive aerodynamic particle size distributions for
this set of experiments, and Table 3 summarizes
the results. Fig. 5 compares the adhesion numbers
(i.e. percentage of particles adhered to the plate)
for the collection plates 0 and 3 as a function of
the air flow rate. Collection plate 0 is the only
plate that can be used to apply Zimon’s theory,
because the amount of particles collected at the
following plates depends to a certain degree on
the particle number already retained. Collection
plate 3 is the plate where, for this particular drug,
a large number of particles is expected to impact

25 30

[}
(=3

adhesion number plate 0 {%]
3
adhesion number plate 3 [%]

0 10 20 30 40 50 60 70 80
air flow rate [i/min]

Fig. 5. Relative amount of particles collected at collection
plates 0 and 3 as a function of air flow rate (8 single doses,
silicon oil film thickness 3.75 pm). X, collection plate 0; W,
collection plate 3.

if the formulation releases the drug in an optimal
manner. Hence, here the number of particles col-
lected should increase beyond the first critical
velocity, but decrease after the second critical
velocity has been reached. From the relative
amount of particles collected at plate 0 it can be
concluded that the first critical air flow velocity is
below 20 | min —!, whereas the second critical air
flow velocity appears to be between 60 and 70 1
min ~'. The relative amount of particles collected
at plate 3 confirms the quantity of the first critical
velocity (below 20 1 min —'), but the second criti-
cal velocity might be rather 70 1 min~"' or more.
However, the total aerodynamic behaviour of the
formulation, represented by the MMAD (see
Table 3) appears to have changed at an air flow
velocity of 70 1 min —! already, and thus the high
air flow velocity of 70 1 min ! should be excluded
from practical working conditions. In summary, it
appears that all in vitro tests involving the
Diskhaler® and Serevent® should be undertaken
between 20 and 60 1 min~' air flow velocity.
However, a further criterion to choose the best air
flow rate for the in vitro tests using a cascade
impactor is the loss of drug in the device and the
total amount of drug detached from the carrier
material. The results suggest that at least a flow
rate of 50 | min — ' is necessary to reach the lowest
possible loss in the inhaler device (see Table 3).
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Table 4

Mass median aerodynamic diameter and drug loss of different
Serevent® batches, tested at a flow rate of 60 I min~"' using a
silicon oil film thickness of 3.75 um and eight single doses

Batch code
a b ¢ d
. Drug on carrier
Device [4] 1313 11.25 1227 1337
Throat %] 18.26 3029 2897 2220
Preseparator [%4] 4145 3855 3283  36.63
Total [%) 72.84 80.09 7407 7220
2. Detached drug
Total [%)] 27.16 1991 2593  27.80
Loss on walls [%] 6.60 4.61 6.17 5.29
MMAD [um] 5.14 5.18 4.83 47N
GSD [um] 0.83 0.78 0.83 0.83

MMAD, mass median aerodynamic diameter; GSD, geometric
standard deviation.

With respect to the amount of respirable drug, i.e.
the amount of drug detached from the carrier
particles, an air flow velocity between 30 and 60 1
min ' appears suitable.

From the results described above, the following
standard operating conditions, which are’ strictly
valid only for the Diskhaler® and Serevent® prod-
ucts, were derived: drug loading 400 ug Salme-
terol xinafoate, equivalent to eight single doses, a
coat of high viscous silicon oil of 3.75 ym thick-
ness for each collection plate, and an air flow rate
of 60 1 min ",

Applying these standard operating conditions
for the Andersen-Cascade impactor, four
Serevent®™ batches, randomly drawn from indus-
trially manufactured batches, were compared in
terms of their aerodynamic properties. Table 4
lists the results obtained.

It can be seen that for batches ¢ and d, a lower
MMAD was obtained than for the batches a and
b. Analysis of Variance, however, failed to detect
any significant difference in the MMAD values.
Thus, although there appear to be differences in
the MMAD values, it cannot be claimed that
these are due to differences in the manufacturing
process. Therefore, an average aerodynamic drug
distribution from Serevent-Diskhalers® in the cas-

Table 5

Median adhesion force and interquartile range of micronized
Salmeterol xinafoate adhering to lactose monohydrate carrier
particles in interactive powder mixtures of Serevent® products
(arithmetic mean and standard deviation of 6 replicates)

Batch code F[x10712 N} IQR [x 1072 N]
a 8.07 +£0.95 16.49 +2.18
b 7.97 +1.68 18.85 +3.93
¢ 6.50 +1.23 15.55 +£2.32
d 6.70 +1.32 17.99 +3.23

F,4, median adhesion force; IQR, interquartile range.

cade impactor can be calculated, which is equiva-
lent to a MMAD of 4974+ 0.23 ym.

If adhesion is one main factor responsible for
the aerodynamic behaviour of salmeterol xi-
nafoate when applied using the studied dosage
form, there should be a similar trend for the
MMAD and the median adhesion force between
drug and carrier particles. Hence, experiments
were undertaken to establish the median adhesion
force between salmeterol xinafoate particles and
lactose monohydrate carrier particles. Table 5 lists
the median adhesion forces and interquartile
ranges obtained for the four batches tested, and
Fig. 6 illustrates the adhesion force distributions.

The interquartile range characterizes the spread
in adhesion force mainly due to the particle size
distribution of the drug, and hence is related to

particies remaining adhered [%]

detachment force {x 10 ?N]

Fig. 6. Adhesion force distributions of micronized Salmeterol
xinafoate adhered to lactose monohydrate carrier particles in
interactive powder mixtures of Serevent® products. ¥. batch
a; W, batch b; A, batch ¢; @, batch 4.
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the distribution of the drug over the different
stages in the Cascade impactor, whereas the me-
dian adhesion force should be related to the mass
median aerodynamic particle diameter (MMAD).

Obviously, there is again some variability in the
adhesion properties of the Serevent® batches.
Therefore, analysis of variance was used to test
whether or not an average adhesion performance
can be drawn from the results. The batches are
statistically not different in their adhesion proper-
ties, and average adhesion properties of Serevent™
products have been calculated. Typically, the me-
dian adhesion force lays between 6.71 x 10712 N
and 7.91 x 10712 N (95% confidence interval),
and the interquartile range of the adhesion force
distribution ranges between 15.92 x 10~ ' N and
18.52 x 10~ N (95% confidence interval).

The batches ¢ and d are characterized by a
smaller adhesion force than the other two batches,
thus showing a similar trend to the MMAD val-
ues. Therefore, the median adhesion force could
be regarded as a relevant descriptor of the proper-
ties of this dosage form. The measurement is
sensitive enough to detect samples, from which an
atypical aerodynamic behaviour could be ex-
pected, either due to a too low or too high
adhesion force between drug and carrier particles.
The measurement of adhesion forces could there-
fore be used as an in-process control parameter.

4. Conclusions

An essential requirement for in vitro testing of
dry powder inhalations using the Andersen-Cas-
cade impactor are physically correct standard op-
erating conditions. For inhalation products
containing salmeterol xinafoate adhered to lactose
monohydrate carrier particles, when applied using
the Diskhaler®, the stainless steel collection plates
need to be coated with a highly viscous silicon oil
to give a film thickness of 3.75 ym. The drug
loading of the impactor should not exceed 400 ug,
and an air flow rate between 50 and 60 1 min '
provides optimum flow conditions. The dry pow-
der inhalation Serevent® (Diskhaler®) is produced
under industrial conditions with high reproduci-
bility in its aerodynamic properties. Adhesion

force measurements were found to reflect minimal
changes in the aerodynamic formulation be-
haviour, even when these are statistically not sig-
nificant. Thus, the measurement of adhesion
forces could provide a cost effective tool for the
in-process control of dry powder inhalations to
guarantee a high quality of such products.

Acknowledgements

This work was financed by Glaxo-Wellcome
Research and Development, Ware, UK. The au-
thor should like to thank Ms. Helen Dicks and
Mr. David Prime for providing the Serevent®
samples and their support and discussion of the
work. The author is also very grateful to Mr.
Derek Marley for his technical support with set-
ting up the HPLC equipment.

References

Aiache, J.-M., Bull, H., Ganderton, D., Haywood, P., Olsson,
B. and Wright, P., Inhalations: collaborative study on the
measurement of the fine particle dose using inertial im-
pactors. Pharmeuropa, 5 (1993) 386-389.

Bartz, H., Franzen, H. and FiBan, H., Der Einflul von
Melfehlern auf die Berechnung der Abscheidegrenzen von
Tragheitsabscheidern. Staub-Reinhalt. Luft, 38 (1978) 179 -
182.

Biirkholz, A., Eichuntersuchungen an einem Kaskadenimpak-
tor. Staub-Reinhalt. Luft, 33 (1973) 397-401.

Byron, P.R., Some future perspectives for unit-dose inhalation
aerosols. Drug Dev. Ind. Pharm., 12 (1986) 993-1015.
Dahneke, B., The capture of aerosol particles by surfaces. J.

Colloid Interface Sci., 37 (1971) 342-353.

European Community Pharmacopoeia Commission, In-
halanda-Monograph for the European Pharmacopoeia.
Pharmeuropa, 5 (1993) 316-327.

FiBan, H., Franzen, H. and Bartz, H., Fehleranalyse fiir
Emissionsmessungen mit Kaskadenimpaktoren. Staub-
Reinhalt. Luft, 39 (1979) 471-472.

Graham, S.J., Lawrence, R.C., Ormsby, E.D. and Pike, R.K.,
Particle size distribution of single and multiple sprays of
salbutamol metered-dose inhalers (MDISs). Pharm. Res.. 12
(1995) 1380-1384.

Nasr, M.M. and Allgire, J.F., Loading effect on particle size
measurements by inertial sampling of albuterol metered
dose inhalers. Pharm. Res., 12 (1995) 1677—-1681.

Podczeck, F. and Newton, J.M., The development of an
ultracentrifuge technique to determine the adhesion and
friction properties between particles and surfaces. J.
Pharm. Sci., 84 (1995) 1067-1071.



F. Podczeck / International Journal of Pharmaceutics 149 (1997) 51-61 61

Podczeck, F., Newton, J.M. and James, M.B., Assessment of
adhesion and autoadhesion forces between particles and
surfaces. I1. The investigation of adhesion phenomena of
Salmeterol xinafoate and lactose monohydrate particles in
particle-on-particle and particle-on-surface experiments. J.
Adhesion Sci. Technol., 8 (1995a) 475-486.

Podczeck, F., Newton, J.M. and James, M.B., The assessment
of particle friction of a drug substance and a drug carrier
substance. J. Mater. Sci., 30 (1995b) 60836089,

Schuch, G. and Loffler, F.. Modellrechnungen zur
Verteilungswahrscheinlichkeit  von  Aerosolteilchen in
Kaskadenimpaktoren. Staub-Reinhalt. Luft, 35 (1975) 289
292,

Timsina, M.T.. Martin, G.P., Marriott, C., Lee, K.C., Suen,
K.O. and Yianneskis, M., Studies on the measurement of
peak inspiratory flow rate (PIF) with dry powder inhaler
devices in healthy volunteers. Thorax, 48 (1993) 433.

Timsina, M.T., Martin, G.P., Marriott, C., Ganderton, D. and
Yianneskis. M., Drug delivery to the respiratory tract using
dry powder inhalers. Inz. J. Pharm., 101 (1994) 1 -13.

Warnke, G., Konig, D., Bauer, K.H. and Brandl, M., Aerosol-
fractionation performance of a multistage liquid impinger:
evaluation by means of light microscopy and a light extinc-
tion particle counter. Pharm. Pharmacol. Lett., 4(1994)5 - 7.

Zimon, A.D.. Adhesion of Dust and Powder, Consultants Bu-
reau, New York, 1982, pp. 271 281, 293 29§.



