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Abstract

Air classifier technology (ACT) is introduced as part of formulation integrated dry powder inhaler development (FIDPI)
to optimise the de-agglomeration of inhalation powders. Carrier retention and de-agglomeration results obtained with a basic
classifier concept are discussed. The theoretical cut-off diameter for lactose of the classifier used, is between gnand 15
for flow rates ranging from 20 to 701/min. Carrier retention of narrow size fractions is higher than 80% for flow rates between
30 and 60 I/min, inhalation times up to 6 s and classifier payloads between 0 and 30 mg. The de-agglomeration efficiency for
adhesive mixtures, derived from carrier residue (CR) measurement, increases both with increasing flow rate and inhalation time.
At 301/min, 60% fine particle detachment can be obtained within 3 s circulation time, whereas at 60 I/min only 0.5 s is necessary
to release more than 70%. More detailed information of the change of detachment rate within the first 0.5 s of inhalation is
obtained from laser diffraction analysis (LDA) of the aerosol cloud. The experimental results can be explained with a novel force
distribution concept (FDC) which is introduced to better understand the complex effects of mixing and inhalation parameters on
the size distributions of adhesion and removal forces and their relevance to the de-agglomeration in the classifier.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction have been subject of detailed investigation in the past
decades. Many approaches have been presented to op-
The performance of a breath controlled dry powder timise powder formulations for inhalation in respect
inhaler (DPI) depends on the properties of the pow- of dose consistency and obtained fine particle frac-
der formulation, the design of the device and the in- tion (FPF) during inhalation. Various size fractions,
spiratory manoeuvre by the patient. All three aspects of mostly alpha lactose monohydrate, have been pro-
posed as most favourable filler or carrier excipient
"+ Corresponding author. Tekt31-50-3633286: (e.0. Belllet al., 1971; Tmsmg et al,, 19_}3_4Sev—
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formulations on the fine particle dose is described (e.qg.
Arnold et al., 1993; Srichana et al., 1998; Zeng et al.,
1998, 2000n Others reported the complex effects of
lactose gradelrhrib et al., 1999 and carrier sur-
face propertiesawashima et al., 1998; Podczeck,
1998a, 1999; Zeng et al., 2000bn the interaction

forces between drug and carrier particles. It has been
recommended to use carrier particles with a very spe-

cific surface rugosityGanderton and Kassem, 1991;
Podczeck, 1998bto treat the carrier surface mildly
in a (ball) milling process Staniforth, 199% or to
co-process carrier particles with so-called force con-
trol agents Begat et al., 2001

It is quite evident that the degree of powder
de-agglomeration during inhalation is proportional
to the energy input for dispersion, which for breath
controlled DPI's depends on the inspiratory flow rate.
Many different powder de-agglomeration principles
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complex and partly interacting effects that occur dur-
ing powder mixing and inhalation. FDC also appears
to be useful in controlling and balancing these effects.
In this first part of a series of articles on ACT, the
performance of a basic classifier concept with carrier
retention is discussed and explained with the FDC.

2. Theory
2.1. Particle interaction and separation forces

The relevant types of interaction forces and possi-
ble modes of adherence between the (drug and carrier)
particles in adhesive mixtures for inhalation have been
summarised and discussed by various authors (e.g.
Hinds, 1982; Hickey et al., 1994; Podczeck, 1096
Most likely to occur during mixing of dry powders

have been patented, of which only a few have reachedare van der Waals and Coulombic forces. Although
the market. They have to transfer the kinetic energy of the likely type and mode of interaction force may be
the inspiratory flow rate into removal forces that sep- known; the orders of magnitude for these forces be-
arate the drug and carrier particles from each other. tween dissimilar particles of known chemical com-
To avoid dependence of the inspiratory flow manoeu- positions (drug and carrier) are often uncertain. They
vre, application of electromechanical energy has beenvary with size, shape, rugosity and hardness of the
proposed Kan et al., 2002 From the viewpoint of adhering particle, as well as with surface roughness
efficacy in utilising the available breath energy, most and contamination of the carrier particle, the intensity
favourable are principles that are designed to sustain (and duration) of the press-on forces during mixing
the exertion of mechanical disruption forces on the and the relative humidity. If the scale of the rugosity
powder during inhalation, e.g. by establishing a certain of the carrier particle exceeds certain values, multiple
residence time for the powder inside the dispersion contact points and interlocking are possible. Consid-
principle Herold et al., 199% It is quite disappoint- ering the difference in size between micronised drug
ing that most studies on the improvement of inhalation and carrier particles in adhesive mixtures for inhala-
powders and device developments were performed tion, the type of adhesion between such particles is
separately so far. It is obvious that neither devel- basically that between a sphere and a flat surface. The
opment alone provides optimal performance for the size of adhesive forces for this situation is proportional
combination. Only optimisation between the drug for- to the diameterd) of the drug particle for all types of
mulation and inhaler design can yield a maximal fine relevant interaction forceSéble 1. Podczeck (1996)
particle dose. We developed air classifier technology experimentally found with centrifuge experiments that
(ACT) in order to maximise powder de-agglomeration the median adhesion force increases with the press-on
during inhalation. Specifically for different classifier force while the press-on force is still low, but reaches
concepts, we optimised adhesive mixtures that yield a more or less constant value at press-on forces above
high FPFs without having to add special agents or approximately 1011N.

to use sophisticated and expensive drug particle en- Separation forces for particles adhering to the sur-
gineering techniques to control the adhesive forces face of a carrier particle, which can be derived directly
between the drug and carrier particles. Furthermore, from the kinetic energy of the inspiratory airstream,
we developed a force distribution concept (FDC) to are drag and lift forces, shear and friction forces and
explain the behaviour of adhesive mixtures in an air inertial forces Table 1. For micronised particles at-
classifier during inhalation, which is the result of tached to a carrier crystal, drag and lift forces are not
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Table 1

Review of relevant interaction and separation forces for adhesive mixtures in dry powder inhalation

Interaction force Proportionality Separation force Proportionality
van der Waals Flocd x x2 Drag and lift Fs o d (or d?)
Coulombic Fi o 2 x x 2 (q oc dO5)* Shear and friction Fs « D3
Capillary Flxy xd Inertial Fs o p x d®

d: drug particle diameters separation distance between drug particle and carrier sufp@mount of particle chargex) correlation
betweeng andd is for particles >0.1um, y: surface tension of the liquid between the particle and the surfacerug particle density,
D: carrier diameter.

the most effective type of removal forces. They are fulfils all necessary requirements for maximal fine
widely proportional to the first power of the particle particle detachment. An air classifier is meant to clas-
diameter and act only when there exists a velocity dif- sify particles upon size. In its most basic design, such
ference between the air and the patrticle. Fine particles a classifier is a cylindrical chamber with a tangential
can find shelter from drag and lift forces when the car- air supply channel and a discharge channel starting
rier surface exhibits a rugosity on a scale being larger from the centre of one of its circular ends. If designed
than the diameter of the drug particle (e.g. for granu- correctly, the larger carrier particles in such a classi-
lar or coalescent carrier structures). Inertial forces are fier can be retained and only detached drug particles
the most effective type of separation force for drug are discharged with the inspiratory airstream. The
attached to carrier particles. They include vibration, classification is the result of the counter acting of two
centrifugal and collision forces. In contrast with drag, forces Fig. 1): the drag forceKp) and the centrifugal

lift and friction forces, inertial separation forces yield force (c). The drag force (Stokes) is proportional
potentially a favourable combination with high carrier to the first power of the particle diameter and domi-
rugosity. A rough structure does not basically influ- nates for fine particles. Consequently, such particles
ence the efficacy of inertial separation forces but it are entrained by the air into the discharge channel of
provides detached drug particles a free path to travel the classifier. The centrifugal force is proportional to
away from the carrier particle on the side of collision. the third power of the diameter and strongest for the
Large pores may also host larger drug agglomerates.larger particles that are retained. The exact cut-off di-
If the drug-to-drug interactions (cohesion forces) in ameter depends on the design and dimensions of the
such an agglomerate are stronger than the adhesiorclassifier chamber, the air velocity inside this chamber
forces between drug and carrier particles, the agglom- and particle shape and density. Practically, the cut-off
erate may be released as a whole. This requires muchefficiency curve is not a step-function. Similarly as
lower (collision) velocity than detachment of a single for an inertial impactor, a minor passage of particles
particle, because of the much higher inertia for the ag- with diameters that are larger than the theoretical
glomerate. If, on the other hand, the adhesion forces
are stronger, the drug-to-drug interaction is the weak-
est link and the number of detached particles onimpact
will increase with increasing number of drug-to-drug
interactions (increasing carrier payload).

2.2. Air classifier technology

Most inhalers discharge the dose within a very
short time period. The powder rapidly passes the
de-agglomeration zone inside the inhaler and only a
minor fraction of the available energy offered by the

inspiratory airflow is utilised for disintegration. We  Fig. 1. Schematic presentation of the forces acting on the particles
chose ACT for powder de-agglomeration, because it during circulation in a basic air classifier with cylindrical chamber.
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cut-off diameter occurs for reasons that are given in through the inhaler. Because of the proportionalities
the discussion of the results. between these forces and the drug particle diameter
Carrier retention has many advantages. Carrier cir- (Table 1), the size distributions of both forces de-
culation within the classifier chamber is continued pend on the size distribution of the drug. Micronised
for the whole duration of inhalation. This guaran- solid drugs for inhalation exhibit narrow size distri-
tees maximal utilisation of the available energy for butions, which are mostly within the range between
de-agglomeration. The break-up forces that are gener-approximately 0.5 and 7;om, depending upon the
ated during circulation are a mix of centrifugal, colli- type of drug (site of action). A further contribution
sion and friction forces. For a basic classifier with a to the polydisperse nature of the interaction forces is
cylindrical circulation chamber as shownkig. 1 (top obtained from the variety of particle interactions and
view), carrier particle collisions with the inner walls of  carrier bonding sites. According ®taniforth (1987)
the chamber occur particularly at the positions where both cohesive and adhesive forces may be expected
the inner wall is interrupted by the air supply channels. in a mixture with fine and coarse particlé2dczeck
These collision and centrifugal forces are responsible (1996)investigated adhesion and autoadhesion (cohe-
for the detachment of both primary and agglomerated sion) for salmeterol and lactose and concluded that the
drug particles. Friction forces, from sliding of particles adhesion between drug and excipient is clearly with
and agglomerates along the cylindrical wall, further higher force than the cohesion between either drug
disrupt drug agglomerates into smaller entities (sec- or carrier particles. Carrier bonding sites include ar-

ond step in the two-step de-agglomeration). Drug par-
ticles adhering to the inner wall as a result of contact
with the powder are wiped off again by the coarser car-

eas with a high degree of surface impurities and/or
irregularities. Adhering fines and carrier surface dis-
continuities are places where multiple contact points

rier particles (sweeper action). For investigative pur- may exist. Adhering impurities and lactose from the
poses, retained carrier particles can be analysed upormother liguor may provide sites with higher bonding
residual drug after inhalation, which provides valu- energy. Such sites could also be susceptible to plas-
able additional information to the FPFs collected in tic deformation so as to increase the contact area be-
inertial impactors. This residual drug attached to the tween drug and carrier particles. Moreover, they are
carrier particles that have been retained in the classi- the sites with potentially the highest degree of wa-
fier during inhalation, is referred to as ‘carrier residue’ ter adsorption (by peptides and water soluble pro-
(CR). For a better comparison between different exper- teins), which may result in capillary forces between
iments, corrections for a minor carrier passage (releasethe drug and carrier particles. Finally, the mixing pro-
from the classifier chamber) are made by extrapolating cess may have great influence on the drug-to-carrier
CR to 100% retainment. Retention of carrier particles interactions.

(from adhesive mixtures) and larger drug agglomer-  The separation forces generated in an air classifier
ates (from spherical pellet formulations) also prevents exhibit a certain size distribution too. The centrifugal
that these particles are deposited in the throat. This force Fc) is proportional to the drug particle mass
eliminates the occurrence of local side effects. Air (m « d°) and the square of the tangential particle
classifiers can also be designed to discharge carriervelocity (U): Fc = m x U?/R (whereR is the diam-
particles with a controlled rate, as will be discussed in eter of the classifier chamber). The impaction force
subsequent parts of this series of papers. This has the(F|) exerted on a drug particle attached to a colliding
advantage that retained carrier crystals do not have tocarrier crystal is proportional to the rate of change
be removed from the inhaler in between inhalations. in carrier particle velocity{ = dU/dr) and the drug
particle massF) = m x a. If the separation force has

a component of sufficient quantity acting in the cor-
rect direction, adhesion forces are overcome, and the
drug particle is released. It has been sholitkhoff

2.3. Force distribution concept

The fine drug particle fraction obtained during in-

halation from a DPI is the result of a competition be-
tween the interaction forces within the powder and the
separation forces derived from the inspiratory airflow

et al., 2002 that a slight increase in mean drug parti-
cle diameter may already cause a substantial increase
of the percent of drug detached from the carrier
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particles. This is in spite of an expected increase in

100 | —-Fcat7.5/min
the adhesive forcedéble J). “o-Feat 15 imin ; ; 555 j?/5
All these variables influencing the adhesive and 80 prmze
separation forces, make it difficult to investigate or 60 1| > Foatas vmin ;/ f/ /
predict the net effect of a change in material character-

D=
Ve

istics or conditions during mixing and inhalation, par-
ticularly because interactions between these variables

Cumulative volume percent (%)

and so-called correlated effects exist. For example, an 20 i

increase in the obtained FPF during inhalation can be 0 , ,

obtained by decreasing the carrier surface rugosity. To 0.001 001 0.1 1 10 100 1000
achieve this goal, the use of a finer carrier size fraction Force (10e-12 N)

is often recommended or lactose fines can be added_ . o _

. .. N Fig. 2. Presentation of the force distribution concept (FDC): com-
to the mixture. prever’ a Chan_ge In S'_Ze dlstrlbuuon parison of the size distributions of centrifugal separation forces in
changes the carrier bulk properties during mixing t00. the classifier at five different flow rates and that of the adhesive
It furthermore changes the carrier payload (amount of forces in the mixture. See text.
drug particles per unit carrier surface area) and the
acceleration (after collision) of carrier particles in the particles travel with air velocity, all drug particles have
classifier, thus affecting the average tangential parti- the same density and are detached as single entities.
cle velocity in the classifier. So, what is believed to As a result of the computations made, the centrifugal
be an improvement from reducing the carrier surface forces correlate with volume fractions in a comparable
rugosity, might as well be an effect from changing the way as the particle diameters. Thus, they can be pre-
carrier bulk properties or carrier payload. The net re- sented in a cumulative volume undersize curve as func-
sult of all these changes is difficult to predict since tion of Fc. This is relevant to the application of FDC,
their respective orders of magnitude are not known. as will become clear. The results of such calculations
For this reason, we developed our FDC. FDC shows for F¢ are shown irFig. 2for five different flow rates.
the possible effects of various variables during mixing Similarly, adhesive forced) can be calculated, for
and inhalation in terms of size distributions for the in- instance assuming that they are van der Waals forces
teraction and separation forces. FDC also allows us to and that the proportionality constant between the drug
explain and predict these effects by anticipating how particle diameter and the adhesive force is the same for
the force distribution curves will change by chang- all particles. Expressed in the same way as the removal
ing certain variables. The concept is primarily based forces (cumulative volume percent as functiorkaf),
upon comparative presentation of both force distribu- the span of the range for these adhesive foréasx
tion curves, but includes drug detachment rate studies d1) is theoretically much smaller than that for the sepa-
as well, as will be discussed in this paper and in fol- ration forces, which are proportional to the third power
lowing parts of our series of articles on ATC. of the diameter Kig. 2). Because of the varieties in

As a first step in the application of FDC for a ba- bonding sites and exerted press-on forces during mix-
sic classifier, an assessment of the size distributionsing, the numerical values of the adhesive forces are less
of the forces is made on the basis of the size distri- realistic than those for the centrifugal forces. Besides,
bution of the drug, which is obtained from dry laser the simplified calculation does not take account of the
diffraction analysis (LDA), using the cumulative vol- possible adherence of small drug agglomerates (next
ume undersize curve as function of the particle diam- to primary particles) to carrier crystals, nor of differ-
eter. Arithmetic mean diameters are computed for se- ences between air and carrier particle velocities inside
lected size classes and calculations for the centrifugal the classifier chamber (relevant to the calculation of
force (Fc = m x U?/R) per size class are made forthe F¢). However, computation of the precise numerical
average tangential air velocity inside the classifier,  values for the forces is not intended. FDC has been
which is derived from the inspiratory flow rate through developed to explain particularly the changes in the
the classifier chamber and its dimensions. This yields force distribution curves as the result of changing the
quite realistic values foFc, providing that all carrier ~ conditions during mixing and inhalation. Therefore,
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considering the size distributions of these forces in re- curves dramatically, an increase in inhalation time is
lation to each other between two different situations known to decrease the carrier residue. For this, many
is the primary objective. For this, absolute values are possible explanations exist. A separation force of suf-
not necessary. Investigating the relative influence of ficient size has to act in the correct direction before a
both forces relies on CR measurements (described indrug particle can be detached from the carrier surface.
Section 2.2, which are part of FDC. It may be expected that several carrier particle colli-
The CR is a measure for the coordinates of the sions are necessary before the precise conditions are
intersection of both force distribution curves. If the met. It may also be expected that repeated action (in
separation forces are relatively small compared to the different directions) of separation forces of lower size
adhesive forces (as Fig. 2for F¢ at 7.51/min), they- than initially necessary for detachment weaken the ad-
coordinate of the intersection will correspond with a hesive force, as a result of which detachment becomes
high cumulative volume percent, indicating that CR is more easy. Both conditions require a certain circula-
nearly 100%. With increasing flow rate, the size distri- tion time for the powder inside the classifier and make
bution of the separation forces shifts to higher values, the proportionality between the intersection and the
which decreases thé-coordinate of the intersection CR dependent of the inhalation time.
with the curve for the adhesive forces. For example in
Fig. 2, the cumulative volume percent of the drug for
which adhesive forces were not exceeded by separa-3. Materials and methods
tion forces at 451/min is only 22%. Consequently, CR
at 45I1/min will be much lower than that at 7.51/min.  3.1. Test inhalers with a basic air classifier
By varying the flow rate for the same mixture between
two extremes, only the position of the size distribution A home constructed test inhaler with a basic air
curve for the separation forces relative to thaxis classifier concept is shown ffig. 3. The classifier ex-
is changed, whereas its shape remains the sameists of a metal cylindrical housing with a height to di-
Changes in the shape and position of the distribution ameter ratio<1. The basic concept has two air supply
curve for the adhesive forces are primarily the result channels that end as a tangent to the cylindrical wall in
of changes in the circumstances during mixing. Such order to create a tangential airflow inside this chamber.
changes may also influence the shape of the curve forOne of the air channels also serves as powder channel.
the separation forces, e.g. by agglomeration of drug The classifier chamber is constructed of stainless steel
particles (increased drug particle inertia). Changes in and has for the test inhaler used in this study an inner
the shape of the curves will also result in a shift of diameter of 22 mm. During inhalation experiments the
the Y-coordinate for the intersection of the curves. classifier is connected to the earth to avoid electro-
So, a change in CR between two different (mixing or static charging. In the centre of the circular top plate is
inhalation) situations may be explained in terms of a discharge channel with slightly increasing inner di-
changes in position and shape of the force distribution ameter towards its exit, having the same longitudinal
curves, which is helpful for explaining the obtained axis as the classifier chamber. The channel protrudes
effects in these situations. Some practical applications partly through the top plate into the classifier cham-
of FDC will be discussed more in detail in this, and ber to improve carrier retention. Around the discharge
next parts of our series of air classifier articles. channel is a tapered mouthpiece. The annular cham-
The Y-coordinate of the intersection is only a mea- ber in between the discharge channel and mouthpiece
sure for the CR. This confines comparison of the force cylinder is a passageway for sheath flow with which
distribution curves to mixtures tested under the same (a) the inhaler resistance can be controlled and (b) drug
inhalation conditions with respect to type of inhaler deposition in the mouth can be reduced. The classifier
and inhalation time. An increase in inhalation time of the test inhaler has a rounding between the circu-
will result in a widening of the range of separation lar bottom and the cylindrical wall. The inhaler shown
forces, because more extremes (on both sides) are genin Fig. 3 has no integrated dose (measuring) system.
erated. Although this does not necessarily change theDoses have to be inserted manually or be dispensed
position of the intersection of both force distribution from a separate dose measuring principle that can be
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Test inhaler CVI Mouthpiece cylinder
AHB020305

Positioning ring

Central housing

Classifier discharge channel

Mounting ring for classifier
chamber

Classifier chamber

Classifier chamber

Fig. 3. Presentation of a test inhaler with a basic air classifier concept.

connected to the test inhaler. Retained carrier parti- 3.2. Materials and special carrier size fractions

cles can be collected for analysis by disassembling the

classifier chamber. Our ACT already finds application = The drug used for experimental determination of
in many different (both marketed and test) inhalers. the cut-off diameter of the basic classifier was col-
Their development involved testing of many different istin sulphate (Duchefa Farma, The Netherlands).
drug formulations. The essence of this article is to ex- Double micronisation of the drug, by subsequent jet
plain only the general performance and specifications milling (GfM, Germany) and ball milling (in a ce-
of the basic classifier, for which we made use of re- ramic container on a home constructed drive), yielded
sults from these studies. This has the consequence that favourable size distribution for cut-off experiments,
some figures shown in this manuscript (ekggs. 5 ranging from <1 to 87um with a median value
and 9 represent many different formulations and size of 2.14um (from laser diffraction characterisation).
fractions of lactose. The experiments were selected, Budesonide for the CR experiments was supplied as a
however, such that they are either comparable or to be free sample by Asta Pharma (Germany) in a size dis-
considered as duplicate experiments. tribution with 10% <0.54pm and 100%<4.60p.m
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(Xs50 = 1.04pm) as measured with LDA (HELOS testinhaler was connected to a special inhaler adapter
Compact KA with RODOS disperser, Sympatec, Ger- (INHALER™ 2000, Sympatec, Germany) for LDA of
many). The budesonide was screened throughlg®0  the emitted aerosol cloudé Boer et al., 2002a)bThe
sieve to break-up (and remove) hard agglomerates experimental cut-off diameter equals Kgo-value of
before making mixtures. Carrier materials were Cap- the emitted aerosol.
sulac 60 (Meggle, Germany), Pharmatose in different  Carrier retention efficiency data, presented as func-
grades (DMV International, The Netherlands) and spe- tion of the flow rate Fig. 5A at 30 and 60 I/min) have
cial carrier size fractions prepared from Pharmatose. been derived from different studies, all of them with
All size fractions had a relative width (ratio of the different size fractions of Pharmatose and budesonide
span of the size range to the mean fraction diameter) concentrations between 0.4 and 1% (as explained in
between 0.25 and 0.4. The fractions were prepared in Section 3.). For the percent carrier passage (equals
small batches of approximately 100 g by subsequently 100 minus percent retention) as function of inhala-
20 min vibratory sieving (Analysette 3, Fritsch, Ger- tion time (Fig. 5B), mixtures with 0.4% budesonide
many) and 20min air jet sieving (A200, Alpine, and two different carrier size fractions (45-63 and
Germany). All fractions have been checked upon size 150-20Qum, prepared from Pharmatose 150 M) were
distribution and residual amount of fines with LDA.  used. FofFig. 5C(the effect of dose weight on percent
carrier passage), different amounts of Pharmatose
3.3. Adhesive mixture preparation and 325M (without drug) were added to the classifier
characterisation chamber. Each datapoint Fig. 5A and B(from cas-
cade impactor experiments) is the mean of two series
Adhesive mixtures of budesonide with differentlac- of 10 inhalations each; ifFig. 5C each datapoint
tose carrier materials were prepared in a batch sizerepresents a single inhalation experiment.
of 259, using a stainless steel container (160 ml) in
a Turbula T2C (Willy A. Bachofen AG, Switzerland) 3.5. Cascade impactor analysis (CIA) and carrier
tumbling mixer at 90 rpm. Mixing time was 10min. residue measurements
Mixture homogeneity was tested by taking 10 random
samples (of 20-25mg) from each mixture. The sam- A glass constructed four stage cascade impactor
ples were dissolved in 15-20 ml of 100% ethanol and of the Fisons type (MSLI of the type described by
the drug solution was cleared from lactose crystals Hallworth and Andrews, 1976vas used for measur-
using a centrifuge (5min at 3000 rpm; Rotana 3500, ing the FPF, which for this study is defined as the sum
Hettich, Germany) and diluted (if necessary) before of the fractions deposited on the stages 3 and 4, ex-
measuring the drug concentration spectrophotomet- pressed as percent of the real dose. The impactor has
rically at 242.8nm (PU 8720 UV-Vis, Philips, The geometrical cut-off diameters for the second stage of

Netherlands). 12.35um at 301/min, respectively 8.74m at 60 I/min
for lactose (density is 1.54 g/cin The impactor was

3.4. Carrier cut-off and retention efficiency operated in combination with a dry bent inlet tube

experiments with large radius (to avoid de-agglomeration of pow-

der within this port by particle collision with its inner

For the carrier cut-off experiments, colistin sulphate wall) and a timer controlled solenoid valve to start and
was mixed with a small amount (16.7% by weight) of stop the flow through the test inhaler. Each cascade
a special lactose size fraction (150-200, derived impactor value Fig. 6) is the mean of two series of
from Pharmatose 100 M) acting as a sweeper for fine 10 inhalations. For the CR measurements, of which
drug particles adhering to the inner classifier walls. the results are presented in thgys. 7 and 8the test
Individual doses of 25mg of this mixture were in- inhaler was connected to a small wash bottle (single
serted into the powder channel to the classifier cham- shot impinger) to reduce the volume between the test
ber before the solenoid valve (with timer) was opened inhaler and the solenoid valve. After each inhalation,
for a period of 3s to start a flow through the test in- the retained carrier was removed from the test inhaler
haler. Six doses were inserted at each flow rate while and treated similarly to the mixture samples taken for
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homogeneity testing in order to analyse the residual 70
amount of drug (CR). In all our experiments, CRis § &0 ~o- lactose, theoretical —
expressed as percent of the original carrier payload € so 1 o~ colistin, theoretical |
and corrected for a minor carrier discharge from the 5 4 - -
. g . . . . + ® colistin, measured

classifier (passage) during inhalation by linear extrap- g ., Ly
olation to 100% retention. The CR values presented in 5 " 0
Fig. 7are the mean of three inhalations; thos€ia. 8 5 % e o
have been averaged for two series of five inhalations 3
each. 9

0 20 40 60 80

. . . flow rate (I/min)
3.6. Laser diffraction experiments

Fig. 4. Theoretical and experimental cut-off diameters of the basic

For LDA of the aerosol cloud from the test inhalers, air classifier as function of the inspiratory flow rate for colistin

the special inhaler adapter was used as referred to insulphate. The_ bars, in con_n_ection with the me_asured values, indi-
. . . . cate the maximum and minimum values obtained.

Section 3.4For determination of the cut-off diameters
and the size distributions of the drugs and carrier mate-
rials, a Sympatec Compact/KA with standard HELOS 4. Results and discussion
software (for Fraunhofer calculation; Sympatec Ger-
many) was applied in combination with a prototype = The airflow resistance of the basic classifier
inhaler adapter (University of Groningen) and a 100 (0.051 kP&>® min/l) is quite high without sheath flow.
or 200 mm lens (depending on the size distribution to This corresponds with pressure drops of 2.3kPa at
be measured). Drugs and carrier materials were fed 30 I/min, respectively 9.3 kPa at 60 I/min. Because we
to the laser beam with a Sympatec RODOS dry pow- aim at a moderate air flow resistance (4kPa corre-
der disperser, operated at 3-5 bar. For measurement osponding with 60 I/min), approximately 50% sheath
the optical concentration in the aerosol cloud as func- flow will be necessary for convenient operation of the

tion of the inhalation timeKigs. 9 and 1)) a Sym- test inhaler by a patienkig. 4 shows that the theoret-
patec HELOS/BF-MAGIC (with 100mm lens) was ical cut-off diameter of the basic classifier slightly de-
applied in combination with a Sympatec INHALER creases with increasing flow rate. The value between

adapter. Ten inhalations at 60/min were performed 35 and 15um for the range of flow rates between 20
with a mixture of 4% budesonide and carrier size frac- and 701/min is high enough to guarantee complete
tion 150-20Q.m (from Pharmatose 150 M). Start of emission of drug particles in the size range that is
the measurements was synchronised (electronically) relevant to lung deposition, and low enough to ex-
with opening of the solenoid valve; measurements pect effective retention of carrier size fractions with a
were stopped after 3s of inhalation. Because of in- lower class limit of 3Qum or higher. The experimental
creasing window pollution with increasing inhalation cut-off diameters (mean of siXjog-values from laser
time, only the data from the first 2s have been used. diffraction measurement of the emitted aerosol cloud)
The area under the curve (AUC) for the mean value in this figure correspond fairly well with the theoretical
(n = 10) has been calculated for each time interval values for colistin sulphate, although a certain discrep-
(0.02s), being a measure for the amount of drug dis- ancy may be expected for a number of reasons. Most of
charged from the classifier within this time interval. all, the order of magnitude of various side effects can-
Next, the sum of the AUC values (end value) has been not be estimated. The classifier chamber is relatively
equated with the percent of dose emitted from the test small and irregularly shaped particles bounce off at
inhaler (56.77%) as obtained from CR measurements different angles after hitting the classifier wall. Some
under the same inspiratory conditions (60 I/min and an particles that are rebounced in the direction of the dis-
inhalation time of 2 s). Corrections for window pollu- charge channel may travel the short distance between
tion (of the laser diffraction adapter) have been made the cylindrical classifier wall and this channel, before
by increasing the base line between 0 and 0.5 s from their orbit around this channel can be corrected by the
0 to 0.8%. tangential streamlines of the air. They may enter the
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channel and be discharged (random passage of parti- 100 <3 v
cles larger than the cut-off diameter). Also tribocharge & 80 .
may influence patrticle circulation within the classifier ) g
chamber. Finally, some particles may be released as -2 60
small agglomerates, having a much lower (apparent) %
density than a solid particle of the same size. This § “° es0umin ||
gives a discrepancy between measured and calculated E 20 060 Iimin ||
cut-off diameter for agglomerates, if the cut-off diam- %
eter is computed assuming that all particles are solid. 0 ' ‘ ‘

The carrier retention efficiency is presented in the 0 100 200 300 400
Fig. 5A—C. Fig. 5A shows that retention depends on (%) mean fraction diameter (micron)
the flow rate. Nearly 100% retention for narrow car- 50
rier size fractions can be obtained (after 3 s inhalation © fraction 45-63 micron
time) when the mean fraction diameter is >308 at 40 ® fraction 150-200 micron
60 I/min, respectively >15am at 301/min. The per- 3

cent of retained carrier particles also depends on the
inhalation time Fig. 5B). Passage of particles larger 20 SR
than the theoretical cut-off diameter is a random occur- /e/g
rence, as has been explained in the discussiéigo#. 10

So, it may be expected that the number of events of a

large particle entering the discharge channel increases 0 2 4 6 8
with increasing circulation time inside the classifier
chamber. The results are in agreement Viip. SA: 25
the percent of carrier passage at the same flow rate
and inhalation time, increases with decreasing mean
carrier particle diameter. The number of particles cir-
culating within the same volume increases with in-
creasing classifier payload, and so does the number of
particle—particle collisions per unit time. Therefore, it

percent carrier passage (%)

C

inhalation time (s)

20 S

percent of dose released (%)
> o
]
\

is not surprising that the percent of carrier particles 5 *

emitted from the classifier increases with increasing 0 : . :

dose weightFig. 5C). Acceptable retention values for 0 10 20 30 40
the classifier in the presented test inhaler (>90%) re- (C) dose weight (mg)

quire that the dose weight is below 20 mg. _ , _ _ .
Fig. 5. (A) Carrier retention (withdrawal) efficiency (as percent of

Fig. 6shows that FPF (as percent of real dose) col- dose) in dependence of mean fraction diameter for size fractions
lected from the cascade impactor does not show the fom giferent types of Pharmatose at two different flow rates. Dose
expected correlation with the percent of drug released is 25mg; inhalation time is 3s. (B) Carrier passage (as percent
from the carrier crystals (expressed as 200R). The of dose) from the test inhaler as function of the inhalation time
data are for different adhesive mixtures with 0.4—1% for two size fractions derived from Pharmatose 150 M (45603
budesonide and different carrier size fractions. For all 219 apsulac 60 (150-20n) at 601/min. Dose is 25mg. (C)

. i . ’ Carrier passage (as percent of dose weight) for Pharmatose 325 M
mixtures, FPF is substantially lower than the corre- ¢ 30min from the test inhaler as function of the classifier load
sponding percent of drug released from carrier, and a (dose weight). Inhalation time is 3s.
considerable spread in FPF at the same percent of de-
tachment exists. There are different explanations for
this discrepancy between the directly (:0@R) and the impactor, connecting tubes between the impactor
indirectly (FPF) measured fraction of drug detached stages as well as from particles passing the final im-
from carrier. Losses of detached particles occur in- pactor stage. Some of these losses are the result of
side the inhaler (mouthpiece), the induction port to electrostatic effects which vary with circumstances
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100 tities, but partly as agglomerates that are too large to
- reach the lower impactor stages for the FPF. This can
9:« 80 be observed from a shift in deposition towards higher
2 60 @ 30 I/min &2 (1st and 2nd) impactor stages and particularly with
s o 60 I/min 8 LDA of the aerosol cloudde Boer et al., 2002a)b
2 40 °_ The effect occurs particularly at lower flow rates, when
‘é /.p/‘ inertial separation forces are sufficiently high to de-
2 20 S tach such agglomerates (with much higher inertia than
. #/ single particles) from the carrier crystals, but friction

0 . 1 ' . forces in the classifier are not yet high enough to dis-
0 20 40 60 80 100 rupt them further into finer fragments. This aspect will

percent released from carrier (%) be discussed more in detail in the next articles in this

Fig. 6. Fine particle fraction (FPF) vs. carrier residue (CR) from the Ser'_es on ACT. .
test inhaler both as percent of real dose, for different formulations ~ Fig. 7 shows one of the possible ways to apply the
(carrier size fractions) with 0.4-1% of budesonide at two different FDC for the removal forces generated in a basic air
flow rates. Inhalation time is 3s. classifier. For an adhesive mixture with 2% budesonide
(on Capsulac 60 as carrier material), the percent CR
(e.g. relative humidity of the air, the number of pre- decreases both with increasing flow rate and increas-
ceding inhalations, cleaning procedures). They can inginhalation time. As expected, the mean of the sepa-
only partly be controlled. Such losses contribute to ration forces shifts to a higher value when the velocity
the poor repeatability (within-laboratory variation) for inside the classifier chamber is increased. But also, a
cascade impactors in DPI-testing, as has been reportedarger fraction of drug is detached when the circula-
by Olsson et al. (1996Jor the European Pharma- tion time is increased. Consequently, a reduction in
copoeia devices. The losses within the inhaler and in- flow rate from 60 to 30I/min can be compensated to
duction port generally decrease with increasing flow a significant extent by increasing the inhalation time
rate. This may explain why the discrepancy between from 0.5 to 3s. The beams indicating the maximum
the percent of drug that has been detached from theand minimum values (of three inhalations) prove that
carrier and the percent of drug that has been recoveredthe reproducibility of the measurement is quite high,
as FPF is different for 30 and 601/min, as shown in particularly at the higher flow rate of 60 I/min. It can be
Fig. 6. These losses are one of the reasons why we pre-concluded that the highest detachment rate is obtained
fer to rely on percent CR values for formulation stud- within the first half second, which results in a release
ies, explained with FDC, rather than on FPFs. There
are two more important reasons for this preference. CR 100
measurements are much less laborious and time con-
suming than cascade impactor experiments, whereas
they yield reliable information based on single inhala-
tions. Carrier particles discharged from a DPI collide
with the inner wall of the induction port where they
enter the sharp 90bent. If the inhaler has a tangen-
tial discharge flow component (and most DPI's do
s0), collision also occurs by centrifugal action in the
double tapered section of this induction port. These

-8-30 I/min

80 —
\\\ -o-60 I/min

60 \ \;\{\

40

percent carrier residue (%)

collisions contribute to powder de-agglomeration; the inhalation time (s)
extent of the contribution being dependent on inhaler
dispersion efficiency Fig. 7. Percent carrier redisue (CR), extrapolated to 100% retention,

The di bet FPF and t of d obtained with the test inhaler as function of flow rate (30 and
€ discrepancy between and percent ot drug g, I/min) and circulation time for an adhesive mixture with 2%

detached from carrier may have another important rea- pydesonide and Capsulac 60 as carrier. Dose is 10mg 8).
son. Drug particles may not be released as single en-The bars indicate the maximum and minimum values obtained.
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of 51% of the ‘end value’ (after 3 s) at 30 I/min versus
83% at 601/min. Meaning thereby that longer inhala-
tion times for this particular formulation are most rel-
evant to fine particle detachment at the lower flow rate
of 301/min. The data presentedHig. 7 are important
for classifier design and optimisation of the inhaler

A.H. de Boer et al./International Journal of Pharmaceutics 260 (2003) 187-200

as the time during which a flow through the DPI is
continued after the valve is closed in order to balance
impactor and ambient pressure, gain relative impor-
tance with decreasing inhalation time. This depends
on many factors, such as inhaler resistance, flow rate
and impactor volume. In order to minimise these

system, including the adhesive mixtures to be used fringe effects, we minimised the volume of the flow
in this inhaler regarding the desired carrier residence diagram by using a wash bottle with small volume

time (within the classifier), as will be discussed more
in detail in next parts of this series of articles on ACT.

instead of a cascade impactor during CR experiments.
From an ongoing desire to further increase the sen-

Fig. 8 compares the percent CR, percent detached sitivity and accuracy of our experiments, the applica-

(expressed as 100 CR) and percent of dose emitted
at 601l/min for a formulation with 4% budesonide
as function of inhalation time. The difference be-

bility of laser diffraction technique for emission rate
measurements with the basic air classifier was inves-
tigated. Particularly the changes in drug detachment

tween emitted and detached fraction is the amount of rate within the first 0.5s of inhalation may be rele-

drug accumulated in the inhaler's mouthpiece (IA),
which is quite high for the test inhaler, as this de-
vice was designed primarily for CR measurements.

Good knowledge of the detachment and dose emis-

sion rates (first derivatives of the curvesHig. 8) are

vant to the application of FD(rig. 9 shows the op-
tical concentration of the aerosol cloud from the test
inhaler as function of the inhalation time for the same
formulation as presented ifig. 8 Being a real time
measurement, fringe effects are excluded and the rate

relevant to the design of classifiers with a controlled of change in optical concentration can be calculated
residence time for the carrier particles during inhala- for time intervals of 0.02s (or shorter). By making

tion and to understanding the underlying mechanisms suspensions (in saturated liquids) with increasing con-
for particle-to-particle interactions. The accuracy of centration of the same particle size fraction, it could be
emission rate measurement decreases with decreasingonfirmed that there exists a proportional correlation
inhalation time. Not so much because shorter inhala- between particle concentration of the suspension and
tion times cannot be controlled accurately, but rather optical concentration. This allowed computing of the

because of fringe effects. The time necessary to es-optical concentration data into real particle concentra-
tablish a stationary flow through the inhaler, as well tion data. A quantitative presentation was obtained by

100
< \ K o
3 60 1A
g K / -e-percent carrier residue
c 40 e percent detached L
g //K -0~ percent emitted
g 20 I 1
TTe
0 T T ;

0 2 4 6 8
inhalation time (s)

Fig. 8. Percent carrier residue (CR), percent drug detached
(100— CR) and percent emitted (160CR — IA) as function of
inhalation time for a mixture with 4% budesonide and carrier size
fraction 150-20@.m (from Pharmatose 150 M) obtained with the

equating the AUC for the time interval between 0 and
2 s with the emitted (percent of) dose after 2 s from CR

optical concentration (%)
N

0 T T T
0 0.5 1 1.5 2
inhalation time (s)

25

Fig. 9. Optical concentration of the aerosol cloud from the test

test inhaler at 601/min. IA is the percent of dose accumulated in inhaler as function of the inhalation time for the same mixture
the inhaler. The bars indicate the maximum and minimum values and the same inhalation conditions as presenteéign 8 The

obtained.

bars indicate the maximum and minimum values obtained.
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_ 70 tures for inhalation and the separation of carrier and
g 60 I drug particles. Between 80 and 100% of the carrier
§ 50 - /./ dose can be retained in the classifier and more than
5 40 70% of the drug can be detached from the carrier
& // crystals at a flow rate of 601/min within the first half
$ 30 . ~from LDA second of inhalation, even for a non-optimised adhe-
S f . . .
S 20 —e-from CIA sive mixture. A decrease in flow rate can partly be
.=°é=’ 10 / compensated by an increase in inhalation time. The
° ‘ ‘ ‘ . performance of a classifier can be explained with the
0 05 1 15 2 25 statistical FDC presented in this paper. Analysis of re-
inhalation time (s) tained carrier particles on residual drug is a fast and

highly reproducible method for studying the drug de-
Fig. 19. Comparison of detachment re_ate obtair_led from two different tgchment rate during inhalation, but more detailed in-
techniques (LDA and CIA); data derived frofiigs. 8 and 9The formation about the change in detachment rate within
bars indicate the maximum and minimum values obtained. . . . . .
the first half second of inhalation is obtained from op-
tical concentration measurement of the aerosol cloud
measurements (56.77% kg. 8). By calculating the with laser diffraction technique.
AUC also separately for each of the time intervals (up
to and including 2 s) and processing these values into
a cumulative curve as percent of the end value (again Acknowledgements
56.77% of the dose), an emission rate curve was ob-
tained. This curve is shown iRig. 10in comparison The authors wish to thank Sofotec (Frankfurt, Ger-
with the emission rate curve from CR measurement. many) for the cooperation in the air classifier develop-
Confinement of the emission time to 2 s is for practi- ment, DMV International (Veghel, The Netherlands)
cal reasons; at longer times, necessary corrections forfor the cooperation in lactose optimisation for adhesive
window pollution appeared to be too extreme. mixtures, the Groningen University Workshop for con-
Although both curves obtained from LDA and CR  structing the various test inhalers and Mrs. J. Beekhuis
measurement show the same trend, they do not matchfor carefully screening the manuscript.
completely. A perfect match could not be expected,
however, as both techniques represent different series
of inhalations. Finding a difference is also inherent References
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