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Abstract

In this paper, the parameters that are relevant to the drug redispersion from adhesive mixtures during inhalation are discussed
and evaluated. The results obtained with air classifier technology give strong evidence for a dominating influence of carrier
surface properties on the fraction of drug detached during inhalation at a low carrier payload (≤1%, w/w), versus a dominating
effect of carrier bulk properties at higher payloads. Furthermore, the results indicate that there is a fundamental difference
between so-called active carrier sites and large surface discontinuities. The difference refers to the saturation concentrations, the
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ates of saturation and their effects on drug detachment during inhalation. The degree of saturation of the active sites
e proportional with the square root of the carrier surface payload (after 10 min mixing time in a Turbula mixer at 90 rp
torage volume of the discontinuities seems largely independent of the carrier diameter for particles derived from the s
f crystalline lactose. Saturation of these discontinuities is completed at a much lower carrier surface payload than sa

he active sites. Relatively large discontinuities are beneficial to de-agglomeration principles that make use of inertial s
orces during inhalation, as they provide shelter from inertial and frictional press-on forces during mixing which incre
trength of the interparticulate bonds in the powder mixture. For de-agglomeration principles generating frictional, dr
orces, carrier surface depressions and projections are disadvantageous however, as they also provide shelter from th
orces.
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1. Introduction

Existing theories for adhesive mixtures for inha
tion take the view that active carrier sites and c
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rier rugosity play dominant roles in the interaction be-
tween the drug and carrier particles. It has been found
that a large number of active sites and a high rugos-
ity reduce the fraction of drug detached during in-
halation (Ganderton and Kassem, 1991; Kawashima
et al., 1998), and the carrier rugosity has been consid-
ered as an appearance of active sites (e.g.Staniforth,
1995,1996). These findings and conceptions are under-
standable, as drug to carrier ratios in adhesive mixtures
for inhalation are often 1: 67.5 (1.46% (w/w) drug; e.g.
Larhrib et al., 1999; Zeng et al., 2000; Flament et al.,
2004), whereas the carriers for these mixtures mostly
have a size range smaller than 100�m (e.g.Kawashima
et al., 1998; Larhrib et al., 1999; Flament et al., 2004).
This combination of conditions results in relatively low
carrier surface payloads, meaning that there may be
many carrier sites with high bonding energy or surface
discontinuities relative to the number of drug particles
on the carrier surface. Additionally, inhalers generating
drag, lift or friction forces have been used for drug re-
dispersion in most studies. These types of detachment
forces are not very effective in separating drug particles
from carrier surface irregularies during inhalation.

The conditions may be selected differently however.
Much higher as well as much lower carrier payloads
may be desired, or necessary for new inhalation drugs
(e.g.Schlimmer, 2002; Newhouse et al., 2003). Coarser
carrier fractions may be used, which yield a much better
dose emission from the inhaler (Staniforth, 1995; Zeng
et al., 2001b), although the use of such fractions intro-
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relation to the carrier payload and the mixing condi-
tions (e.g.Dickhoff et al., 2003, 2005b). If the drug
amount in the mixture is higher than can be stored
away in the carrier discontinuities, the fraction of drug
detached from the carrier crystals generally decreases
with increasing carrier size (equals increasing magni-
tude of the press-on forces).

The aim of this study is a critical evaluation of the pa-
rameters that influence the drug-to-carrier interaction
during mixing and drug detachment during inhalation,
respectively. To make this evaluation meaningful, it has
been assessed which fraction of the drug in the pow-
der mixture can be attached to active carrier sites, or
be stored in the carrier surface discontinuities, respec-
tively. The relevance of both aspects is discussed in
relation to the powder bulk properties and the mixing
procedure (which both influence the press-on forces
during mixing) and the inhalation conditions (refer-
ring to the type and magnitude of the generated de-
tachment forces). Findings and conclusions from pre-
vious classifier studies, as well as results of some new
investigations have been used to support the discus-
sions.

2. Materials and methods

2.1. Materials

Carrier size fractions were derived from Pharmatose
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uces a new variable, which is the action of inertial
rictional (press-on) forces during mixing. These pre
n forces may increase the interparticulate forces i
owder and their magnitude increases with the m
arrier diameter (Dickhoff et al., 2003). Large carrie
articles, normally exhibit also larger surface disco
uities than fine crystals (de Boer et al., 2003b). This
ay have the advantage of providing shelter to d
articles from the press-on forces during mixing

he drug particles tend to assemble in these discon
ties during mixing (Kulvanich and Stewart, 1987; Iid
t al., 2003). Therefore, a high carrier rugosity do
ot necessarily have a negative effect on the drug

achment from carrier crystals during inhalation, p
iding that inertial detachment forces are applied (
ickhoff et al., 2005a). Having an advantage from t
se of high carrier rugosities depends also on the
nd volume of the carrier surface discontinuities
0, 100, 150 and 200 M (DMV International, Vegh
he Netherlands). Different micronised budeson
amples were used for the study. They were supplie
ofotec (Frankfurt, Germany) and their volume med
iameters (from laser diffraction analysis) were 1
.32, 1.35 and 1.46�m, respectively.

.2. Preparation and characterisation of carrier
ractions and adhesive mixtures

Carrier fractions of different size ranges were
ained by sieving small batches (approximately 10
f lactose for 20 min on a vibratory sieving mach
Analysette 3, Fritsch, Germany) followed by 20 m
n an air jet sieve (A200, Alpine, Germany) to rem
dhering fines. All fractions were investigated w

aser diffraction technique (Sympatec HELOS B
AGIC, Germany) and scanning electron microsc
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(JEOL JSM 6301-F, Japan) prior to mixture prepara-
tion. For laser diffraction analysis, the fractions were
dispersed with a RODOS disperser at 3 or 5 bar. A 100,
200 or 500 mm lens was applied and calculations were
made with the Fraunhofer theory. For SEM investiga-
tion, powder samples were sprinkled on double-sided
sticky tape (on metal disks) and coated with 150 nm of
gold/palladium in a sputtering device (Balzers 120B,
Liechtenstein).

Mixtures were prepared in batch sizes of 25 g,
using a special stainless steel mixing container of
160× 10−6 m3. Mixing time was 10 min (unless stated
otherwise) in a tumbling mixer operated at 90 rpm
(Turbula T2C, WA Bachofen AG, Switzerland). In-
halation experiments were not undertaken within less
than a week after mixture preparation. Mixture homo-
geneity was tested on 20 samples of 25 mg taken ran-
domly from the powder. The samples were dissolved in
15–20 ml of pure ethanol and the solutions were sep-
arated from non-dissolved lactose crystals in a cen-
trifuge during 5 min at 3000 rpm (Rotana 3500, Het-
tich, Germany) prior to spectrophotometrical analysis
at 242.8 nm (Philips PU 8720 UV–VIS, The Nether-
lands).

2.3. Carrier residue measurements

For the carrier residue measurements, a previously
described test inhaler with basic air classifier was used
(de Boer et al., 2003a). The metal inhaler was earthed
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(%, w/w), yielding the carrier residue (CR). Percent
detached from carrier equals 100 minus CR.

Carrier surface payload (CSP in g/m2) is the ratio
of the carrier payload (in g/g) to the calculated spe-
cific surface area of the carrier fraction (in m2/g). The
specific surface area (Sg) is based on the arithmetic
mean diameter (D) of the size fraction (Sg = 6D−1ρ−1),
where ρ is the density of�-lactose monohydrate
(1.54× 106 g/m3).

For computation of the percent theoretical car-
rier coverage (CC), it was assumed that drug par-
ticles are spherical and monodisperse (the diameter
equalsX50 from laser diffraction analysis, dry dis-
persion with RODOS a 5 bar). It was furthermore
assumed that the projection area of a single drug
particle on the carrier surface equals the square of
its diameter. From the carrier payload (g/g) and the
drug particle weight (W=Vρ =πD3ρ/6, whereρ is
the density of budesonide: 1.24× 106 g/m3), the num-
ber of drug particles on the carrier surface could be
calculated. The number multiplied by the projection
area of a single particle yielded the total projection
area (in m2/m2) and multiplication of the projection
area by 100, the percent theoretical CC. It should
be clear that computed CC has only an indicative
value, which enables to differentiate between the frac-
tions of carrier surface that could theoretically be cov-
ered by drug particles when different carrier size frac-
tions are mixed with the same amount of drug (%,
w/w). Real CC will depend on many factors, includ-
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mpactor and the flow curve through the inhaler was
usted to be 30 or 60 l/min (3 s) with a flow control s
em including a three-way valve connected to a tim
he inhaler was loaded manually with 25 mg pow
ixture before each experiment to exclude variat

rom poor dosing accuracy. After each test, reta
arrier particles were collected from the classifier
nalysed upon residual drug, using the proced
escribed for homogeneity testing of the mixtu
ach datapoint is the mean of two series of 5

nhalations.

.4. Calculations and definitions

Residual drug on retained carrier particles (%, w
as been expressed as percent of initial carrier pa
ng the degree of drug agglomeration on the ca
urface.

To obtain a better understanding of the degre
aturation of the active sites at different drug con
rations in the mixture (obtained after 10 min m
ng time), the payload of these sites as function
he carrier payload was modelled. Computations w
ade for a coarse carrier fraction (250–355�m) and

he computed data were compared with the ex
mentally obtained data for this fraction (Fig. 5),
hich showed that saturation is complete (0.144 g2)
hen the carrier surface payload is 3.1 g/m2 (Table 2).
hree different computations were made, assum
espectively:

. that all drug particles in the mixture are exclusiv
attached to the active sites, unless the drug am
in the mixture is higher than the saturation payl
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(storage capacity) of these sites, in which case the
excess of drug particles is spread over the remaining
carrier surface (referred to inFig. 5 as ‘maximal
increase’),

2. that the payload of the active sites increases propor-
tionally with the drug amount in the mixture (‘pro-
portional increase’),

3. that the payload of the active sites (AP) increases
exponentially with the drug amount in the mixture
(expressed as carrier surface payload: CSP; ‘expo-
nential increase’).

Of these three different calculations, the exponen-
tial increase turned out to give the best fit with the ex-
perimental results for 10 min mixing time when using
a square root function (CSP0.5=C·AP). In this equa-
tion, the constantC (obtained from substitution of AP
and CSP in the saturation situation) equals 12.227. The
fraction of drug detached has been calculated as CSP
minus corresponding AP, and this fraction has been
expressed as percent of CSP, for increment steps of
0.1CSP.

The terms and definitions used in this article to ex-
plain the performance of adhesive mixtures in an air
classifier during inhalation, have partly been presented
before. They are summarised inTable 1for a better
understanding of this manuscript.
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3. Results and discussion

3.1. The binding capacity of active sites

Fig. 1 summarises the results from various experi-
ments with the same classifier based test inhaler for ad-
hesive mixtures with crystalline carrier fractions. In this
figure, the residual carrier surface payload (in g/m2) is
presented as function of the initial carrier payload (%,
w/w) for experiments performed at 30 and 60 l/min.
The relationships at 30 l/min confirm the findings of
Dickhoff et al. (2003). They showed that increasing the
mean carrier diameter results in higher binding forces
between the drug and carrier particles in the powder
mixture at higher carrier payloads. As a consequence, a
higher residual surface payload (at the same initial car-
rier payload) after inhalation (at 30 l/min) is obtained.
This has been explained with higher press-on forces
during mixing for coarser carrier fractions, of which the
effect becomes particularly noticeable at higher carrier
payloads.

At 60 l/min, the ratio of (mean) removal forces (FR)
in a classifier to the adhesive forces (FA) in the mix-
ture is so high, that only a minor fraction of the drug
cannot be detached. At this high flow rate, all three
residual carrier surface payloads reach a constant value
at higher initial payloads. This constant value is high-
est (0.144 g/m2) for the coarsest fraction, having also
the highest degree of surface impurities and irregular-
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ummary of terms and definitions

Term Definition

Carrier payload Weight fraction of drug in the m
ture (%, w/w)

Carrier surface payload
(CSP)

Weight load of drug per unit ca
rier surface area (g/m2)

(Initial) Carrier coverage
(CC)

Carrier surface payload as p
cent of a monolayer of drug pa
ticles around the carrier cryst
(see Section2.4: calculations)

Carrier retention Amount of carrier particles
tained in the classifier during i
halation (as percent of carr
weight in the dose)

Carrier residue (CR) Residual drug on retained ca
crystals after inhalation as perc
of the initial payload (and co
rected for 100% retention)

Residual carrier (surface)
payload

Carrier surface payload after
halation (g/m2)
ig. 1. Residual carrier surface payload (g/m2) as function of initia
ayload (%, w/w) at 30 l/min (open symbols) and 60 l/min (clo
ymbols), respectively: 3 s inhalation time. The spread bars s
or the 63–106�m fraction at 30 l/min indicate maximal and mi
al values obtained and are indicative for the variations found
ther carrier size fractions. At 60 l/min, spread bars are given f

ractions.
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Table 2
Estimated saturation concentrations for active sites and large surface discontinuities of different carrier size fractions and the carrier payloads at
which saturation is achieved

Fraction (�m) Active sites Large surface discontinuities

Saturation conc. Saturation achieved at Saturation concentration achieved at

g/m2 % (w/w) g/m2 %CC % (w/w) g/m2 %CC

32–45 0.0353 3 0.297 34 – – –
150–200 min – – – – 0.2 0.091 10
150–200 max 0.0723 3 1.357 155 1 0.452 52
250–355 min 0.1300 3 2.356 269 0.2 0.155 18
250–355 max 0.1440 4 3.100 354 1 0.775 88

Data derived fromFigs. 1 and 2. %CC computed for budesonide with mean diameter of 1.35�m.

ities (de Boer et al., 2003b) and lowest (0.035 g/m2)
for the finest fraction. The constant values at higher
payload seem to point in the direction of a satura-
tion of the carrier sites with the strongest bonding
forces (active sites). Surprisingly, saturation is first
complete at a relatively high initial carrier payload of
approximately 3–4% (w/w). This payload corresponds
with a carrier surface payload of 0.3 g/m2 for carrier
fraction 32–45�m and 3.1 g/m2 for the size fraction
250–355�m, respectively, as shown inTable 2. The
numerical values for the saturation payloads for the ac-
tive sites derived fromFig. 1indicate only the order of
magnitude for the carriers used. As already mentioned,
they depend on the applied ratio of removal to adhesive
forces. They may be different for different types of lac-
tose, whereas also batch variations for the same type of
lactose may occur. This has been explained previously
(de Boer et al., 2003b).

3.2. The storage capacity of large surface
discontinuities

As already mentioned in Section1, carrier surface
discontinuities like pores and clefts or the steep faces
of surface projections are places where drug particles
can find shelter from inertial and frictional press-on
forces during mixing (de Boer et al., 2003a; Dickhoff
et al., 2003, 2005a). They are also places where drag,
lift and friction types of removal force cannot effec-
t on.
S e or
n
r d and
t ar-

rier size fractions at 30 l/min. As expected on the basis
of previous experiments, percent detached initially in-
creases with increasing payload for all carrier fractions
(Dickhoff et al., 2003). This has been explained with
an increasing excess of drug particles relative to the
number of active sites.

At higher payloads, percent detached for coarse car-
rier fractions may either reach a maximum first and
decrease next (coarse carrier I), or become constant
immediately following a much lower initial increase
(coarse carrier II). For both types of coarse carrier, per-
cent detached at payloads above 4% (w/w) is approx-
imately the same however. Therefore,Fig. 2 partially
shades a previously drawn conclusion that the percent
CR continues to increase for coarse carriers when the
carrier payload is increased (Dickhoff et al., 2003).

F l per-
c d-
e 0
a s I and
I

ively get hold of the drug particles during inhalati
o, whether a high carrier rugosity is an advantag
ot depends on the type of inhaler used.Fig. 2 shows
elationships between the percent of drug detache
he initial percent of carrier payload for different c
ig. 2. Percent of drug detached from carrier as function of initia
ent carrier payload (%, w/w). Fraction 32–45�m has been consi
red as fine carrier; fractions 45–63, 63–90, 63–106 and 150–20�m
s intermediate, and fraction 250–355 as coarse carrier. Coarse

I are explained in the text.
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When the results from several studies (with different
carrier batches) are averaged, the conclusion is rather
that the percent of drug detached from coarse carrier
crystals reaches a constant (plateau) value at high car-
rier payloads (as for intermediate carriers). The differ-
ence between both coarse carrier fractions (I and II)
could be the result of differences in the size distribu-
tion or agglomeration tendency of the drug, as differ-
ent batches of budesonide have been used for differ-
ent experiment series inFig. 2. On the other hand, it
could also be a difference in carrier properties. Inves-
tigation of coarse carrier fractions derived from differ-
ent lactose batches of the same type also revealed that
the mass fraction of adhering fines (<5�m) may vary
from nearly 0 to more than 1% (for the classification
procedures used). Because fine lactose particles may
be wiped into the large carrier surface discontinuities
during mixing too, their presence could shift the sat-
uration concentration of these discontinuities towards
lower carrier payloads. This particular role of lactose
fines in the mixture will be further investigated.

The relationship for the intermediate fraction in
Fig. 2 is the mean of different carrier fractions rang-
ing from 45–63 to 150–200�m. The plateau values
are approximately 30% for coarse, and between 40
and 60% for intermediate fractions, respectively. The
highest payload of 6% inFig. 2 of the finest fraction
(32–45�m) corresponds with a theoretical carrier cov-
erage of only 67% (for budesonide with a median di-
ameter of 1.35�m) and this appeared to be insufficient
t ot be
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ratio of removal forces to adhesive forces has thus been
lower, the change in conditions inFig. 2seems to have
no relationship with active sites at all. Neither seems a
change from predominantly adhesive to cohesive forces
in the mixture responsible for the constant values at
high carrier payload, as this change would occur first
at carrier coverages of 100% (or more). Moreover, in
that case there would be no reason for a difference in
the percent detached between intermediate and coarse
carrier fractions at higher payload. Particularly this dif-
ference points in the direction of an effect of the press-
on forces, which can be explained with saturation of
the large carrier surface discontinuities. The observa-
tion that drug particles have a preference for gathering
in the carrier surface cavities during mixing supports
this explanation. Before saturation, the percent drug
detached from the carrier crystals increases with in-
creasing payload due to an increasing excess of drug
particles to carrier sites with high bonding places. But
as soon as the carrier discontinuities get filled up, drug
particles are bound to spread over the remaining car-
rier surface. At this point they become in reach of the
inertial and frictional (press-on) forces during mixing
which increase the interparticulate forces in the pow-
der, and the increase is highest for the coarsest carrier
particles. As a result, at the relatively low flow rate of
30 l/min (at which the ratio ofFR toFA does not reach a
high value) a more or less constant fraction of the drug
mass around the carrier particles is worn away during
3 s of circulation in a classifier. The size of this fraction
b -on)
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o reach a plateau. On the other hand, there may n
plateau for fine carriers, as their mixtures with d
ay behave differently in various respects.
Reaching a maximum or a constant level in per

etached at 30 l/min when the carrier payload is
reased, indicates a change in conditions which c
e another saturation (as inFig. 1).Fig. 2shows that th
eak or plateau value for percent detached (for co
nd intermediate carrier fractions) is obtained at a
ier payload of approximately 1% (w/w). For the bud
nide particles used, a payload of 1% corresponds
theoretical) carrier coverages of 52% for a carrier f
ion 150–200�m, and 88% for a fraction 250–355�m,
espectively. This is considerably less than found
ssary for the saturation of the active sites (155
54%, derived fromFig. 1: seeTable 2). Considering

urthermore that the results inFig. 2have been obtaine
t a lower flow rate (compared toFig. 1), and that th
eing dependent on the magnitude of the (press
orces with which the carrier particles were knea
round the carrier particles.

Although saturation of the carrier surface disc
inuities is more or less complete at 1% payload,
nitially high increase rate in percent dislodged alre
tarts to fall off at approximately 0.2% payload (
ll carrier fractions inFig. 2). Apparently, spreadin
f drug particles over the remaining carrier surf
tarts already when the carrier surface discontinu
re only partially filled. At this payload of 0.2% t
owder in the carrier discontinuities is likely to have
xtremely high porosity, which is decreased at hig
ayload by the action of the inertial and frictional pre
n forces during mixing also. The carrier surface p

oads and carrier coverages corresponding with
nd 1% payload for the carrier fractions 150–200
50–355�m are given inTable 2.
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3.3. The effect of mixing time

The rather high initial carrier payload (approxi-
mately 3%) that seems necessary to achieve saturation
of the active carrier sites (Table 2) indicates that drug
particles are distributed over both active and less ac-
tive carrier sites initially (i.e. after short mixing times).
This explains why increasing the mixing time at low
carrier payloads has such a great effect on CR, as
shown inFig. 3. In this figure, the fraction of drug
detached from mixtures prepared with 60 min mixing
time is expressed as percent of the fraction detached
from mixtures prepared with 10 min mixing. During
mixing, drug particles subjected to relatively low ad-
hesive forces may be detached from the carrier particles
again and be relocated into areas with higher bonding
capacity. As a result of that, the number of particles
attached to active sites increases with increasing mix-
ing time and so, the percent of drug detached during
inhalation is reduced. At a high payload, when the ex-
cess of drug particles relative to the number of active
sites is much greater, initial occupation of these sites
(after short mixing times) is much higher, and there is
less potential left for drug particle relocation. At a high
payload, also the carrier surface discontinuities may
be saturated, meaning that inertial and frictional press-
on forces can increase the adhesive forces of particles
attached to sites with lower bonding capacity. So, not
only the relocation potential but also its propensity is re-
duced. The increase in the adhesive forces by the action
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c arrier
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Table 3
Comparison of the percent drug detached from carrier during inhala-
tion at 30 l/min and mixture homogeneity (RSD), both as function of
the mixing time for a mixture with carrier size fraction 63–106�m
and 0.4% (w/w) budesonide

Mixing time (min)

5 10 20 30 60

% Detached 100 M 56.1 55 49.9 47.9 40.5
RSD 100 M (%) 2.57 1.5 2.23 2.87 1.71
% Detached 200 M 59.7 51.5 46.3 43 38.3
RSD 200 M (%) 3.09 3.58 1.41 2.36 0.92

Two similar carrier fractions were derived from Pharmatose 100 and
200 M, respectively.

of the press-on forces may be quite substantial (Fig. 2),
but the increase appears to decline exponentially with
the mixing time (Dickhoff et al., 2003; de Boer et al.,
2004a). For coarse carriers (with a high payload), a
submaximal increase is already obtained after 10 min
mixing time. For fine carriers, the effect of press-on
forces is hardly noticeable (at 30 l/min). Therefore, the
effect of mixing time between 10 and 60 min decreases
with increasing carrier payload for all carrier size frac-
tions. Table 3shows that long mixing times are not
always necessary. Already after 5 min, a good homo-
geneity may be obtained. Increasing the mixing time
to 60 min reduces the percent drug detached for 0.4%
mixtures with more than 30%, but it does not improve
RSD significantly.

3.4. Summarising and evaluating the relevant
parameters

The results inFigs. 1–3prove that at least five differ-
ent parameters are particularly relevant to the drug-to-
carrier interaction during mixing and drug redispersion
during inhalation:

1. the binding capacity and degree of saturation of
the active carrier sites (in g/m2), possibly includ-
ing smaller carrier surface discontinuities, in respect
of drug particle adhesion with high interparticulate
forces,

2 dis-
l-

tain
ig. 3. Percent of drug detached from carrier after 60 min mi
ime as percent of that after 10 min mixing (at 30 l/min; 3 s), as f
ion of carrier payload. Data from different studies with the s
lassifier using different budesonide samples and different c
ize fractions derived from Pharmatose 150 and 80 M.
. the storage capacity of the large carrier surface
continuities (in m3/g), providing drug particles she
ter from press-on forces during mixing (and cer
types of detachment force during inhalation),
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3. the magnitude and effectiveness of the press-on
forces during mixing,

4. the intensity and duration of the mixing process,
5. the type (and magnitude) of the detachment forces

generated during inhalation.

Possible definitions for high carrier surface energy
sites (active sites) have been discussed extensively in
the past (e.g.Staniforth, 1995; Buckton, 1997; de Boer
et al., 2003b). In the present study, active sites have
simply been defined as the sites from which drug par-
ticles are not detached at 60 l/min through an air clas-
sifier. Recently, it has been proposed that there exist
also pseudoactive sites (Dickhoff et al., 2005b). These
are the smooth carrier planes that are well accessible to
the press-on forces during mixing. Adhesive forces be-
tween drug and carrier particles on these crystal planes
may be increased compared to those for drug particles
on similar planes where the press-on forces are not ef-
fective. However, the increase may not be so extreme
as to achieve the magnitude of the adhesive forces with
which drug particles are attached to ‘real active carrier
sites’. The relevance of these pseudoactive sites seems
furthermore confined to low carrier payloads. At high
payloads (when multilayers of drug particles around
the carrier crystals exist), the press-on forces are rather
effective over the entire carrier surface.

The relevance of inertial and frictional press-on
forces during mixing is not confined to increasing the
adhesive forces in the mixture. These forces are also
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et al., 2004b), unless the mixing time is too short or the
press-on forces in the powder during mixing are not
high enough (as for small carriers). Next to the carrier
size fraction (powder bulk properties), the magnitude
of these forces is determined by the type of mixer used,
the batch size and the mixing time.

Finally, it is very important to recognise that some
of the parameters mentioned above may have differ-
ent implications under different circumstances, and that
interactions between them exist, which has been men-
tioned only in a few studies before (Zeng et al., 2001a;
Flament et al., 2004).

3.5. Estimating the drug storage volumes of large
carrier surface discontinuities

Although the possible implications of the presence
of carrier surface discontinuities are well recognised
(de Boer et al., 2003a; Dickhoff et al., 2005a, 2005b),
there is a lack of adequate characterisation techniques.
Surface rugosity parameters based on specific surface
area measurements by permeametry (Ganderton and
Kassem, 1991) or by nitrogen adsorption (de Boer et
al., 2003b), and surface roughness expressions based
on particle perimeter–diameter ratios (e.g.Kawashima
et al., 1998; Zeng et al., 2000), are not sufficiently
discriminating between different types of carrier sur-
face irregularities. More detailed information can be
obtained from laser profilometry (Podczeck, 1998) or
atomic force microscopy (Price et al., 2002), but these
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le fraction (fpf) (de Boer et al., 2004a, 2004b). But if
etached drug agglomerates are strong enough to
tand the forces that need to break them up, the fra
etached may be high, but fpf will be unsatisfact
Podczeck, 1998). This may also be the case for dr
gglomerates that have their origin in the starting m
ial. Such agglomerates are broken up by the fricti
nd inertial press-on forces during mixing (de Boer
echniques provide only information of small ar
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arrier discontinuities exist. Visual observation has
ays been the most direct way to gain information
nly requires development of appropriate method
ualify and quantify this information.

From careful observation of a great number
arrier fractions with scanning electron microsc
SEM), it can be concluded that the mean depth of
ier surface depressions and projections varies mo
ess proportionally with the size of the carrier partic
his is not unexpected, because discontinuities (
eing originated, mostly as a local distortion of
rystal lattice) grow with the same speed as the c
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Fig. 4. SEM micrographs of carrier size fractions 45–63�m (A) and
150–200�m (B) from Pharmatose 150 M at different magnifications
(600× and 150×, respectively) depicting the carrier particles equally
large.

tals. This is shown inFig. 4for particles of size fractions
45–63 and 150–200�m. Different magnifications were
applied to depict the particles equally large. Both mi-
crographs suggest that the fraction of the carrier surface
over which these discontinuities exist, is more or less
the same too. So, the volume (V in m3 per gram carrier)
of the surface discontinuities may be largely indepen-
dent of the carrier particle diameter for products of the
same type.

This idea is supported byFig. 2, showing that the
maximum, or plateau value for the percent dislodged
is achieved at approximately the same carrier payload
for all carrier fractions used. Apparently, a reduction
in mean pore depth with decreasing carrier diameter
is compensated largely by an increase in the specific
surface area. This can be derived mathematically. If
the mean pore depth (H) is a constant fraction (X) of

the carrier diameter (D), H may be written asH=XD.
Similarly, the carrier surface (A) over which the discon-
tinuities exist, may be determined by a surface fraction
(Y): A=Y6D−1ρ−1, whereρ is the true density of lac-
tose. Multiplication ofH andA yields the pore volume
(V), which (after re-arrangement of terms) becomes

V = 6XYρ−1
(

m3

g

)
. (1)

In this expression the diameter (D) has been eliminated.
From the saturation concentrations inTable 2,Vcan

be assessed. For example, the saturation concentration
for the coarse carrier fraction of 250–355�m in this
study is 0.775 g per square meter of carrier surface.
From the calculated specific surface area of this car-
rier fraction (0.0129 m2/g), it can be computed that this
concentration equals 0.01 g drug per gram carrier. Esti-
mating (on the basis of known porosities of soft spher-
ical pellets) that the powder porosity (ε) for the drug in
the carrier surface dicontinuities (at 1% payload) is ap-
proximately 0.6, the apparent density (ρS =ρ0(1− �))
of this powder becomes 0.496× 106 g/m3 (the true den-
sity,ρ0, of budesonide being 1.240× 106 g/m3). So, the
amount of drug in the carrier surface discontinuities in
the saturation situation (0.01 g) has a volume of ap-
proximately 0.02× 10−6 m3 (per gram carrier).

If V equals 0.02× 10−6 m3/g carrier, and the true
density of lactose is 1.54× 10−6 g/m3, the product of
XandY in Eq.(1) has a value of 0.005. From SEM mi-
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Table 4
Mean depth of carrier surface discontinuities (in�m) as function of carrier diameter derived from the saturation concentrations of these
discontinuities (Fig. 2)

ε Y X Carrier diameter (�m)

250 125 60 30 15

0.6 0.05 0.103 25.8 12.9 6.2 3.1a 1.6a

0.6 0.10 0.052 13.0 6.5 3.1a 1.6a 0.8b

0.6 0.20 0.026 6.5 3.3a 1.6a 0.8b 0.4b

0.45 0.10 0.038 9.4 4.7 2.3a 1.1b 0.6b

0.75 0.10 0.082 20.7 10.3 5.0 2.5a 1.2b

ε is the powder porosity in the discontinuities,X the carrier diameter fraction determining the mean pore depth andY the carrier surface fraction
determining the surface over which the discontinuities extend. See the text for further explanation and calculations.

a Less than theX90-value of a typical inhalation drug.
b Less than theX50-value.

products and in various studies. There are several wide-
ranging consequences of this recognition for the mix-
ing and inhalation processes. It is beyond the scope of
this study to discuss these consequences in detail, but
press-on forces may get better hold of drug particles
during mixing, drug agglomerates on the carrier surface
may become smaller, drug distribution over the carrier
surface (including the active sites) may improve, and
the effectiveness of various types of detachment forces
during inhalation may increase when the carrier size is
decreased towards diameters for which the mean pore
depth is smaller than the (median) drug particle diam-
eter.

3.6. Modelling of the saturation of active sites

The finding that saturation of the large surface cav-
ities is completed at a much lower payload (%, w/w)
than saturation of the active sites (Table 2), seems to
suggest that a substantial part of the active sites is out-
side the large surface discontinuities. It could also be
however, that the active sites are inside the disconti-
nuities and become first saturated when the drug par-
ticles are effectively brought into contact with these
sites, for instance by powder densification (particle re-
arrangement) in the pores as a result of the action of
the press-on forces at higher carrier payloads. The rel-
atively strong fall off for the increase rate in percent
dislodged (Fig. 2) starting already at payloads of 0.2%
( he
d ply
p the
c nside

the large carrier surface clefts and pores. Support is
obtained fromFig. 5, in which computed and experi-
mental values for percent dislodged (for a coarse carrier
fraction of 250–355�m) as function of carrier surface
payload are presented for different saturation kinetics,
assuming that (at 60 l/min) only particles attached to
the active sites are not detached (see Section2.4for the
calculations). The figure shows that the experimental
data obtained at 60 l/min fairly well match the theoret-
ical curve for an exponential (square root) increase in
the degree of saturation of the active sites. An initially
high degree of occupation (at low payload) is followed
by a much slower occupation rate at higher payloads.
The high degree of occupation of the active sites at low
payloads may be explained with effective relocation
of drug particles from sites with lower binding force
to active sites (of which there is a relative excess at

F in)
a ction
2 ions
a

w/w), points in this direction. Also the finding that t
egree of saturation of the active sites is not sim
roportional with the number of drug particles on
arrier surface, suggests that the active sites are i
ig. 5. Comparison of experimentally obtained (at 60 l/m
nd computed percent of drug detached from carrier fra
50–355�m as function of the carrier surface payload. Condit
nd calculations are given in Section2.
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low payload). At higher payloads, when large parti-
cle associations (with a high porosity) start to fill up
the carrier surface discontinuities, the relocation pro-
cess is likely to slow down (as confirmed byFig. 3).
Only by particle re-arrangement in the pores (powder
densification), further saturation of the active sites in-
side these discontinuities is possible. This could ex-
plain why it takes a multilayer of drug around a coarse
carrier fraction (250–355�m) to obtain complete satu-
ration of the active sites (InTable 2, CC for the coarse
fraction is 354%). There is support for this supposi-
tion from the fact that such active sites are frequently
spots with relatively high amounts of impurities (e.g.
salts, protein and peptide residues). They origin from
the mother liquor which concentrates particularly in
the carrier surface irregularities when the wet crystals
are transferred to the driers. The disproportional part of
the drug being immobilised on the active sites at low
carrier payloads (<0.2%) explains why low payloads
are disadvantageous in respect of drug redispersion.

4. Conclusions

At least three different carrier properties are rel-
evant to drug-to-carrier interaction in adhesive mix-
tures and drug detachment during inhalation. Next to
the drug binding capacity of the active carrier sites (in
g/m2) and the volume of large surface discontinuities
(in m3/g), the carrier bulk properties are important. The
r ends
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i es.
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tive sites increases exponentially (according to a square
root function) with the carrier payload, which could be
the result of powder densification in the large surface
discontinuities.

Finally, there are good reasons to believe that the
volume of the large surface discontinuities is more or
less independent of the carrier diameter for carrier frac-
tions from the same type of lactose. A reduction in
depth of these discontinuities with decreasing carrier
diameter is compensated by an increase in surface area
over which these cavities exist. For fine carriers the
depth of surface discontinuities may be smaller than
the size of adhering drug particles. As a result, mix-
tures with fine and coarse carriers may behave rather
differently during mixing and inhalation, particularly
with respect of the effectiveness of press-on and de-
tachment forces.
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