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Recent Advances in the Fundamental Understanding of Adhesive Mixtures for

Inhalation

Floris Grasmeijer*, Niels Grasmeijer, Paul Hagedoorn, Henderik Willem Frijlink and Anne Haaije de Boer

Department of Pharmaceutical Technology and Biopharmacy, Faculty of Mathematics and Natural Sciences,

University of Groningen, Groningen, The Netherlands

Abstract: Adhesive mixtures for inhalation are the most widely used type of formulation in dry powder inhalation
products. Although they have been the subject of active research, the relationships between properties of the start-
ing materials, the mixing and dispersion processes, and the dispersion performance of this type of formulation are
generally poorly understood. Interactions between relevant variables have been mentioned as an important cause.
By reviewing the effects on mixture dispersion performance of the most widely studied formulation variables we
try to find out whether or not the understanding of adhesive mixtures has improved in recent years. We furthermore
propose an approach that may potentially accelerate the process of understanding. General conclusions concerning
the effects of the variables considered cannot be drawn, because inconsistent findings are reported throughout the

Floris Grasmeijer

literature for all of them. These inconsistencies are indeed largely the result of interactions between variables of the

formulation and dispersion processes. Mechanisms for most of the observed effects and interactions have been proposed, but they often
remain unproven and, therefore, speculative. We have attempted to condense the knowledge from the literature into a theoretical frame-
work that is intended to help explain the interplay between variables. According to this framework, only few mixture properties are key
to understanding the effects of and interactions between formulation variables. Therefore, we suggest that the development or optimisa-
tion of techniques to accurately characterise these mixture properties could be an effective approach to further the fundamental under-
standing of adhesive mixtures for inhalation and enable their rational engineering.

Keywords: Carrier particle size distribution, carrier surface roughness, cohesion-adhesion balance, drug content, fines, interactive mixtures,

ordered mixtures, powder dispersion.

INTRODUCTION

Research into adhesive mixtures for dry powder inhalation has
been blooming especially over the past two decades. Since the in-
troduction of the ‘ordered mixing’ concept by Hersey in 1975 [1]
many studies have focussed on controlling the adhesion forces be-
tween fine, micrometre sized drug particles and coarse excipient
particles. Initially such studies were performed from a tabletting
perspective, in which maximising mixture homogeneity and stabil-
ity are the key objectives. With the application of adhesive mixing
to powder formulation for pulmonary drug delivery, mixture dis-
persibility became a primary endpoint as well [2]. A non-exhaustive
review of 111 research articles, in which the adhesion force be-
tween drug and carrier particles or dispersibility of adhesive mix-
tures from a dry powder inhaler are primary endpoints, learns that
this research area has received attention especially from the late
nineteen-nineties onwards (Fig. 1). Formulation variables that have
been studied in an attempt to optimise the stability or dispersion
performance during inhalation of adhesive mixtures most often
concern properties of the carrier excipient, such as its particle size
distribution (PSD) or its surface roughness (Fig. 2A). Alpha-lactose
monohydrate is the excipient material most commonly used in ad-
hesive mixtures for inhalation, but other types of carrier material
have also been studied. For this, over the years increasingly ad-
vanced powder and particle characterisation techniques have been
applied, often in combination. Frequently used techniques include
for instance scanning electron microscopy (SEM), atomic force
microscopy (AFM), and X-ray powder diffraction (XRPD), as is
shown in Fig. 2B. An excellent discussion on the use of these tech-
niques for the characterisation of components in dry powder inhala-
tion products has been published previously [3].
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Fig. (1). Approximate number of publications on adhesive mixtures by
year. References included: [5, 8-29, 31-35, 38-42, 44-49, 51-53, 55-84, 86-
89, 91-95,97-99, 102, 104, 109-133].

Despite the vast body of scientific literature on adhesive mix-
tures for inhalation and the advanced characterisation techniques
applied, the general consensus seems to be that relationships be-
tween properties of the starting materials, the mixing process, the
dispersion process and mixture dispersion performance are not well
understood [4]. Interactions between variables that are relevant to
the dispersion performance of adhesive mixtures greatly complicate
this understanding and have, therefore, been mentioned as a major
cause [2, 5]. As a result, the development of adhesive mixtures for
dry powder inhalation products is mostly an empirical endeavour,
which does not comply with the ‘enhanced quality by design ap-
proach’ to product development as advocated by the United States
Food and Drug Administration [6].

© 2015 Bentham Science Publishers
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The apparent discrepancy between research effort put forward
and fundamental understanding obtained concerning adhesive mix-
tures for inhalation is central to this review. For the most widely
studied formulation variables (Fig. 2A) we will attempt to provide a
clear overview of the literature regarding their effect on dispersion
performance. Furthermore, given the wealth of data available we
will discuss whether the general consensus that adhesive mixtures
for inhalation are not fundamentally understood is indeed justified
and, if so, in which directions the solution to this challenge may be
found. Please note that for pragmatic reasons not all aspects con-
cerning adhesive mixtures are discussed in this review. The scope
of this review is dictated mostly by the frequency by which certain
aspects have been studied, and not by their perceived relevance.
Examples of important aspects that have, nonetheless, been omitted
from this review are the effects of formulation variables on mixture
homogeneity and storage stability and the surface modification of
particle surfaces using additives such as magnesium stearate. An in
depth review on the latter subject was recently written by Zhou and
Morton [7].

THE EFFECT OF CARRIER PARTICLE SIZE DISTRIBU-
TION

The term ‘carrier particle size distribution’ may not be the most
unambiguous term to use when referring to the particle size distri-
bution of the major excipient material in adhesive mixtures for
inhalation. After all, at what size does an excipient particle still act
as a carrier when one or more drug particles adhere to it? Even the
coarsest excipient material will contain particles as fine as the drug
component due to abrasion during the manufacturing process, dur-
ing blending, or both. And although these fine excipient particles
may not strictly act as ‘carrier particles’, they can greatly affect a
blend’s dispersion performance, even if they amount up to only a
fraction of the total excipient mass. In fact, many studies conclude
that the effect on dispersion performance of differences in the parti-
cle size distribution between lactose grades, sieve fractions or ‘arti-
ficial blends’ is predominantly related to the mass fraction of fine
particles [8-16]. For example, Islam ez al. found that an inverse
linear relationship between the median particle size of different
lactose sieve fractions and the fine particle fraction (FPF) of sal-
meterol xinafoate disappeared after decantation of fine lactose ma-
terial in absolute ethanol [12]. The inverse relationship could be
restored by adding fine lactose particles (< 5 um) to the decanted
fractions, even though the decantation process had also caused a
change in the surface roughness of the coarse carrier particles. In
other words, in contrast to the fine lactose content, the size distribu-
tion of the coarse carrier particles (ranging from 45-63 to < 106
um) did not seem to affect mixture dispersion performance and the
presence of fines had a dominant effect on dispersion performance
over carrier surface roughness in this particular study. Therefore, in
discussing the effects of carrier particle size distribution on disper-
sion performance, a clear distinction has to be made between the
effects of coarse and fine excipient particles.

Coarse Excipient Particles

The aforementioned example may give the impression that the
relevance of the size distribution of the coarse carrier fraction is
strictly related to factors other than dispersion performance, such as
mixture flowability. Although this is far from true, the influence of
coarse carrier size on mixture dispersion performance is not consis-
tent throughout the literature. Some studies found little to no effect
of coarse carrier size on mixture dispersion performance [9, 10, 12,
17-20], whereas trends of increasing [21-23] and decreasing [17,
21, 22, 24-29] dispersion performance with an increase in coarse
carrier size have also been reported. These discrepancies clearly
show that other, interacting factors must be in play.

Donovan and Smyth showed that one such interacting factor is
the surface roughness of the carrier particles [21]. They used crys-



5902 Current Pharmaceutical Design, 2015, Vol. 21, No. 40

talline or granulated lactose carrier material to prepare a series of
narrow size fractions, increasing in diameter from < 32 pum to 250-
300 um. Dispersion of 2% budesonide blends with the Cyclohaler
at 60 L/min resulted in a trend of decreasing fine particle fraction
from 18% to 8% of the total dose with increasing crystalline carrier
size, whereas the granular carrier resulted in a trend of increasing
fine particle fraction between 8% and 17% of the total dose. In a
follow-up study the same group showed that also the type of inhaler
used can be of influence [22]. The trend of improved dispersion
performance with increasing granular carrier size was more pro-
nounced for the Cyclohaler than it was for the Handihaler. They
showed with computational fluid dynamics simulations that an
increase in carrier size resulted in a larger increase in the number of
collisions of the carrier particles with the inhaler wall for the Cy-
clohaler. Hence, a difference in the contribution of inertial separa-
tion forces from particle collisions to the detachment of drug parti-
cles from the carrier particles may have caused the observed differ-
ence between the inhaler devices. The interaction between coarse
carrier size and inhaler type was also demonstrated by Hagedoorn
et al. [30]. At increasing median carrier diameter they obtained a
higher FPF from the Novolizer, whereas that from the Diskus be-
came lower. These devices contain distinctly different dispersion
principles, generating primarily inertial or aerodynamic separation
forces, respectively.

Besides interacting parameters, the number of factors directly
linked to carrier particle size and the different effects they can have
further complicate the unravelling of the exact mechanisms by
which carrier size affects dispersion performance. For example, de
Boer et al. showed that carrier surface roughness and the amount of
impurities (e.g. protein residues) per unit carrier surface area in-
crease with the size of lactose carrier particles [17]. It was sug-
gested that these changes result in higher adhesion forces between
drug and carrier particles, because they result in a higher number of
contact points or a larger contact surface area per contact point,
respectively. It was furthermore suggested that the higher mass of
larger carrier particles and their better flowability could result in
higher frictional and compressive forces during mixing, thereby
contributing to increased drug-carrier adhesion forces. At the same
time, larger carrier surface irregularities can offer protection to drug
particles from compressive forces during mixing or from aerody-
namic detachment forces during dispersion. They may furthermore
increase drug agglomeration, which can improve drug detachment
due to the more favourable ratio of separation to adhesion forces for
larger particles but does not necessarily result in higher fine particle
fractions if the agglomerates are not further broken up during dis-
persion [25, 31-33]. An increase in carrier particle size reduces the
specific carrier surface area and leads to higher drug carrier surface
payloads (in mg/m?) at the same drug content. Similar effects to
those from an increase in drug content, as will be discussed further
on, may therefore be expected. It was also suggested in several
studies that the higher mass of larger carrier particles may improve
dispersion due to ‘increased momentum transfer’ upon collision
with the inhaler wall or other carrier particles [21, 22, 26, 29].
However, inertial separation forces depend on the mass of the drug
particles and the deceleration of the carrier during a collision, rather
than carrier mass. Furthermore, a dominant role of carrier-carrier
collisions is questionable in this respect, since all particles likely
move roughly in the same direction with a similar velocity in a
relatively dilute system.

In an attempt to eliminate as many of the linked parameters as
possible, Ooi et al. performed a study using perfectly smooth poly-
styrene beads of different sizes as carrier material [26]. An increase
in median carrier diameter from 82 to 582 pum resulted in a decrease
in FPF from 23-25% to 6-18% of the emitted salbutamol sulphate
dose at different flow rates. Similar trends were observed at differ-
ent drug contents in a later study from the same group [29]. The
authors attributed this effect to a reduction in carrier-carrier colli-
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sions during dispersion. However, evidence to corroborate such an
explanation was not provided. The possibility of an increase in
press-on forces during mixing for larger (heavier) carrier particles
causing higher drug carrier adhesion was considered by the authors,
but deemed unlikely as glass beads (with a higher density) instead
of polystyrene beads resulted in a similar dispersion performance.
Unfortunately the difference in surface chemistry between the poly-
styrene and glass beads forms a confounding variable, and such an
experiment can, therefore, not be considered irrefutable. The results
obtained with polystyrene beads are not in agreement with the re-
sults obtained by Tuli er al, who also used relatively smooth
spherical carrier particles, only now consisting of polycaprolactone
coated with magnesium stearate or leucine [23]. For increasing
median carrier diameter from 28 to 150 pm dispersion performance
increased from 2.9-5.3% to 13.1-20.4%. With SEM the authors
observed increased agglomeration of the drug on larger carrier par-
ticles. This may contribute to the reported effect as an increase in
drug particle size increases the separation forces during dispersion
more so than the adhesion forces and, therefore, improves particle
detachment from the carrier [34-36]. Perhaps the coating of the
carrier with magnesium stearate or leucine caused this agglomera-
tion behaviour by shifting the balance between adhesive and cohe-
sive forces in the direction of the latter. A noteworthy difference
that could further have caused the discrepancy between the studies
with polystyrene and polycaprolactone beads besides the carrier
material is the mixing process. The polystyrene beads were mixed
for half an hour with a Turbula blender at 46 rpm, while the poly-
caprolactone beads were mixed with the drug in a glass vial by
shaking it manually for only 5 minutes. The shorter and supposedly
milder mixing process may have reduced an influence of carrier
size on drug compression to the polycaprolactone surface during
mixing. The above goes to show that, even with an ‘idealised’ car-
rier material, interacting and possibly linked effects make it impos-
sible to draw general conclusions regarding the effect of coarse
carrier size on dispersion performance.

Fine Excipient Particles

The size below which ‘coarse’ excipient particles become ‘fine’
cannot be defined very sharply, but it appears that excipient parti-
cles are most relevant to dispersion performance roughly below 10
um. For example, Guenette et al. showed that a positive relation-
ship between the fine lactose content of different lactose blends and
the fine particle dose of salbutamol sulphate was strongest and con-
stant for cut-off values < 10 um [16]. If the cut-off value for the
fine lactose fraction was increased from < 10 to < 35 pum, the coef-
ficient of determination (R?) of a linear relationship found between
fines content in the mixture and fine particle dose gradually de-
creased from 0.98 to 0.87. In line with these results, Kinnunen et al.
found that, for a large dataset obtained with ternary mixtures con-
taining different grades of lactose and types of added fine lactose, a
lactose fraction < 4.5 pm was much more important to the FPF of
budesonide from dispersion with a Cyclohaler than lactose fractions
<15 and < 30 pm [15]. In studies focusing specifically on the ef-
fects of fine excipient particles, median diameters of added fines
fractions are commonly between 2-10 pm [37].

The effects of fines have long been consistent throughout the
literature, but recent studies have shown that also for this formula-
tion variable interactions with other variables can cause apparently
contradictory results. After an extensive review of the literature on
this subject in 2006, Jones and Price concluded that the presence of
fines in adhesive mixtures is very consistently related to a benefi-
cial effect on dispersion performance [37]. Since then, few studies
have shown that the addition of a so-called ternary component can
cause a decrease in dispersion performance or hardly any effect as
well [38-41]. In one of these studies the addition of fine lactose
particles caused a reduction of the drug fraction that detached from
the carrier during dispersion from 24.6% to 6% [40]. This effect
depended strongly on the inhalation flow rate, the particle size dis-
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tribution of the fine excipient and the drug content. A slight de-
crease in FPF from 15.7% to 14.5% and 15.4% was found by Kin-
nunen et al. for 0.8% budesonide formulations to which 2.5% or
5% milled lactose fines were added, respectively. This decrease in
dispersion performance was only observed with the Rotahaler and
not with the Handihaler. In another study the fines were added to
mixtures with exceptionally low carrier to drug ratios of 1:1 and 4:1
[39], where more common ratios in adhesive mixtures for inhala-
tion are 24:1 or higher (i.e. drug contents < 4% w/w) [42]. Such
high payload mixtures deviate from standard adhesive mixtures in
the sense that cohesive forces dominate the adhesive forces, and
they have been referred to as ‘supersaturated ordered mixtures’
[43].

In their review, Jones and Price discussed two hypotheses re-
garding the mechanisms by which fine excipient particles could
affect dispersion performance: the ‘agglomeration hypothesis’ and
the ‘active sites hypothesis’, first proposed by Lucas et al. [37, 44].
According to these hypotheses fines improve dispersion perform-
ance by forming agglomerates or ‘multiplets’ with the drug parti-
cles that are more easily detached from the carrier surface than the
primary particles. Alternatively, fines supposedly occupy so-called
‘active sites’ or strong binding sites on the carrier surface, leaving
only weaker binding sites available for the drug particles [44, 45].
Jones and Price concluded that experimental evidence to support
these hypotheses was thin or lacking, and therefore, the mecha-
nisms described remained speculative. In addition, these mecha-
nisms do not explain the few more recent instances in which fines
caused a reduction in dispersion performance. However, some new
evidence to support mainly the agglomeration hypothesis has been
published and several additional hypotheses regarding the working
mechanism of fines have been proposed, as will be discussed in the
following paragraphs.

Further support for the agglomeration hypothesis has been
found in microscopy and SEM images of adhesive mixtures [5, 38,
40, 46]. In addition, it was shown by Jones ef al. that fines-drug
combinations that are more adhesive, and therefore theoretically
more prone to agglomeration, resulted in a larger relative improve-
ment of the fine particle dose. They also showed that these combi-
nations resulted in a secondary mode in the particle size distribution
of the aerosol cloud at larger particle sizes, which suggested that
indeed agglomeration of the fine components occurred [47]. Fi-
nally, Kinnunen ef al. identified composite budesonide-lactose ag-
glomerates on stage 2 of the Next Generation Impactor with a Ra-
man imaging technique after dispersion of a ternary formulation
[48]. They argued that such a finding is suggestive of the agglom-
eration and consequential co-deposition of fines and drug particles.
The possibility of composite agglomerates being formed upon
deposition of primary particles on stage 2 of the NGI was not dis-
cussed, however. In addition, if co-deposition of drug-fine agglom-
erates plays an important role, one may wonder why an optimal
effect seems to be achieved with fines having a median diameter of
roughly around 5-8 pm, i.e. slightly larger than most defined fine
particle fractions [37, 49].

Although the existence of ‘active sites’ on lactose carrier sur-
faces is quite evident, their relevance with respect to the effects of
added fine excipient particles on dispersion performance remains
questionable to date. As discussed by Jones and Price in their re-
view, most evidence in support of the active sites hypothesis comes
from experiments in which the mixing order of the fines and drug
component is changed [37, 44]. The results of such mixing order
experiments are not consistent throughout the literature, however,
and Jones et al. showed that this is largely the result of interactions
with other variables such as the mixing time and the drug content
[5]. In addition, Grasmeijer e al. showed that multi-order interac-
tions with inhalation flow rate and the size distribution of the fines
can occur as well [40]. In an extensive discussion they furthermore
argued that mixing order experiments have often been interpreted

Current Pharmaceutical Design, 2015, Vol. 21, No. 40 5903

based on speculative assumptions, and that a correct interpretation
would also depend strongly on how ‘active sites’ are defined. The
activity of carrier surface sites has most often been defined in terms
of their binding strength or energy towards contacting drug parti-
cles. However, it was recently argued that a broader definition, one
which also includes the effects of the carrier surface on separation
or dispersion forces, would be more relevant to mixture dispersion
performance and, therefore, more useful [50]. Therefore, the rele-
vance of active sites will likely depend on other formulation and
dispersion conditions, as well as on how they are defined exactly.

Other mechanisms that have been proposed to explain the ef-
fects of fines on dispersion performance may also play a role under
certain conditions, but they are not well supported by hard evidence
either. Shur e? al. presented an explanation that was later referred to
as the ‘fluidisation hypothesis’ [51]. They showed with high speed
imaging that, by increasing the tensile strength of the bulk powder,
fines cause the powder to be entrained more by a fracture mecha-
nism than by gradual erosion. As a result, the powder is likely en-
trained at higher air velocities and more energy will be available
during its dispersion. Furthermore, the authors argued that when the
powder is entrained as a dense ‘plug’, more particle-particle colli-
sions would occur during dispersion, which could contribute to an
improvement in dispersion performance. Indeed, increasing fines
contents are associated with poorer flow and fluidisation properties
of adhesive mixtures, but this does not always correlate well with
formulation dispersion performance [41, 52]. According to another
hypothesis, fine excipient particles act as a buffer between colliding
carrier particles, thereby protecting drug particles that are smaller
than the fines from compressive forces during the mixing process
[53]. An indication in support of this hypothesis was provided in a
study by Grasmeijer ef al., who showed that, at certain inhalation
flow rates, the addition of fines similar in size to the drug particles
(2.0 pm median size in their study) caused less drug to detach from
coarse carrier particle during dispersion, whereas fines slightly
coarser than the drug (3.9 um median size) increased the detached
drug fraction significantly [40]. However, in a later study it was
shown that the fines of similar size to the drug particles resulted in a
lower apparent solubility of salmeterol xinafoate after mixing with
a coarse carrier than the coarser fine excipient particles [54]. This
was considered indicative of lower mechanical stress on the drug
particles during mixing and, therefore, presumably of lower press-
on forces. As a result, the ‘buffer hypothesis’ seems to be an un-
likely explanation of the difference between the two fines size frac-
tions. A lowering of mechanical stress and compressive forces dur-
ing mixing may also result from poorer flow properties of the mix-
ture with increasing fines contents, especially in tumbling type
mixers. Unfortunately, the apparent solubility data were not related
to the flow properties of the powder. In their study with different
size fractions for the fines, Grasmeijer et al. also proposed that
these fines, when small enough, may form coherent fine particle
networks from which the drug is difficult to detach [40]. They
speculated that coarser fine excipient particles prevent the forma-
tion of or (at high drug loads) disrupt such networks, because they
result in a lower tensile strength of the fine particle assemblies and
are also more susceptible to mixing forces that cause their redistri-
bution over the carrier surface. This ‘tensile strength hypothesis’
was corroborated only with SEM images. As mentioned, the inhala-
tion flow rate and drug content were identified as an important in-
teracting variable in this study. Furthermore, a very coarse carrier
fraction (250-315 um) was used with large surface irregularities in
which the coherent networks formed. Such an effect could be less
pronounced for smoother (finer) coarse carrier fractions. Given
their study results and the evidence from literature, Grasmeijer et
al. argued that fine excipient particles can have any effect on dis-
persion performance and that that they most likely bring about their
effect through a combination of all the different mechanisms pro-
posed. The choice for interacting variables, such as the inhalation
flow rate, the size distribution of the fines or the drug content, then
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determines which mechanism will be most dominant and what the
overall effect on dispersion performance will be.

THE EFFECT OF CARRIER SURFACE ROUGHNESS

The surface roughness of contacting particles determines their
contact surface area and, with that, the interaction force between
them. Given this basic fact it is not surprising that carrier surface
roughness and its relation to dispersion performance has often been
studied, or at least taken into account when studying the influence
of other parameters (Fig. 2A).

Different methods have been applied to measure carrier surface
roughness. It can be quantitatively expressed as the ratio of specific
surface area obtained by air permeametry or nitrogen adsorption to
the calculated surface area of a volume equivalent sphere [19, 53,
55-58]. This ratio is sometimes referred to as the ‘surface roughness
index’ (SRI). Alternatively, AFM has been used to determine the
root mean square (Ry) or average roughness (R,) of a number of
areas on different particles [59-70]. Other methods include laser
profilometry [71] and image analysis [62, 72, 73]. Although these
techniques enable a certain quantification of the carrier particle
surface roughness, it is very difficult to distinguish between difter-
ent types and scales of surface roughness. Furthermore, differences
in fine particle content may strongly affect the results obtained.

The roughness of carrier surfaces is difficult to change inde-
pendently from other carrier characteristics, which makes it difficult
to determine its exact influence on dispersion performance. In many
of the reviewed studies it is one of multiple characteristics that dif-
fer between carrier products of different grades or having under-
gone different treatment or production procedures. For example, it
was found that recrystallised, freeze-dried or solvent treated manni-
tol improved the dispersion performance of salbutamol sulphate
from FPFs of roughly 15% to 38-47% of the emitted dose [66, 69,
70, 74]. This was attributed to a smoother surface texture, as well as
to a more elongated shape of the mannitol carrier particles. In con-
trast, the same group concluded that rougher surfaces are associated
with better dispersion performance for lactose carrier particles of
different grades or obtained by recrystallisation under different
conditions [68, 73, 75, 76]. Besides carrier surface roughness, posi-
tive relationships between fines content and elongation ratio were
also found for the lactose carriers. All studies from this group were
performed with identical drugs, drug contents and blending and
dispersion conditions. Although a certain influence of the carrier
material on the effect carrier surface roughness in these studies
cannot be excluded, other variables such as carrier shape (elonga-
tion ratio) and fines content may have been dominant too.

In several studies a solvent treatment procedure has been ap-
plied to smoothen carrier particles [53, 60, 70, 77, 78]. Young ef al.
managed to reduce the R, s from 108.0 £ 36.8 to 26.5 + 7.4 nm this
way, but this resulted in only a negligible increase in the FPF from
13.46% to 14.16% of the emitted dose [60]. However, a slightly
further reduction of R;s to 12.2 £ 2.9 nm with the use of magne-
sium stearate resulted in an increase of the FPF to 58.4% of the
emitted dose. Hence, the use of magnesium stearate, rather than a
change in surface roughness, appeared to be the most dominant
factor in this study, as was also noted previously by Zhou and Mor-
ton [7]. In addition, there might be a certain R, threshold above
which a change in surface roughness is of lower relevance. An op-
timum surface treatment time of 10 minutes with an aqueous etha-
nol solution was found by lida et al, which resulted in a decrease in
R, from 0.70 to 0.42 pm and an increase in the respirable fraction
from 17.9% to 26.7% of the emitted dose [77]. A longer treatment
time of 20 minutes did result in lower R, of 0.37 pm, but also in a
slight decrease of the respirable fraction to 24.5% of the emitted
dose. In contrast, a reduction in dispersion performance with sol-
vent treated lactose carrier particles was observed by Dickhoff et
al., but this was attributed predominantly to a reduction in fine lac-
tose particle content [53].

Grasmeijer et al.

The concurrent change in many other variables besides carrier
surface roughness may have been less of a problem with a different
approach introduced by Young et al. [65]. They produced ‘compos-
ite’ or granular carrier particles from spray dried primary particles
with median sizes of 2, 6 or 10 pm. A trend of slightly increasing
dispersion performance (FPFs ranging from 28% to only 31% of
the emitted dose, significance not reported) with increasing Ry
(ranging from 0.32-0.50 pm) was observed, which the authors ex-
plained with a decrease in contact surface area and adhesion force
between the drug and carrier particles. Interestingly, higher Ry
values were measured for the granular carriers composed of smaller
primary particles. The small difference in FPF questions the rele-
vance of surface roughness in the mentioned range. In the same
study, a crystalline carrier with an R, of 0.09 um resulted in an
FPF of 21%. However, this carrier did not only differ from the
granular carriers in surface roughness, but at least in shape too.
Young et al. arguably affected the surface roughness mainly at a
scale smaller than the drug particles, and their findings are, there-
fore, in line with the influence of carrier surface roughness on dis-
persion performance as proposed by Kawashima et al. [72]. They
explained that this influence strongly depends on the scale of the
surface roughness relative to the size of the drug particles. An in-
crease in surface roughness from perfectly smooth to a certain
nanoscale surface roughness would reduce the contact surface area
between carrier and drug particles, which causes a lower adhesion
force and improved dispersibility. A further increase in surface
roughness to the microscale would result in a higher adhesion force
due to the potential to form multiple contact points between the
drug and carrier. A refinement of this hypothesis was proposed by
Young et al., who included the possibility of a distribution in sur-
face roughness and the effects of surface roughness on physical
mixture stability [64]. Given this premise, one would expect that a
certain optimum in surface roughness exists in relation to dispersion
performance. This is what Heng ef al. concluded based on a com-
parison of similar sieve fractions from different lactose grades [59].
Unfortunately, the respirable fractions in this last study ranged from
10.25% to only 13.01%, and one may question the significance of
the trend found.

Besides the effect on contact surface area between carrier and
drug particles, other mechanisms have been proposed by which the
roughness of carrier particles may affect mixture dispersion
performance. It was found by Dickhoff e a/. that granular carriers
with increasing surface rugosity lead to higher drug detachment
during dispersion than smoother crystalline carrier material [57].
They attributed this effect to a sheltering of the drug particles from
press-on forces in the large carrier surface irregularities during
mixing. In addition, they found an increase in the size of detached
particles, which was indicative of drug agglomeration on the carrier
surface during mixing. Because separation forces are generally
higher for larger particles, this may have contributed to the
observed effect on drug detachment. It was shown by the authors
that these effects depend strongly on the drug content in the
mixtures. Others have argued that a high degree of carrier surface
roughness decreases the susceptibility of drug particles to
particularly aerodynamic separation forces [17]. Although such
mechanisms remain quite speculative, they do explain the
interaction between carrier surface roughness and coarse carrier
size, and its dependence on dispersion principle [21, 22], as
discussed in the section on the effects of coarse excipient particles.

THE EFFECT OF DRUG CONTENT

The drug content in adhesive mixtures for inhalation is com-
monly between 0.1 and 4% by weight [42]. Although apparently
narrow in absolute sense, this range of drug contents can corre-
spond to carrier surface coverages varying from sub-monolayer to
multilayer and to remarkable differences in dispersion performance.
As for the other variables discussed up to this point the effects of
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drug content on dispersion performance are not consistent and,
therefore, not straightforward.

It was shown by Kulvanich and Stewart that increasing drug
contents from 0.5 to 4% required a lower centrifugation speed to
detach 50% of the total drug mass from glass carrier beads [34].
This was attributed mainly to the formation of agglomerates or
multilayers by the drug component, which leads to higher centrifu-
gal separation forces. Agglomerate formation was indeed observed
by SEM in this study. Improved drug detachment with increasing
drug content is in line with data presented by Zellnitz et al. [67].
They too used glass beads as carrier material and showed that
higher FPFs were obtained as the carrier coverage increased from
roughly 5 to 80%. The effect size depended on the type of treatment
to which the surfaces of the glass beads were subjected, however.
The highest fine particle fractions (up to 41.7% of the emitted dose)
were obtained with mechanically treated glass beads, which exhib-
ited a higher degree of ‘nanoscale’ surface roughness. In contrast to
the findings of Kulvanich and Stewart and Zellnitz ez al., Young et
al. found that dispersion performance (FPF) was largely unaffected
by drug content for mixtures containing polystyrene beads with
median sizes of 82 and 272 pm [29]. Only at the highest drug con-
tent tested (16.7% w/w, or 85% and 280% carrier coverage, respec-
tively) the FPF was reduced from 20-23% to < 10% of the total
dose. A polystyrene carrier with a median size of 582 pm did result
in a trend of increasing FPF up to a drug content of 9.1% (i.e. a
carrier:drug ratio of 10:1 or carrier coverage of roughly 300%),
after which the FPF also declined. The authors explained the lower-
ing of dispersion performance at the highest drug content with the
formation of a segregated system, which supposedly contained
poorly dispersible drug agglomerates. Unfortunately, the authors
did not discuss the different trends observed for the different carrier
sizes.

Inconsistent findings regarding the effects of drug content on
dispersion performance have also been obtained for carriers with
less uniformly smooth surfaces, such as lactose. Steckel and Miiller
determined the dispersion performances of formulations containing
1%, 5% or 9% of budesonide [79]. A general trend of decreasing
FPF with increasing drug content was observed, with the absolute
difference being maximally 21.9%. This trend was most pro-
nounced going from 1% to 5% of drug. The underlying mechanisms
were not investigated or discussed. In another study Steckel ez al.
obtained consistently higher fractions < 5 um for formulations con-
taining 2.8% instead of 0.25% of salbutamol sulphate [80]. This
trend was observed for different lactose carrier grades and for two
different inhalers (the Aerolizer and Easyhaler). It was speculated
by the authors that this was due to the saturation of active sites, as
discussed in the section on fine excipient particles. Further evidence
for the saturation of active sites on lactose carrier surfaces with
increasing drug content was provided by Young ef al. [81]. They
showed that, up to a threshold of 0.27%, an increase in drug content
resulted in a lower FPF as the fine particle dose remained constant.
A further increase in drug content beyond this threshold resulted in
a trend of increasing FPF. The authors attributed this to the prefer-
ential occupation of active sites by the drug particles. At the thresh-
old drug content, the maximum binding capacity of active sites
would be reached and any additional drug particles would bind to
sites of lower activity and, therefore, be more easily dispersed. The
agglomeration of drug particles with increasing drug content be-
yond the threshold value was considered as a potential cause for
improved dispersion by the authors. However, the authors stated
that no evidence to support this mechanism was found with SEM
imaging, and that such a mechanism would be unlikely considering
the balance of adhesive and cohesive forces for a lactose-
salbutamol system. In a follow-up study, it was shown that a
smoothing of the lactose carrier particles resulted in a lowering of
the drug content threshold beyond which the FPF increased from
0.27% to 0.13% [82]. This was considered a result of the reduction

Current Pharmaceutical Design, 2015, Vol. 21, No. 40 5905

of the binding capacity of active sites. Based on drug detachment
experiments, de Boer et al. also concluded that active sites are
likely saturated with an increase in drug content [83]. They found
that the residual carrier surface payload after dispersion at high
flow rates reached a plateau with increasing drug content. However,
this plateau, which was considered indicative of the saturation of
active sites, was achieved at much higher drug contents of 3 to 4%
than the threshold values determined by Young et al. and Sabawi et
al. Such a difference may partly be caused by batch differences
between the lactose carrier material used, and by differences in the
mixing and dispersion conditions in the studies. Albeit speculative,
the saturation of active sites does provide a logical explanation for a
difference in effect at different drug content ranges. In a study by
Le et al., different effects of drug content were also observed be-
tween formoterol in the content range of 0.09 to 0.17% and flutica-
sone in the range of 2 to 5% [84]. However, now a trend of decreas-
ing FPF was obtained for fluticasone over the higher drug content
range, whereas the FPF of formoterol increased over the mentioned
lower content range. The authors attributed the decrease in FPF of
fluticasone to the formation of agglomerates, which would be diffi-
cult to disperse. No further evidence to support this hypothesis was
provided by the authors.

Another level of complexity regarding the effects of drug con-
tent is introduced by regarding its influence on the susceptibility of
drug particles to frictional and compressive forces during the mix-
ing process. It was suggested by several authors that, as the drug
content increases, drug particles fill up carrier surface irregularities
and may become more in reach of the mixing forces [24, 25, 33,
57]. This could affect the agglomeration behaviour of the drug, its
compression onto and its redistribution over the carrier surface.
Note that such a mechanism is not likely to play a role with per-
fectly smooth, spherical carrier particles discussed earlier in this
section. Much of the evidence in support of these mechanisms is
empirical and stems from experiments in which drug detachment
from the carrier surface during dispersion was studied. Differences
in the mode [25] and rate [33] of drug particle detachment depend-
ing on drug content, as well as interactions with variables such as
carrier surface roughness, mixing time and inhalation flow rate [24,
42, 57] can all be well explained with a combination of the different
mechanisms mentioned throughout this section. Grasmeijer et al.
suggested that, because the different mechanisms in play can result
in different effects following a change in drug content, the overall
effect of a change in drug content on dispersion performance is
determined by the balance of these mechanisms [42]. It was fur-
thermore suggested that this balance can be shifted by a different
choice for one of the interacting variables, even for dispersion vari-
ables that do not alter the mixture properties (such as the inhalation
flow rate [85]). Although the results of dispersion experiments as
well as interactions with other variables could be well explained
this way, the exact relevance or contribution of the different
mechanisms in play could not be established using SEM or laser
diffraction techniques [42].

A certain similarity exists between the mechanisms by which
fine excipient particles and drug content exert their effect on disper-
sion performance. This similarity is expressed in the ‘total fines
concept’ introduced by Thalberg et al., who showed that the disper-
sion behaviour of formulations with different fine excipient particle
and drug contents could be well modelled by considering their total
fine (drug and excipient) particle content and the cohesive energy
of the fine particles [86]. Grasmeijer et al. later confirmed that a
strong similarity exists between the effects of fine excipient and
drug particles, but that this is strongly dependent on their similarity
in size distribution [40]. These findings indicate that, notwithstand-
ing all the inconsistencies throughout the literature, common
grounds can be found between the effects of different variables.
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THE EFFECT OF CARRIER, DRUG AND FINE EXCIPIENT
MATERIAL

The majority of studies on adhesive mixtures for inhalation
have been performed with the carrier and drug materials that are
most common in marketed formulations: lactose and salbutamol
sulphate or budesonide (Figs. 3A,B). However, particle properties
and interaction energies between the constituents of adhesive mix-
tures may be material dependent to a great extent. This could affect
the processes that occur during mixing, the strength of co- and ad-
hesive interactions and, ultimately, mixture dispersion performance.
One of the challenges associated with the testing of different car-
rier, drug or fine excipient materials is yet again that interactions
and a number of linked parameters can affect the results obtained.
The particle size distribution (including the fine particle content),
particle shape distribution, particle surface roughness and hygro-
scopicity are just a few examples of the factors that may contribute
to differences in dispersion performance between different materi-
als. Needless to say this will greatly complicate the drawing of
unequivocal conclusions.

Number of studies
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A carrier material used
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Fig. (3). Frequency of use of different carrier materials (A) and model
drugs (B) throughout the literature. References included in the character-
istics: [5, 8-29, 31-35, 38-42, 44-49, 51-53, 55-84, 86-89, 91-95, 97-99, 102,
104, 109-133].
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The dispersion performances of binary and ternary mixtures
containing lactose, mannitol or sorbitol excipient materials was
tested by Tee et al. [87]. Differences in dispersion performance
between binary mixtures containing these sugars as the carrier ma-
terial were minor, with FPFs ranging between 6.4% and 9% of the
recovered dose. Furthermore, these authors found that the type of
sugar did not play an important role in determining the effect of
added fine excipient particles. In contrast, major differences in dis-
persion performance between different sugar carrier materials were
observed by Steckel et al. [88]. They used different grades of man-
nitol, glucose, sorbitol, maltitol and xylitol and obtained FPFs of
salbutamol sulphate roughly between 2% and 50% of the total dose.
The best dispersion performance was obtained with mannitol, but
the variability in dispersion performance between different grades
of the same sugar was of the same order of magnitude as that be-
tween the different sugars. It was concluded by the authors that
especially the more hygroscopic sugar alcohols sorbitol, xylitol and
maltitol resulted in a poor dispersion performance. A similar con-
clusion was also drawn by Adi ef al., who found a trend of decreas-
ing dispersion performance with increasing water content between
lactose, glucose, mannitol and sorbitol [89]. The highest FPFs of

almeterol xinafoate were obtained with glucose and mannitol as
1e carrier material (still only 12% and 10% of the recovered dose,
sspectively) by these authors. Unfortunately, the authors did not
rovide details about the water content determination, so it is un-
lear whether differences in water of crystallisation between the
arrier materials have been taken into account. Nevertheless, the
:lationship between moisture content and dispersion performance
1ay be an indication that differences in dispersion behaviour be-
veen carrier materials may to a large extent result from differences
1 capillary interactions or electrostatic behaviour. In contrast to
‘ee et al, Adi et al. did obtain remarkable differences in the magni-
1de of effect between the different sugars when used as fine, ter-
ary component.

One of the factors that is influenced by the types of constituent
1aterials in adhesive mixtures and that has received a fair amount
f attention in the literature is the ratio of cohesive to adhesive in-
sraction forces. The so-called cohesion-adhesion balance (CAB),

which can be obtained by AFM [90], is a measure of the relative
adhesive or cohesive tendency of a certain drug-excipient combina-
tion. A CAB value < 1 indicates that a drug is less cohesive to itself
than adhesive to the carrier material, whereas a CAB value > 1
indicates that a drug is more cohesive than adhesive. It was sug-
gested that predominantly cohesive drugs would be more prone to
form agglomerates or resist deagglomeration during mixing, result-
ing in more inhomogeneous mixtures that are also sensitive to seg-
regation [91]. Although the CAB value in principle is not a measure
of the absolute magnitude of cohesive or adhesive interaction forces
within the mixture, exceptionally low or high values could be an
indication of strong adhesive or cohesive interactions, respectively.
Large differences in the dispersion performances of adhesive mix-
tures with B cyclodextrin, lactose, raffinose, trehalose or xylitol as
the carrier material were obtained by Hooton ez al., with salbutamol
sulphate FPFs ranging from 31.4% to 0.8% for the order in which
the sugars are mentioned [92]. They found a trend of increasing
dispersion performance with increasing CAB values from 0.3 to
1.6. Evidence for a difference in the structure of the blends was
limited to SEM images and content uniformity data, which indi-
cated that lower CAB values resulted in a better distribution of the
drug over the carrier surface and more homogeneous mixtures. The
authors acknowledged that factors such as particle morphology,
surface roughness and fine particle content may have affected the
relationship between CAB and dispersion performance for different
carrier materials. This is likely why a similar relationship was not
found by Jones et al. when categorising the CAB-dispersion per-
formance data of 16 different sugar-drug combinations (four differ-
ent sugars and drugs) by the type of drug [93]. Only when these
data were categorised by carrier material, so as to eliminate differ-
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ences in carrier morphology, roughness and particle size distribu-
tion, a trend was obtained in which a slightly cohesive CAB
(roughly between 1 and 1.2) resulted in the highest fine particle
dose. The authors explained this finding by stating that slightly
cohesive CAB values might be indicative of relatively weak drug-
carrier adhesion interactions and the formation of more easily de-
tachable drug agglomerates that are not too strong to be dispersed
into primary particles. Unfortunately, this plausible explanation was
not further corroborated by the authors with studies on formulation
structure. A possible difference in moisture content between the
carrier materials was not regarded in this study. A great difference
in the agglomeration behaviour during mixing between fluticasone
propionate and salmeterol xinafoate was demonstrated by Grasmei-
jer et al., which they could explain with CAB values previously
presented in the literature for these drugs [31]. The authors did not
measure CAB values of their own batches of starting material,
however, even though it is known that these values can be strongly
batch dependent. Nevertheless, the above findings are an indication
that the balance in strength of cohesive and adhesive interactions
may under certain conditions play an important role in adhesive
mixtures for inhalation. As already briefly discussed in the section
on the effects of fine excipient particles, the CAB of drug-fine ex-
cipient combinations was also found to play a role in mixture dis-
persion performance, with more adhesive combinations (lower
CAB values) being more favourable [47].

It is not only the type of drug or sugar that may affect mixture
dispersion performance, but also their different crystal habits or
(pseudo-) polymorphs. For example, Traini ef al. prepared mixtures
with different forms (a-, B-, anhydrous and monohydrate) of lactose
and obtained FPFs ranging from 5.5% to 19.8% of the total dose
[94]. On a side note, a strong inverse linear relationship R* =
0.977) between FPF and total surface energy of the carrier material,
as determined by inverse gas chromatography (IGC), was found in
this study, whereas differences in fine particle content between the
carrier materials did not show the expected relationship to FPF.
Further examples include a study by Hooton et al., who obtained
different CAB values depending on the crystal face of budesonide
used for interaction experiments by AFM [95]. Rehman et al. ap-
plied different conditions for the super critical fluid crystallisation
of terbutaline sulphate, which resulted in FPFs ranging from 11.4%
to 38.6% of the total dose [96]. The authors unexpectedly measured
a lower surface energy for a semi-crystalline form of the drug than
for a fully crystalline form, which also resulted in the best disper-
sion performance. Kubavat et al. showed that different crystallisa-
tion conditions for budesonide and fluticasone propionate resulted
in different Young’s moduli of the starting materials, a different
milling behaviour and slightly different CAB values after milling
[97, 98]. The differences in dispersion behaviour were only minor,
however, with FPFs of the emitted dose ranging from 7.2% to 9.7%
and 8.3% to 10.5% for binary mixtures containing the different
budesonide or fluticasone batches, respectively. A similar CAB,
mechanical behaviour and dispersion performance were obtained
for the anhydrous and monohydrate form of ipratropium bromide
[99]. Despite the small differences in dispersion behaviour found in
the latter studies, it may not be excluded that the mechanical prop-
erties of the drug play a role in mixture dispersion performance.
They will determine its response to the mechanical stresses applied
during mixing, which can lead to significant plastic deformation of
the constituent particles [31]. Lam and Newton furthermore found
that an increase in geometric median adhesion force with applied
compression force for pharmaceutical powders on a surface of
stainless steel was most pronounced for materials with a lower yield
stress [100]. For the same reason it may not be unreasonable to
think that especially softer drug materials, perhaps even relative to
the hardness of the carrier material, could be more predominantly
cohesive and, therefore, prone to agglomeration.

Current Pharmaceutical Design, 2015, Vol. 21, No. 40 5907

DISCUSSION

So, given the preceding, can we conclude that adhesive mix-
tures for inhalation are not fundamentally understood? Most cer-
tainly adhesive mixtures for inhalation are very complex formula-
tions. This review supports previous statements that interactions
between formulation and dispersion variables play an important
role in determining the dispersion performance of adhesive mix-
tures [2, 4, 5]. In fact, (multi-order) interactions between variables
of the formulation and dispersion process are omnipresent, with
many apparently inconsistent findings as a result. It is, therefore,
not difficult to lose track of the common grounds between observa-
tions and to simply conclude that we do not fundamentally under-
stand adhesive mixtures for inhalation. On the other hand, the reali-
sation that interactions between formulation and dispersion vari-
ables are omnipresent is an important step towards such a funda-
mental understanding. In addition, for many of the observed effects
and interactions rational explanations have been given. These ex-
planations more often than not remain very speculative, however,
and the challenge therefore lies in proving their truth.

A consequence of the interactions between formulation and
dispersion variables is that not one variable is dominant over others
in determining dispersion performance under all conditions. In
other words, the main variables affecting dispersion cannot be iden-
tified, because many of the variables relevant to dispersion per-
formance may be dominant for certain formulation and dispersion
conditions applied, and become subordinate when these conditions
are changed. Therefore, the remainder of this discussion will focus
on understanding the interplay between variables relevant to disper-
sion performance, rather than trying to identify those variables that
are most important.

A Proposed Theoretical Framework of the Interplay Between
Variables

Principal Factors and Effects

One of the common grounds between all studies reviewed is
that effects on dispersion performance of formulation variables can
often be mechanistically explained with changes in only a few
different mixture properties, which we propose to be the following:

1. the size distribution of the drug particles (including drug/drug
and drug/fine excipient agglomerates) as they are detached
from the carrier surface during dispersion;

2. the degree of compression of the drug particles onto the carrier
surface and each other during mixing,

3. the distribution in ‘activity’ of carrier sites that are occupied
by drug particles; and

4. the tensile strength or fluidisation behaviour of the mixture.

We shall refer to these mixture properties as the “principal fac-
tors’ of the mixture [101]. They have the potential to affect the
adhesion and separation energy distributions of the drug throughout
the mixture during dispersion, and, with that, mixture dispersion
performance [36, 50, 51, 85, 100, 102]. Especially the first three
factors will depend strongly on the inertial and frictional forces that
are exerted on the powder particles during the blending process.
Effects on dispersion performance through a change in the principal
factors listed will be referred to as the principal effects, being parti-
cle size, press-on, activity and fluidisation effects, respectively.
They are explained in more detail in the following sections.

Particle Size Effects

The relationships between drug particle size and the magnitude
of adhesion and different types of separation forces are well estab-
lished [36, 103]. The adhesion force is generally proportional to the
drug particle diameter (Foq  dgn,), Whereas the separation force
may be proportional to a higher power of dgn, depending on the
predominant type of separation force generated during inhalation.
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As a result, a positive correlation between drug particle size and
drug detachment from carrier particles can be expected, and such
expectations have been experimentally confirmed in several studies
[34, 35, 104]. Because of these considerations it is not surprising
that a change in the particle size distribution of the drug, either by
its (de-) agglomeration during mixing or its co-agglomeration with
a ternary component (fines), is part of hypotheses that explain the
effects on dispersion performance of many of the variables re-
viewed. Because not all types of separation forces are proportional
to the same power of dgr,, the dispersion principle may determine
the relevance to dispersion performance (the principal or particle
size effect) of a certain change in the particle size distribution of the
drug as it is detached from the carrier (the principal factor), For
example, theoretically one may expect that the co-agglomeration of
a drug with added fine lactose particles will be more relevant to
drug detachment for inhalers relying on inertial separation forces (x
ddmg3) than for those relying on aerodynamic drag forces (X dgrg OF
ddmg2)~

The particle size distribution of the drug particles as they are
detached from the carrier surface is a complex powder characteris-
tic that depends on many variables, such as the primary particle size
distribution of the drug and its degree of agglomeration with other
drug particles or a ternary component. It may not even be similar to
the drug particle size distribution as it is present on the carrier sur-
face, depending perhaps also on the magnitude and type of disper-
sion forces applied. Characterising this property for that reason
alone will be very challenging, but considering its theoretical and
experimentally confirmed relevance, it may well be worth pursuing.

Press-on Effects

The strength of adhesive or cohesive bonds may be affected by
a compression force applied onto the contacting materials during or
after bond formation. This holds true for pharmaceutical powders,
as was shown by Lam and Newton [100]. They found a linear in-
crease in geometric median adhesion force with applied compres-
sion force for polyethylene glycol, lactose, starch and calcium car-
bonate on a surface of stainless steel. Others have reported a similar
relationship between compressive force and adhesion force for
micronised powders of lactose, salmeterol xinafoate and budeson-
ide [102, 105, 106]. During mixing, drug particles may be com-
pressed onto the lactose carrier surface by a vector component of
the mixing forces that is directed towards the carrier surface. The
mixing forces are then mostly referred to as ‘press-on forces’.
These press-on forces likely increase the average drug-carrier adhe-
sion force, which lowers the chance of drug particle detachment
from the carrier surface during inhalation. As discussed in this re-
view, press-on forces are thought to play an important role in the
effects of numerous formulation variables, such as drug content,
mixing time, carrier size distribution and the size distribution and
content of added fine lactose particles. Basically, these variables are
suggested to (partly) affect dispersion performance through an in-
fluence on the susceptibility of drug particles to press-on forces, the
magnitude of these forces or the number of ‘compression events’
during the mixing process.

Activity Effects

As already briefly mentioned in this review, two distinctly dif-
ferent definitions for the ‘activity’ of carrier surface sites currently
exist. They differ mainly in whether or not they regard an influence
of the carrier surface on the magnitude and efficiency of the forces
separating the drug particles from the carrier during dispersion [1,
50, 81].

Regardless of the definition applied, carrier surface site activity
is a very complex parameter that includes factors such as surface
roughness, surface chemistry (including contaminations) and sur-
face free energy. Due to the inhomogeneous nature of carrier sur-
faces with regard to such aspects it is generally accepted that a dis-
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tribution exists in the activity of surface sites on carrier particles
[50, 81]. Therefore, the spatial distribution of the drug particles
over carrier surfaces too determines the activity distribution of car-
rier surface sites occupied by drug particles.

Not surprisingly, changes in the activity distribution of occu-
pied carrier surface sites play an important role in the ‘active sites
hypothesis’. As discussed, this hypothesis is often used to explain
the effects on dispersion performance of changes in drug and, par-
ticularly, fine excipient content [37, 44, 81, 83]. However, not only
effects on dispersion performance through the saturation of active
sites by drug or fine excipient particles can be considered activity
effects. They may also include, for instance, changes in dispersion
performance due to changes in the spatial distribution of the drug
over the carrier particles; changes in the surface roughness (distri-
bution) of the carrier particles; or the coating of the carrier particles
with excipients such as magnesium stearate, as explained in more
detail elsewhere [50].

It was suggested previously that the type of dispersion principle
used may strongly affect carrier surface site activity or its relation-
ship to dispersion performance [50]. For example, in contrast to
inertial separation forces, the susceptibility of drug particles to
aerodynamic separation forces may be strongly reduced by a higher
degree of macro scale roughness of the carrier surface [17]. There-
fore, interactions between the dispersion principle and variables that
affect dispersion performance predominantly by activity effects can
be expected.

Fluidisation Effects

As discussed, the fluidisation behaviour of adhesive mixtures
may affect dispersion performance by an influence on the energy
available for dispersion and the number of particle-particle colli-
sions [51]. Studies on the relevance of this mixture property to dis-
persion performance and its underlying mechanisms are scarce, but
an influence of the design of the dosing and dispersion principle of
the inhaler on the relevance of the mentioned effects may be ex-
pected. For example, Sims et al. have shown that powder entrain-
ment from a Rotahaler not only depends on the lactose grade used,
but also on the presence of a split capsule [107].

Please note that the list of principal factors may not be complete
and the distinction between several of these factors may be arbi-
trary. For example, in relation to factor 1, also the strength of
drug/drug or drug/fine excipient agglomerates will be important to
dispersion performance. For the purpose of obtaining a general idea
of how variables of the formulation and dispersion process and
mixture dispersion performance relate to each other the given ex-
amples will do, however.

A formulation variable may affect only one principal factor, or,
more likely considering the reviewed literature, multiple factors at
once. In case of the latter, the effect on dispersion performance will
be determined by the overall balance or sum of the principal effects
mentioned. In addition, interactions between variables can be
considered a change in the sum of the principal effects.

Types of Interactions

To aid in the understanding and identification of interactions we
propose to differentiate between two distinct types, both of which
have been encountered in the reviewed literature:

1. interactions in which the relevance to dispersion performance
of certain effects of a variable on the principal factors of the
mixture is affected by another variable, and

2. interactions in which variables affect each other in how they
alter the principal factors of the mixture.

These descriptions may appear very cryptic at first, but they can
be more easily understood from the following examples.
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Fig. (4). Budesonide detachment from the lactose carrier during dispersion at different flow rates for mixtures with and without added lactose fines.

Data adopted from Grasmeijer et al. [40].

Fig. 4 shows the relative amount of drug that detaches from the
lactose carrier during dispersion at different inhalation flow rates
for two formulations. The formulations only differ in their added
lactose fines content and the effect of that on dispersion perform-
ance is dramatically different between flow rates of 20 and 50
L/min. Hence, the relevance of the difference in the mixture proper-
ties (principal factors) to dispersion performance is affected by the
inhalation flow rate. This is an example of a type 1 interaction.
These interactions can not be identified based on differences in
physical powder properties. Interactions with inhalation flow rate
have been reported for other formulation variables as well, such as
the mixing time and drug content [31, 42], and it was previously
argued that they should be expected for any variable that changes
the powder properties [85]. Besides inhalation flow rate, also the
dispersion principle can cause a type 1 interaction. This was dem-
onstrated by Donovan and Smyth and Hagedoorn et al. for the ef-
fect of coarse carrier size [22, 30], and we have explained this for
the relevance of particle size and activity effects in general in this
discussion.

It can also be that a similar change in one formulation variable
causes a different change in the powder properties (principal fac-
tors) depending on another variable, and as a result affects disper-
sion performance in a different way. A clear example can be found
in a study by Grasmeijer ef al. who found a notable degree of ag-
glomeration of salmeterol xinafoate on the surface of coarse carrier
particles with prolonged mixing, but not so much when a finer car-
rier fraction or fluticasone propionate were used instead (see Fig. 5)
[31]. It was suggested that primarily these differences in the particle
size distribution of the drug on the carrier surface were responsible
for a different effect of mixing time on dispersion performance at a
low inhalation flow rate of 20 L/min. This is an example of a type 2
interaction. In contrast to type 1 interactions, type 2 interactions are
reflected in the mixture properties and can, therefore, be identified
by studying the powder structure with the appropriate techniques.
In our example, the finer carrier is thought to prevent the notorious
agglomeration of salmeterol during mixing due to its smaller carrier
surface irregularities in which the agglomerates can be formed.
Fluticasone on the other hand, is a less cohesive drug than sal-
meterol, which supposedly reduces its tendency to agglomerate
during mixing. Because differences in formulation variables repre-
sent the majority of methodological differences between the formu-
lation studies reviewed, most of the interactions encountered are
likely of the second type.

The interplay between variables as proposed throughout this
section is summarised schematically in Fig. 6.

Major Challenges and Future Research Directions

From the proposed interplay between variables presented in
Fig. 6 it follows that the mixture properties (principal factors) are

intermediary between the properties of the starting materials and the
mixing process on the one hand, and the dispersion behaviour of
adhesive mixtures on the other. The ability to accurately measure
the principal factors of adhesive mixtures will, therefore, be a pre-
requisite to the unravelling of the relationships between these types
of formulation variables and mixture dispersion performance. This
requires a thorough understanding and definition of the principal
factors (especially carrier surface site activity), and the develop-
ment of new or improved characterisation techniques for them.
Promising in this regard are, for example, chemical-selective imag-
ing techniques, such as those based on Raman imaging. They may
enable the accurate determination of the distribution and agglom-
eration behaviour of the drug component throughout adhesive mix-
tures [48, 108]. The spatial distribution of drug particles on carrier
surfaces after the dispersion process may lead to a better insight in
what constitutes active sites [50]. It was furthermore suggested that
the degree of compression of drug particles during mixing may be
indirectly measured based on changes in the drug’s apparent solu-
bility [31, 54]. Also the consolidation and compaction behaviour of
the fines components (drug and fine excipient particles) could be a
relevant aspect to consider, as it was hypothesised that the forma-
tion of coherent fine particle networks is an important factor in
determining mixture dispersion performance under certain condi-
tions. This may be assessed, for example, by the use of very small
ring shear testers.

In relating properties of the starting materials to the mixture
properties and ultimately dispersion performance, it is very impor-
tant to realise that these properties may be subject to change during
the mixing process. For example, it was shown that mixing can lead
to the plastic deformation of drug particles or the formation of fine
excipient particles due to attrition of the carrier material [31, 51].
This may diminish the relevance of initial characteristics of the
starting materials, such as their size and shape distribution, surface
free energy distribution, CAB or surface roughness. Other proper-
ties that determine the response to the mechanical stresses during
mixing, such as hardness or yield strength, may be more relevant in
these situations.

The reviewed literature has shown that, besides interactions,
linkage between variables is a major complicating factor in obtain-
ing a fundamental understanding of adhesive mixtures. More often
than not, variables simply cannot be changed individually, not even
in idealised situations such as with the use of perfectly smooth car-
rier particles. A high sense of awareness of this fact by researchers
is required in order to prevent the drawing of incorrect conclusions
or the focussing on aspects of secondary importance.

Finally, it is unlikely that the engineering of adhesive mixtures
for inhalation alone will lead us to efficient low dose dry powder
inhalation systems. In all the reviewed literature, reported FPFs did
not exceed 58% of the emitted dose or 49% of the nominal dose
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Fig. (5). Differences in drug agglomeration behaviour under different formulation conditions. A+B: images showing large salmeterol xinafoate (SX)
agglomerates on the surface of a coarse lactose carrier (250-315 um) particle. C+D: images showing relatively small SX agglomerates on a fine lactose carrier
(63-90 pm). E+F: images showing relatively small fluticasone propionate (FP) agglomerates on a coarse lactose carrier (250-315 pum) particle. All mixtures
were prepared using the same mixing conditions (i.e. 90 rpm for 420 minutes in a Turbula blender). Images A,B, D, E and F are obtained from Grasmeijer et
al. [31].
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Fig. (6). Schematic presentation of the interplay between variables in the formulation and dispersion of adhesive mixtures for inhalation. Component
variable: any variable related to the physicochemical properties and relative amounts of mixture components (e.g. carrier surface roughness, carrier PSD, type
of drug, drug content). Process variable: any variable related to the mixing and mixture handling processes (e.g. mixing time, mixing intensity, mixing princi-
ple, batch size, powder filling or dosing principle). Dispersion variable: any variable related to the dispersion process (e.g. type of dispersion principle, inha-
lation flow rate, loading of the dispersion principle or dose weight). The principal factors and effects are listed in the text. The numbers 1 and 2 refer to the
different types of interactions, as explained in the text.

(Table 1). The development of more effectively dispersing inhalers
will, therefore, likely be an important aspect in this regard as well.

CONCLUSION

Many inconsistent findings between studies on adhesive mix-
tures have led to the perception that this type of formulation is not
fundamentally understood. In recent years it has become clear that
these inconsistent findings are mostly the result of interactions be-

tween the variables that are relevant to formulation dispersion per-
formance. As a result, not one aspect of the starting materials will
be dominant over others in determining mixture dispersion per-
formance under all conditions. Engineering adhesive mixtures for
inhalation will, therefore, mostly be a matter of understanding and
controlling these interactions. Based on the reviewed literature, we
here propose a theoretical framework in which two distinct types of
interactions between formulation and dispersion variables are iden-
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Table 1. Minimum and maximum fine particle fractions of adhesive mixtures reported in the reviewed literature. FPF 4 = fine parti-
cle fraction of the emitted dose; FPF ., = fine particle fraction of the nominal or recovered dose; n = number of studies in-
cluded in the statistic. Individual studies are included in only one of both categories, depending on the type of FPF re-
ported. Studies for which it is not clear based on what part of the dose the FPF was calculated are not included.

min (%) MiNyerage (%) max (%) MAaXayerage (%0) n
FPF. 1.0 13.2 58.0 374 39
FPFoom 03 8.5 49.0 23.5 44

tified. According to this framework, the mixture properties, rather
than the properties of the starting materials, are key to obtaining a
further understanding of these interactions and of adhesive mixtures
for inhalation in general. We therefore suggest that a sharper focus
on the identification, definition and analysis of these properties in
the years to follow may be desirable. In addition, it is unlikely that
efficient low dose dry powder inhalation systems based on adhesive
mixtures will ever be developed without a concurrent effort to im-
prove the efficacy of dry powder inhalation devices.

CONFLICT OF INTEREST

The employer of PH, HWF and AHdB receives royalty income
over the sales of Novolizer®, Genuair® and Pressair” inhalers.

ACKNOWLEDGEMENTS

We thank the reviewers for their constructive comments on
previous versions of this review.

Author contributions: FG wrote the draft; NG created useful
functions in MS Excel that helped with sorting and categorising the
references; FG, NG, PH, HWF and AHdB critically revised the
draft.

REFERENCES

[1] Hersey JA. Ordered mixing: A new concept in powder mixing
practice. Powder Technol 1975; 11: 41-4.

[2] de Boer AH, Chan HK, Price R. A critical view on lactose-based
drug formulation and device studies for dry powder inhalation:
Which are relevant and what interactions to expect? Adv Drug
Deliv Rev 2012; 64: 257-74.

[3] Hickey AJ, Mansour HM, Telko MJ, et al. Physical
characterization of component particles included in dry powder
inhalers. I. Strategy review and static characteristics. J Pharm Sci
2007; 96: 1282-301.

[4] Marriott C, Frijlink HW. Lactose as a carrier for inhalation
products: breathing new life into an old carrier. Adv Drug Deliv
Rev 2012; 64:217-9.

[5] Jones MD, Santo JGF, Yakub B, Dennison M, Master H, Buckton
G. The relationship between drug concentration, mixing time,
blending order and ternary dry powder inhalation performance. Int
J Pharm 2010; 391: 137-47.

[6] U.S. Food and Drug Administration CDER CBER. Guidance for
Industry Q8(R2) Pharmaceutical Development. November 2009.

[7] Zhou Q, Morton DAV. Drug—lactose binding aspects in adhesive
mixtures: Controlling performance in dry powder inhaler
formulations by altering lactose carrier surfaces. Adv Drug Deliv
Rev 2012; 64: 275-84.

[8] Podczeck F. The influence of particle size distribution and surface
roughness of carrier particles on the in vitro properties of dry
powder inhalations. Aerosol Sci Technol 1999; 31: 301-21.

[9] Zeng XM, Martin GP, Marriott C, Pritchard J. The effects of carrier
size and morphology on the dispersion of salbutamol sulphate after
aerosolization at different flow rates. J Pharm Pharmacol 2000; 52:
1211-21.

[10] Zeng XM, Martin GP, Marriott C, Pritchard J. Lactose as a carrier
in dry powder formulations: The influence of surface
characteristics on drug delivery. J Pharm Sci 2001; 90: 1424-34.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[25]

Louey MD, Razia S, Stewart PJ. Influence of physico-chemical
carrier properties on the in vitro aerosol deposition from interactive
mixtures. Int J Pharm 2003; 252: 87-98.

Islam N, Stewart P, Larson I, Hartley P. Effect of carrier size on the
dispersion of salmeterol xinafoate from interactive mixtures. J
Pharm Sci 2004; 93: 1030-8.

Islam N, Stewart P, Larson I, Hartley P. Lactose surface
modification by decantation: are drug-fine lactose ratios the key to
better dispersion of salmeterol xinafoate from lactose-interactive
mixtures? Pharm Res 2004; 21: 492-9.

Le VNP, Bierend H, Robins E, Steckel H, Flament MP. Influence
of the lactose grade within dry powder formulations of fluticasone
propionate and terbutaline sulphate. Int J Pharm 2012; 422: 75-82.
Kinnunen H, Hebbink G, Peters H, Shur J, Price R. Defining the
critical material attributes of lactose monohydrate in carrier based
dry powder inhaler formulations using artificial neural networks.
AAPS PharmSciTech 2014; 15: 1009-20.

Guenette E, Barrett A, Kraus D, Brody R, Harding L, Magee G.
Understanding the effect of lactose particle size on the properties of
DPI formulations using experimental design. Int J Pharm 2009;
380: 80-8.

de Boer AH, Hagedoorn P, Gjaltema D, Goede J, Kussendrager
KD, Frijlink HW. Air classifier technology (ACT) in dry powder
inhalation Part 2. The effect of lactose carrier surface properties on
the drug-to-carrier interaction in adhesive mixtures for inhalation.
Int J Pharm 2003; 260: 201-16.

Steckel H, Markefka P, teWierik H, Kammelar R. Effect of milling
and sieving on functionality of dry powder inhalation products. Int
J Pharm 2006; 309: 51-9.

Du P, Du J, Smyth HDC. Evaluation of granulated lactose as a
carrier for DPI formulations 1: effect of granule size. AAPS
PharmSciTech 2014; 15: 1417-28.

Kaialy W, Nokhodchi A. Dry powder inhalers: Physicochemical
and aerosolization properties of several size-fractions of a
promising alterative carrier, freeze-dried mannitol. Eur J Pharm Sci
2015; 68: 56-67.

Donovan MJ, Smyth HDC. Influence of size and surface roughness
of large lactose carrier particles in dry powder inhaler formulations.
Int J Pharm 2010; 402: 1-9.

Donovan MJ, Kim SH, Raman V, Smyth HD. Dry powder inhaler
device influence on carrier particle performance. J Pharm Sci 2012;
101: 1097-107.

Tuli R, George G, Dargaville T, Islam N. Studies on the effect of
the size of polycaprolactone microspheres for the dispersion of
salbutamol sulfate from dry powder inhaler formulations. Pharm
Res 2012; 29: 2445-55.

Dickhoff BHJ, de Boer AH, Lambregts D, Frijlink HW. The effect
of carrier surface and bulk properties on drug particle detachment
from crystalline lactose carrier particles during inhalation, as
function of carrier payload and mixing time. Eur J Pharm
Biopharm 2003; 56: 291-302.

de Boer AH, Hagedoorn P, Gjaltema D, Lambregts D, Irngartinger
M, Frijlink HW. The mode of drug particle detachment from carrier
crystals in an air classifier-based inhaler. Pharm Res 2004; 21:
2167-74.

Ooi J, Traini D, Hoe S, Wong W, Young PM. Does carrier size
matter? A fundamental study of drug aerosolisation from carrier
based dry powder inhalation systems. Int J Pharm 2011; 413: 1-9.
Kaialy W, Alhalaweh A, Velaga SP, Nokhodchi A. Influence of
lactose carrier particle size on the aerosol performance of



5912

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Current Pharmaceutical Design, 20185, Vol. 21, No. 40

budesonide from a dry powder inhaler. Powder Technol 2012; 227:
74-85.

Le VNP, Thi THH, Robins E, Flament MP. Dry powder inhalers:
study of the parameters influencing adhesion and dispersion of
fluticasone propionate. AAPS PharmSciTech 2012; 13: 477-84.
Young PM, Wood O, Ooi J, Traini D. The influence of drug
loading on formulation structure and aerosol performance in carrier
based dry powder inhalers. Int J Pharm 2011; 416: 129-35.
Hagedoorn P, Gruben K, Frijlink HW, De Boer AH. The effect of
lactose carrier properties on the fine particle dose from dry powder
inhalers in dependence of the inhaler design. In: Conference
proceedings of Drug Delivery to the Lungs 21, Edinburgh 2010; p.
203-6.

Grasmeijer F, Hagedoom P, Frijlink HW, de Boer AH. Mixing
time effects on the dispersion performance of adhesive mixtures for
inhalation. PLoS One 2013; 8: €69263.

Le VNP, Robins E, Flament MP. Agglomerate behaviour of
fluticasone propionate within dry powder inhaler formulations. Eur
J Pharm Biopharm 2012; 80: 596-603.

de Boer AH, Hagedoorn P, Gjaltema D, Lambregts D, Irngartinger
M, Frijlink HW. The rate of drug particle detachment from carrier
crystals in an air classifier-based inhaler. Pharm Res 2004; 21:
2158-66.

Kulvanich P, Stewart PJ. The effect of particle size and
concentration on the adhesive characteristics of a model drug-
carrier interactive system. J Pharm Pharmacol 1987; 39: 673-8.
Dickhoff BHJ, Ellison MJH, de Boer AH, Frijlink HW. The effect
of budesonide particle mass on drug particle detachment from
carrier crystals in adhesive mixtures during inhalation. Eur J Pharm
Biopharm 2002; 54: 245-8.

de Boer AH, Hagedoorn P, Gjaltema D, Goede J, Frijlink HW. Air
classifier technology (ACT) in dry powder inhalation: Part 1.
Introduction of a novel force distribution concept (FDC) explaining
the performance of a basic air classifier on adhesive mixtures. Int J
Pharm 2003; 260: 187-200.

Jones M, Price R. The influence of fine excipient particles on the
performance of carrier-based dry powder inhalation formulations.
Pharm Res 2006; 23: 1665-74.

Beilmann B, Kubiak R, Grab P, Hausler H, Langguth P. Effect of
interactive ternary mixtures on dispersion characteristics of
ipratropium bromide in dry powder inhaler formulations. AAPS
PharmSciTech 2007; 8(2): Article 31.

Hamishehkar H, Emami J, Najafabadi AR, et al. Influence of
carrier particle size, carrier ratio and addition of fine ternary
particles on the dry powder inhalation performance of insulin-
loaded PLGA microcapsules. Powder Technol 2010; 201: 289-95.
Grasmeijer F, Lexmond AJ, van den Noort M, et al. New
mechanisms to explain the effects of added lactose fines on the
dispersion performance of adhesive mixtures for inhalation. PLoS
One 2014; 9: e87825.

Kinnunen H, Hebbink G, Peters H, Shur J, Price R. An
investigation into the effect of fine lactose particles on the
fluidization behaviour and aerosolization performance of carrier-
based dry powder inhaler formulations. AAPS PharmSciTech
2014; 15: 898-909.

Grasmeijer F, Hagedoorn P, Frijlink HW, De Boer AH. Drug
content effects on the dispersion performance of adhesive mixtures
for inhalation. PLoS One 2013; 8: ¢71339.

Hoppentocht M, Hagedoorn P, Frijlink HW, de Boer AH.
Technological and practical challenges of dry powder inhalers and
formulations. Adv Drug Deliv Rev 2014; 75: 18-31.

Lucas P, Anderson K, Staniforth J. Protein deposition from dry
powder inhalers: fine particle multiplets as performance modifiers.
Pharm Res 1998; 15: 562-9.

Louey MD, Stewart PJ. Particle interactions involved in aerosol
dispersion of ternary interactive mixtures. Pharm Res 2002; 19:
1524-31.

Kaialy W, Nokhodchi A. Engineered mannitol ternary additives
improve dispersion of lactose-salbutamol sulphate dry powder
inhalations. AAPS J 2013; 15: 728-43.

Jones M, Hooton J, Dawson M, Ferrie A, Price R. An investigation
into the dispersion mechanisms of ternary dry powder inhaler
formulations by the quantification of interparticulate forces. Pharm
Res 2008; 25: 337-48.

Kinnunen H, Hebbink G, Peters H, Huck D, Makein L, Price R.
Extrinsic lactose fines improve dry powder inhaler formulation

[49]

[50]

[51]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Grasmeijer et al.

performance of a cohesive batch of budesonide via agglomerate
formation and consequential co-deposition. Int J Pharm 2015; 478:
53-9.

Adi H, Larson I, Chiou H, Young P, Traini D, Stewart P.
Agglomerate strength and dispersion of salmeterol xinafoate from
powder mixtures for inhalation. Pharm Res 2006; 23: 2556-65.
Grasmeijer F, Frijlink HW, de Boer AH. A proposed definition of
the ‘activity’ of surface sites on lactose carriers for dry powder
inhalation. Eur J Pharm Sci 2014; 56: 102-4.

Shur J, Harris H, Jones MD, Kaerger JS, Price R. The role of fines
in the modification of the fluidization and dispersion mechanism
within dry powder inhaler formulations. Pharm Res 2008; 25:
1631-40.

Cordts E, Steckel H. Capabilities and limitations of using powder
rheology and permeability to predict dry powder inhaler
performance. Eur J Pharm Biopharm 2012; 82: 417-23.

Dickhoff BHJ, de Boer AH, Lambregts D, Frijlink HW. The effect
of carrier surface treatment on drug particle detachment from
crystalline carriers in adhesive mixtures for inhalation. Int J Pharm
2006; 327: 17-25.

Grasmeijer F. Adhesive mixtures for inhalation, Department of
Pharmaceutical Technology and Biopharmacy. Groningen, The
Netherlands: University of Groningen 2014; pp. 115-28.

Kassem NM. The influence of carrier surface on the characteristics
of inspirable powder aerosols. J Pharm Pharmacol 1990; 42: 11P-
11P.

Zeng XM, Martin GP, Marriott C, Pritchard J. The influence of
carrier morphology on drug delivery by dry powder inhalers. Int J
Pharm 2000; 200: 93-106.

Dickhoff BHJ, de Boer AH, Lambregts D, Frijlink HW. The
interaction between carrier rugosity and carrier payload, and its
effect on drug particle redispersion from adhesive mixtures during
inhalation. Eur J Pharm Biopharm 2005; 59: 197-205.

Dickhoff BHJ. Adhesive mixtures for powder inhalation.
Department of Pharmaceutical Technology and Biopharmacy.
Groningen, The Netherlands: University of Groningen 2006; pp.
87-105.

Heng PWS, Chan LW, Lim LT. Quantification of the surface
morphologies of lactose carriers and their effect on the in vitro
deposition of salbutamol sulphate. Chem Pharm Bull 2000; 48:
393-8.

Young PM, Cocconi D, Colombo P, et al. Characterization of a
surface modified dry powder inhalation carrier prepared by
“particle smoothing”. J Pharm Pharmacol 2002; 54: 1339-44.

Chan LW, Lim LT, Heng PWS. Immobilization of fine particles on
lactose carrier by precision coating and its effect on the
performance of dry powder formulations. J Pharm Sci 2003; 92:
975-84.

Flament M-P, Leterme P, Gayot A. The influence of carrier
roughness on adhesion, content uniformity and the in vitro
deposition of terbutaline sulphate from dry powder inhalers. Int J
Pharm 2004; 275: 201-9.

Buttini F, Colombo P, Wenger MPE, Mesquida P, Marriott C,
Jones SA. Back to basics: the development of a simple,
homogenous, two-component dry-powder inhaler formulation for
the delivery of budesonide using miscible vinyl polymers. J Pharm
Sci 2008; 97: 1257-67.

Young PM, Roberts D, Chiou H, Rae W, Chan H-K, Traini D.
Composite carriers improve the aerosolisation efficiency of drugs
for respiratory delivery. J Aerosol Sci 2008; 39: 82-93.

Young P, Kwok P, Adi H, Chan H-K, Traini D. Lactose composite
carriers for respiratory delivery. Pharm Res 2009; 26: 802-10.
Kaialy W, Momin MN, Ticehurst MD, Murphy J, Nokhodchi A.
Engineered mannitol as an alternative carrier to enhance deep lung
penetration of salbutamol sulphate from dry powder inhaler.
Colloids Surf B 2010; 79: 345-56.

Zellnitz S, Schroettner H, Urbanetz NA. Surface modified glass
beads as model carriers in dry powder inhalers—Influence of drug
load on the fine particle fraction. Powder Technol 2014; 268: 377-
86.

Kaialy W, Ticehurst MD, Murphy J, Nokhodchi A. Improved
aerosolization performance of salbutamol sulfate formulated with
lactose crystallized from binary mixtures of ethanol—acetone. J
Pharm Sci 2011; 100: 2665-84.



Adhesive Mixtures for Inhalation

[69]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

Kaialy W, Nokhodchi A. Freeze-dried mannitol for superior
pulmonary drug delivery via dry powder inhaler. Pharm Res 2013;
30: 458-77.

Kaialy W, Nokhodchi A. Treating mannitol in a saturated solution
of mannitol: A novel approach to modify mannitol crystals for
improved drug delivery to the lungs. Int J Pharm 2013; 448: 58-70.
Podczeck F. The relationship between physical properties of
lactose monohydrate and the aerodynamic behaviour of adhered
drug particles. Int J Pharm 1998; 160: 119-30.

Kawashima Y, Serigano T, Hino T, Yamamoto H, Takeuchi H.
Effect of surface morphology of carrier lactose on dry powder
inhalation property of pranlukast hydrate. Int J Pharm 1998; 172:
179-88.

Kaialy W, Martin GP, Larhrib H, Ticehurst MD, Kolosionek E,
Nokhodchi A. The influence of physical properties and
morphology of crystallised lactose on delivery of salbutamol
sulphate from dry powder inhalers. Colloids Surf B 2012; 89: 29-
39.

Kaialy W, Martin GP, Ticehurst MD, Momin MN, Nokhodchi A.
The enhanced aerosol performance of salbutamol from dry powders
containing engineered mannitol as excipient. Int J Pharm 2010;
392:178-88.

Kaialy W, Nokhodchi A. Antisolvent crystallisation is a potential
technique to prepare engineered lactose with promising
aerosolisation properties: effect of saturation degree. Int J Pharm
2012; 437: 57-69.

Kaialy W, Ticehurst M, Nokhodchi A. Dry powder inhalers:
Mechanistic evaluation of lactose formulations containing
salbutamol sulphate. Int J Pharm 2012; 423: 184-94.

Iida K, Hayakawa Y, Okamoto H, Danjo K, Leuenberger H.
Preparation of dry powder inhalation by surface treatment of
lactose carrier particles. Chem Pharm Bull 2003; 51: 1-5.
El-Sabawi D, Price R, Edge S, Young PM. Novel temperature
controlled surface dissolution of excipient particles for carrier
based dry powder inhaler formulations. Drug Develop Ind Pharm
2006; 32: 243-51.

Steckel H, Muller BW. In vitro evaluation of dry powder inhalers
2. Influence of carrier particle size and concentration on in vitro
deposition. Int J Pharm 1997; 154: 31-7.

Steckel H, Markefka P, teWierik H, Kammelar R. Functionality
testing of inhalation grade lactose. Eur J Pharm Biopharm 2004;
57:495-505.

Young PM, Edge S, Traini D, ef al. The influence of dose on the
performance of dry powder inhalation systems. Int J Pharm 2005;
296: 26-33.

El-Sabawi D, Edge S, Price R, Young PM. Continued investigation
into the influence of loaded dose on the performance of dry powder
inhalers: surface smoothing effects. Drug Develop Ind Pharm 2006;
32:1135-8.

de Boer AH, Dickhoff BHJ, Hagedoom P, et al. A critical
evaluation of the relevant parameters for drug redispersion from
adhesive mixtures during inhalation. Int J Pharm 2005; 294: 173-
84.

Le VNP, Hoang Thi TH, Robins E, Flament MP. In vitro
evaluation of powders for inhalation: The effect of drug
concentration on particle detachment. Int J Pharm 2012; 424: 44-9.
Grasmeijer F, de Boer AH. The dispersion behaviour of dry powder
inhalation formulations cannot be assessed at a single inhalation
flow rate. Int J Pharm 2014; 465: 165-8.

Thalberg K, Berg E, Fransson M. Modeling dispersion of dry
powders for inhalation. The concepts of total fines, cohesive energy
and interaction parameters. Int ] Pharm 2012; 427: 224-33.

Tee SK, Marriott C, Zeng XM, Martin GP. The use of different
sugars as fine and coarse carriers for aerosolised salbutamol
sulphate. Int J Pharm 2000; 208: 111-23.

Steckel H, Bolzen N. Alternative sugars as potential carriers for dry
powder inhalations. Int J Pharm 2004; 270: 297-306.

Adi H, Larson I, Stewart PJ. Adhesion and redistribution of
salmeterol xinafoate particles in sugar-based mixtures for
inhalation. Int J Pharm 2007; 337: 229-38.

Begat P, Morton DAV, Staniforth JN, Price R. The cohesive-
adhesive balances in dry powder inhaler formulations I: direct
quantification by atomic force microscopy. Pharm Res 2004; 21:
1591-7.

Begat P, Morton DAYV, Staniforth JN, Price R. The Cohesive-
Adhesive Balances in Dry Powder Inhaler Formulations II:

[92]

(93]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Current Pharmaceutical Design, 2015, Vol. 21, No. 40 5913

Influence on Fine Particle Delivery Characteristics. Pharm Res
2004;21: 1826-33.

Hooton JC, Jones MD, Price R. Predicting the behavior of novel
sugar carriers for dry powder inhaler formulations via the use of a
cohesive—adhesive force balance approach. J Pharm Sci 2006; 95:
1288-97.

Jones MD, Harris H, Hooton JC, ef al. An investigation into the
relationship between carrier-based dry powder inhalation
performance and formulation cohesive-adhesive force balances.
Eur J Pharm Biopharm 2008; 69: 496-507.

Traini D, Young PM, Thielmann F, Acharya M. The influence of
lactose pseudopolymorphic form on salbutamol sulfate-lactose
interactions in DPI formulations. Drug Develop Ind Pharm 2008;
34:992-1001.

Hooton JC, Jones MD, Harris H, Shur J, Price R. The influence of
crystal habit on the prediction of dry powder inhalation formulation
performance using the cohesive-adhesive force balance approach.
Drug Develop Ind Pharm 2008; 34: 974-83.

Rehman M, Shekunov BY, York P, et al. Optimisation of powders
for pulmonary delivery using supercritical fluid technology. Eur J
Pharm Sci 2004; 22: 1-17.

Kubavat H, Shur J, Ruecroft G, Hipkiss D, Price R. Investigation
into the influence of primary crystallization conditions on the
mechanical properties and secondary processing behaviour of
fluticasone propionate for carrier based dry powder inhaler
formulations. Pharm Res 2012; 29: 994-1006.

Kubavat HA, Shur J, Ruecroft G, Hipkiss D, Price R. Influence of
primary crystallisation conditions on the mechanical and interfacial
properties of micronised budesonide for dry powder inhalation. Int
J Pharm 2012; 430: 26-33.

Shur J, Kubavat HA, Ruecroft G, Hipkiss D, Price R. Influence of
crystal form of ipratropium bromide on micronisation and
aerosolisation behaviour in dry powder inhaler formulations. J
Pharm Pharmacol 2012; 64: 1326-36.

Lam KK, Newton JM. Investigation of applied compression on the
adhesion of powders to a substrate surface. Powder Technol 1991;
65:167-75.

Grasmeijer F. Adhesive mixtures for inhalation, department of
pharmaceutical technology and biopharmacy. Groningen, The
Netherlands: University of Groningen 2014; pp. 157-65.

Selvam P, Smyth HDC. Effect of Press-on Forces on Drug
Adhesion in Dry Powder Inhaler Formulations. J Adhes Sci
Technol 2011; 25: 1659-70.

Xu Z, Mansour HM, Hickey AlJ. Particle interactions in dry powder
inhaler unit processes: a review. J Adhes Sci Technol 2011; 25:
451-82.

Murnane D, Martin GP, Marriott C. Dry powder formulations for
inhalation of fluticasone propionate and salmeterol xinafoate
microcrystals. J Pharm Sci 2009; 98: 503-15.

Podczeck F. Assessment of the mode of adherence and the
deformation characteristics of micronized particles adhering to
various surfaces. Int J Pharm 1996; 145: 65-76.

Podczeck F, Newton JM, James MB. The adhesion force of
micronized Salmeterol Xinafoate particles to pharmaceutically
relevant surface materials. J Phys D-Appl Phys 1996; 29: 1878-84.
Sim S, Margo K, Parks J, et al. An insight into powder entrainment
and drug delivery mechanisms from a modified Rotahaler®. Int J
Pharm 2014; 477: 351-60.

Fussell AL, Grasmeijer F, Frijlink HW, de Boer AH, Offerhaus
HL. CARS microscopy as a tool for studying the distribution of
micronised drugs in adhesive mixtures for inhalation. J Raman
Spectr 2014; 45: 495-500.

Travers DN. Some observations on ordered mixing of micronized
sodium-bicarbonate with sucrose crystals. Powder Technol 1975;
12: 189-90.

Staniforth JN, Rees JE, Lai FK, Hersey JA. Determination of
interparticulate forces in ordered powder mixes. J] Pharm Pharm
1981; 33: 485-90.

Staniforth JN, Rees JE, Lai FK, Hersey JA. Interparticle forces in
binary and ternary ordered powder mixes. J Pharm Pharm 1982;
34:141-5.

Kulvanich P, Stewart PJ. The effect of blending time on particle
adhesion in a model interactive system. J Pharm Pharm 1987; 39:
732-3.



5914 Current Pharmaceutical Design, 2015, Vol. 21, No. 40

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Podczeck F. Adhesion forces in interactive powder mixtures of a
micronized drug and carrier particles of various particle size
distributions. J Adhes Sci Technol 1998; 12: 1323-39.

Zeng XM, Martin GP, Tee S-K, Marriott C. The role of fine
particle lactose on the dispersion and deaggregation of salbutamol
sulphate in an air stream in vitro. Int J Pharm 1998; 176: 99-110.
Zeng XM, Martin GP, Tee S-K, Ghoush AA, Marriott C. Effects of
particle size and adding sequence of fine lactose on the deposition
of salbutamol sulphate from a dry powder formulation. Int J Pharm
1999; 182: 133-44.

Larhrib H, Zeng XM, Martin GP, Marriott C, Pritchard J. The use
of different grades of lactose as a carrier for aerosolised salbutamol
sulphate. Int J Pharm 1999; 191: 1-14.

Zeng XM, Pandhal KH, Martin GP. The influence of lactose carrier
on the content homogeneity and dispersibility of beclomethasone
dipropionate from dry powder aerosols. Int J Pharm 2000; 197: 41-
52.

Cline D, Dalby R. Predicting the quality of powders for inhalation
from surface energy and area. Pharm Res 2002; 19: 1274-7.

Larhrib H, Martin GP, Marriott C, Prime D. The influence of
carrier and drug morphology on drug delivery from dry powder
formulations. Int J Pharm 2003; 257: 283-96.

Larhrib H, Martin GP, Prime D, Marriott C. Characterisation and
deposition studies of engineered lactose crystals with potential for
use as a carrier for aerosolised salbutamol sulfate from dry powder
inhalers. Eur J Pharm Sci 2003; 19: 211-21.

Schiavone H, Palakodaty S, Clark A, York P, Tzannis ST.
Evaluation of SCF-engineered particle-based lactose blends in
passive dry powder inhalers. Int J Pharm 2004; 281: 55-66.

Young P, Sung A, Traini D, Kwok P, Chiou H, Chan H-K.
Influence of humidity on the electrostatic charge and aerosol
performance of dry powder inhaler carrier based systems. Pharm
Res 2007; 24: 963-70.

Young PM, Chan H-k, Chiou H, Edge S, Tee THS, Traini D. The
influence of mechanical processing of dry powder inhaler carriers

Received: August 4,2015

Accepted: October 6,2015

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Grasmeijer et al.

on drug aerosolization performance. J Pharm Sci 2007; 96: 1331-
41.

Guchardi R, Frei M, John E, Kaerger JS. Influence of fine lactose
and magnesium stearate on low dose dry powder inhaler
formulations. Int J Pharm 2008; 348: 10-7.

Saleem I, Smyth H, Telko M. Prediction of dry powder inhaler
formulation performance from surface energetics and blending
dynamics. Drug Develop Ind Pharm 2008; 34: 1002-10.

Handoko A, Ian L, Peter SJ. Influence of the polydispersity of the
added fine lactose on the dispersion of salmeterol xinafoate from
mixtures for inhalation. Eur J Pharm Sci 2009; 36: 265-74.

Das S, Larson I, Young P, Stewart P. Agglomerate properties and
dispersibility changes of salmeterol xinafoate from powders for
inhalation after storage at high relative humidity. Eur J Pharm Sci
2009; 37: 442-50.

Das S, Larson I, Young P, Stewart P. Influence of storage relative
humidity on the dispersion of salmeterol xinafoate powders for
inhalation. J Pharm Sci 2009; 98: 1015-27.

Kaialy W, Alhalaweh A, Velaga SP, Nokhodchi A. Effect of carrier
particle shape on dry powder inhaler performance. Int J Pharm
2011;421: 12-23.

Marek SR, Donovan MJ, Smyth HDC. Effects of mild processing
pressures on the performance of dry powder inhaler formulations
for inhalation therapy (1): Budesonide and lactose. Eur J Pharm
Biopharm 2011; 78: 97-106.

Littringer EM, Mescher A, Schroettner H, Achelis L, Walzel P,
Urbanetz NA. Spray dried mannitol carrier particles with tailored
surface properties — The influence of carrier surface roughness and
shape. Eur J Pharm Biopharm 2012; 82: 194-204.

Singh DJ, Jain RR, Soni PS, et al. Preparation and evaluation of
surface modified lactose particles for improved performance of
fluticasone propionate dry powder inhaler. J Aerosol Med Pulm
Drug Deliv 2014.

Boshhiha AM, Urbanetz NA. Influence of carrier surface fines on
dry powder inhalation formulations. Drug Develop Ind Pharm
2009; 35: 904-16.



