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Abstract

In this study, the in vitro fine particle deposition from a multi dose dry powder inhaler (NovB)izégith air classifier technology has been
investigated. It is shown that different target values for the fine particle fraction (fpfw)of the same drug can be achieved in a well-controlled
way. This is particularly relevant to the application of generic formulations in the inhaler. The well-controlled and predictable fpf is achieve
through dispersion of different types of formulations in exactly the same classifier concept. On the other hand, it is shown that air classifier-ba
inhalers are less sensitive to the carrier surface and bulk properties than competitive inhalers like tffe B@kilg randomly selected lactose
carriers for inhalation from four different suppliers, the budesonide fpf (at 4 kPa) from the NoVolaéed between 30 and 46% (of the measured
dose; R.S.D. =14.2%), whereas the extremes in fpf from the Diskipswere 7 and 44% (R.S.D. =56.2%) for the same formulations. The fpf
from a classifier-based inhaler appears to be less dependent of the amount of lactose (carrier) fijo®3 i 15e mixture too. Classifier-based
inhalers perform best with coarse carriers that have relatively wide size distributions (e.g. p®r)380d surface discontinuities inside which
drug particles can find shelter from press-on forces during mixing. Coarse carrier fractions have good flow properties, which increases the ¢
measuring accuracy and reproducibility. The fpf from the Novofizecreases with increasing pressure drop across the device. On theoretical
grounds, it can be argued that this yields a more reproducible therapy, because it compensates for a shift in deposition to larger airways w
the flow rate is increased. Support for this reasoning based on lung deposition modelling studies has been found in a scintigraphic study with
Novolizef. Finally, it is shown that this inhaler produces a finer aerosol than competitor devices, within the.fpf,<sbibfractions of particles
(e.g. <1, 1-2, 2-3, 3—4 and 45n) are higher.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the magnitude and consistency of the fine particle fraction (fpf)
from powder inhalers are complex and interact with each other
A dry powder inhaler consists of a number of functional (Frijlink and de Boer, 2004 These interactions include for
parts, of which the powder formulation, the dose (measuring)nstance the relationship between the carrier size and carrier
system and the powder de-agglomeration principle are the mostrface properties, or the effect of carrier size (distribution) on
basic ones. Through the years it has become clear that none thie dose accuracy and the interparticulate forces in the mixture.
these functional parts can be optimised without taking accourilany of the requirements for carrier properties are contradic-
of the performance of the others. The factors that determineory or dissimilar for different devices. Fine carrier fractions,
or the addition of certain fractions of fine lactose particles to
coarser carriers, have been shown to increase the fine particle
DOl of original article:10.1016/}.jpharm.2005.11.030, fractions from most marketed inhalers (eSgeckel and Niller,
* Corresponding author. Tel.: +31 50 3633286; fax: +31 50 3632500. 1997; Zeng et al., 1998, 2001; Louey and Stewart, 20850
E-mail address: a.h.de.boer@farm.rug.nl (A.H. de Boer). to enhance powder discharge from capsule inhalers finer carrier
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fractions may be preferre@¢€ll etal., 197}, since powders with  ing (A200, Alpine, Germany), using Pharmatose 100M and
a median diameter of more than 106 may not be entrained 80M as starting material, respectively (DMV International,
by the air stream effectivelySteckel et al., 2004 In contrast, The Netherlands). Micronised lactose 3+8 (X50=3.4pm)
volumetric dose measuring systems, making use of the force dbr the preparation of soft spherical agglomerates was also
gravity, like for instance in the Pulvirfl(Meakin et al., 1998  supplied by DMV International. Micronised salbutamol sul-
and the Clickhalét (Thibert et al., 2002 may perform better fate with anXsg of 1.4pm (X10=0.7pum; Xgo=3.4pum) was
when large carrier particles or narrower size fractions are usedlonated by RIVM (The Netherlands). Micronised budesonide
However, too large diameters have to be avoided as they exhiliK19=0.7um; Xs0=1.3pum; Xg0=3.0um) was supplied by
high carrier surface rugosities. This reduces the drug particl8ofotec (Germany). Mixtures of 2% budesonide with 10 dif-
detachment during inhalation (e.gawashima et al., 1998 ferent marketed carrier lactose produdtsgé. 3 and % were
unless inertial separation forces are generated by the inhalprepared in a tumbling mixer (Turbula 2TC, WA Bachofen,
during inhalation. For such inhalers, high rugosities may everswitzerland) at 90 rpm (10 min) in a 160 ml stainless steel mix-
be beneficial, particularly at moderate to high carrier payloading container. Mixtures of 10% budesonide or 10% salbutamol
because they may keep the adhesive forces in the mixture losulfate with three different carrier types (DMV Pharmatose
(Dickhoff et al., 2003. As a result of these complications and 90M, Meggle Inhalac 70 and Meggle Capsulac 60), used for
conflicting demands, itis very difficult to obtain the best possiblethe experiments ifrig. 2, were manufactured by Sofotec (Ger-
performance of a dpi regarding both fpf and dose consistencynany). Sofotec also prepared the mixtures of budesonide (2%),
It would be helpful to the formulation scientists if the freedom salbutamol sulfate (1%) and formoterol fumarate (0.1%) with
of choice for the carrier properties could be increased, e.g. bgapsulac 60Figs. 5 and i Novopulmo® 200 Novolizer®
making the fine particle dose less dependent on the carrier profwith budesonide) were purchased from Viatris (Germany), and
erties. Pulmicor® 200 Turbuhalé? (AstraZeneca, UK), Flixotid®

In a previous study, the design and development of th@50 and Serevefit50 Disku® (GSK, UK) and Cyclohalé&t
Novolize® air classifier technology as a de-agglomeration prin-with budesonide 200 CyclocdpPCH Pharmachemie, The
ciple has been presentede( Boer et al., 2006 The aim of  Netherlands) were obtained from a local pharmacy. For the
this study was to investigate the performance of these classeéxperiments of which the data are presented irFige. 3 and 4
fiers on different types of powder mixtures for inhalation. It an especially prepared Diskisvas used which enabled us
will be explained how the fine particle fraction from the sameto test different adhesive mixtures in this device (after it was
classifier concept can be controlled to match a wide range afhecked that the performance of the proprietary formulation was
fpf-target values by choice of the type of formulation and/or bynot influenced by the modifications made to the inhaler).
controlling the adhesive forces in the powder mixture, without
using specially engineered particles or adding special agents f02. Methods
reduce the interparticulate forces in the mixture. Because drug
redispersion in a classifier is less dependent on carrier surface The size distributions of drugs (with a 100 mm lens) and
properties than that in turbulent shear inhalers, carrier bulk prodactose carrier products and special carrier size fractions (with
erties can be selected rather freely. This enables the utilizatic200 and 500 mm lenses) were measured with laser diffraction
of inertial and frictional press-on forces during the mixing pro-technique (HELOS BF MAGIC, Sympatec, Germany) using
cess to actually control the magnitude of the adhesive forcestandard Windox software. A RODOS dry powder disperser was
(and by that, the fpf), which is desired for the development ofused to disperse the powders into the laser beam at 5 bar, except
generic formulations in the inhaler. It will be shown that a certainfor DMV Pharmatose GR001 and Meggle Capsulac 60 which
robustness with respect to carrier surface properties makes theere dispersed at 3 bar to prevent attrition. All calculations were
fpf from an air classifier less dependent of the type of marketednade with the Fraunhofer theory.
lactose carrier used for mixture preparation than turbulent shear Soft spherical agglomerates of salbutamol (0.9, 1.8, 3.6 and
inhalers. This increases the freedom of choice for the carrier iii.5%, w/w) with micronised lactose 148n were prepared by
respect of flow properties and dose consistency. Finally, an airdensifying and agglomerating the micronised drug in a stainless
of this study is to discuss the preferable output from a dpi. ltsteel mixing container (160 ml), using a tumbling mixer (Tur-
is postulated, supported by lung deposition modelling data antula T2C, WA Bachofen AG, Switzerland) at 90 rpm for 10 min.
the results from a scintigraphic study, that an increasing fpf withA small amount of stainless steel beads with a well-defined
increasing flow rate may yield a more constant therapy than aize distribution was added as pelletising aid. Next, beads and

constant fpf at all flow rates. salbutamol pellets were separated over a@issieve (by mild
hand sieving) and the drug agglomerates were spheronised on

2. Materials and methods a 200um vibratory sieve (Fritsch Analysette 3, Fritsch GmbH,
Germany) for 20 min. Finally, pellets larger than §0@ were

2.1. Materials removed (again by mild hand sieving), and the pellet fraction

315-80Q.m was used for experiments.
Alpha lactose monohydrate carrier fractions 90-106 and Adhesive mixtures of micronised salbutamol sulfate (0.45,
250-315.m were obtained by 20 min vibratory sieving (Anal- 0.9, 1.8 and 3.6% w/w) with lactose carrier size fractions
ysette 3, Fritsch, Germany) followed by 20 min air jet siev-90-106 and 250-31om were prepared in the same stainless
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steel mixing container (without beads), using the same tumbling ~ target value for of
mixer (10 min at 90 rpm) as applied for the preparation of the 70 —e—achieved fp
soft spherical agglomerates. classifier accumulation

The salbutamol contents in the mixtures and soft spherical
agglomerates were determined on 20 samples of approximately
25 mg each. The samples were dissolved in demineralised water
and the solutions were analysed with a Philips spectrophotome-
ter (PU 8720 UV-VIS, The Netherlands) at a wavelength of
276.5nm.

Two different cascade impators were used for the differ-
ent studies presented in this paper. For the experiments in the 0 100 200 300 400 500
Figs. 1 and 6a 4-stage glass constructed impactor was applied as
described byHallworth and Andrews (1976 he experiments
for Figs. 2—4, 7 and 8vere conducted with an Erweka multi- Flig- 715 ing“geaizo‘é"é’;? tohfrfr?edirzze;;;aergfetsvizg\zo; fpflg‘ﬁf aft 6? h/min al

. A . . . . . 75, . (0] y an -values actua
stage liquid impinger. qu all ﬂgure_s‘ the fine particle fra‘Ctlonsélchieved with different salbutamol formulatior?s usingythe marieted NovBlizer ’
<5um, and the subfractions therein, were calculated from th?closed symbols). All data points are the mean of two series of 10 inhalations;
stages 2 to 4 (plus filter) depositions. Only for ffigs. 3and 4  spread bars indicate the maximal and minimal values.

(data derived from DMV International) fpf is defined as the

sum of the stage 3+ 4+ filter depositions (fpf<p@ for  particle fraction (as percent of the real dose) at\@fhin, for

both devices). Analyses were performed at preset flow ratedifferent dose weights, ranging from 50 to 406 of salbutamol
(Figs. 1 and 2 or at preset pressure drops across the inhalefas sulfate)Fig. 1 shows that even when the same multifunc-
(Figs. 3, 4, 6 and B All data presented are the mean of two tional classifier design (from the Novoli&¥is used, the target
series of 10 doses each. Solvents used on the impactor stagedues can adequately be achieved.

were ethanol (analytical grade) for budesonide and formoterol, For the highest fpf-values iRig. 1, soft spherical agglomer-
and demineralised water for salbutamol sulfate. Drug solutionates of mixtures of micronised salbutamol and lactose (fraction
were separated from non-dissolved lactose carrier particles ih—-8um) were used. The agglomerates were densified to con-
a centrifuge (Rotana 3500, Hettich, Germany) during 5 min atrol the agglomerate strength and to match the control value for
3000 rpm. Budesonide and salbutamol concentrations were mefpf. The drug contents in the agglomerates were adjusted to the
sured with a spectrophotometer (Philips PU 8720 UV-VIS, Thalesired drug dose and the mass metered by the slide connected
Netherlands) at 242.8 and 276.5 nm, respectively. Formoterdb the powder reservoir of the Novolizer. They increased from
concentrationsHig. 6) were measured with a HPLC (Waters 0.86% forthe 5ug doseto 1.70% (10@g), 4.05% (20Q.g) and

510, USA), using a Waters 484 detector at a wavelength 08.10% (40Qu.g), yielding mean salbutamol doses of 4hgl(ata

286 nm. mean metered mass of 6.38 mg), 120g47.11 mg), 205.43.9

The procedures for residence time measuremeigs( 5 (6.09 mg) and 415.69 (6.16 mg), respectively. The differences
and § have been described in detail befode (Boer et al., inmetered mass were the result of different size distributions for

percent of real dose (%)

salbutamol dose (ug)

2009. the pellets within the sieve fraction 315-80f. Only agglom-
erates with less than 5% variation coefficient in content were

3. Results and discussion used. When the powder was densified to a lesser extent, fine par-
ticle fractions up to 80% appeared to be possible with the same

3.1. Controlling fpf with air classifier technology classifier (at the same flow rate), not only for salbutamol sulfate

but also for a more hygroscopic product like disodium cromo-

One of the objectives for design and development of aiglycate. To achieve the other target values for the fpf, adhe-
classifier technology was to obtain a versatile powder desive mixtures were prepared with different carrier size fractions
agglomeration principle that enables both adjustment of the fin€@0-106.m for the intermediate fpf-value and 250-31% for
particle output to that of a proprietory dpi in case of generic for-the lowest fpf-value), having different bulk properties and also
mulations and maximisation of the fpf in case of formulationsdifferent degrees of surface rugosity. In this way, the size and
for new chemical entities. A great challenge has been found ieffectiveness of the press-on forces during the mixing process,
achieving these goals with the same classifier condei@6eret  and therefore, the interparticulate forces in the mixture could be
al., 200§. Success depends on understanding of the mechanismentrolled ¢le Boer et al., 2005; Dickhoff et al., 2003, 2004
of particle separation and powder circulation in an air classifierf-or all types of formulations and at all drug concentrations, the
and also on knowledge of the particle interaction forces in thelrug accumulations in the classifier were less than 5%.
different inhalation powders. When exactly the same classifier
designis used, differenttarget values for fpf can only be achieved 2. Classifier robustness with respect to carrier type
by controlling the particle interaction forces in the powder and
theresidence time in the classifieiy. 1shows a typical example In the previous chapter it has been explained that different
for salbutamol formulations. The objective was to develop threealues for the fpf of the same drug from the same classifier (at
different formulations which delivered 13.75, 27.5 and 55% finethe same flow rate) can be obtained by using different types of
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Fig. 2. Fine particle fractions <3 and n from the marketed Novoliz&for Fig. 3. Fine particle fractions (<5/2m, being the stage 3+ 4+ filter depositions

three different coarse carrier types with 10% (w/w) budesonide or salbutamol" 1€ MSLI) at 4kPa from the marketed Novolifeand Disku$' dry powder

at 65 k/min (3.33kPa). Mean of two series of 10 inhalations each: spread bargmalers for 2% budesonide mixtures with different brands of inhalation lactose:
indicate the difference between both series. In the letter combinations on tH€SPitose SV007 (A), Respitose MLOO1 (B), Respitose MLOO1A (C), Respitose

ordinate, the first letter A is for Pharmatose 90M: B is for Inhalac 70 and C iscR001 (D) all from DMV International; Lactohale 100 (E), Lactohale 200 (F)

for Capsulac 60. The second letter refers to the drug in the mixtures: budesonid@™ Borculo; Inhalac 70 (G), Inhalac 230 (H) from Meggle; MM250 (1) and
(B) or salbutamol sulfate (S). MM50 (J) from Epikure. Mean of two series of 10 inhalations each.

. . o deep surface depressions. Such depressions provide shelter to
powder formulations. In this chapter, it will be shown that theadhering drug particles from press-on forces during mixing,

performance of the !\lovol.iz@rin r.ejspect of powderdispe'rsion which helps keeping the adhesive forces in the mixture low
appears to be relatively insensitive to the type of carrier Iac'{Dickhoff etal., 2003

tose used in adhesive mixtures when for instance compared to The difference in behaviour between the Novol&end
th‘?thig@c:r:ybzo}gd%Ir']r?zli'ltzrr.a-trhrles seems I disagreemenbiskus” inhaler can be explained with the difference in their
\rlyér Vrvo erties on th;f'nel ellrt'cleudose lltJ has been describ de-agglomeration principles in relation with the carrier proper-
Ier properties € fine part ' o '0&8%s. In the Novolize? air classifier, inertial separation forces are
that the addition of fine particles to drug carriers increases thSenerated during inhalation, as described previolcdyBoer
I'r?e parltlclet_dose fromdl_r;fhalerts (e.grnolld Et aI.,b1995 F(()jr et al., 2008. In contrast, the Diski$ utilises turbulent shear
Z:nexstzr;a |109né8rr.1;a3r:)3:jc| eecrkenlgggpizaz Z\AZ Setgn ;Tf eoéez'l%'r powder dispersion. Although differences in fpf for different
9 Y ' Zeck, » -ouey wart, 2 fgrmulations from the same inhaler cannot be explained satis-

l.t has_ also peen rec_:ognised that there is_a "”.“t to the amour_1tq ctorily with single parameters;ig. 4 shows that fpf relates
finesin carrier fractions because of deteriorating flow propertlesdifferently to the span of the carrier size distribution (4A), the

\é\{{h{ﬁh gggct .tl_hhi?e?czferegrg%?scggzy (')rf] iiﬁ;g:g\ée V;%S?S is median carrier diameter (4B) and the percent of fines in the car-
N X » 0P P rier (4C) for both inhalers. This is for the same formulations

finding the right balance between consistency of delivered dosgS used irFig. 3 The calculated (linear) trend line Fig. 4A
and the fine particle dose. g g

Fig. 2shows that when three different brands of coarse carrier
lactose are used, the fpf from the Novoli2dor salbutamol and ~ Table 1 _ o ,
budesonide mixtures varies less than 2.5% of the mean vald%o' X550 andXgp-values from cumulative volume distribution curves as function
. ) of the diameter for the carriers in the formulations used to prefpge 2—4
(39.2% for budesonide and 49.5% for salbutamol). Even when P

completely different lactose carrier types are used, the fpf-valuggarrier type X10(pm)  Xso (um)  Xeo (wm)  Fraction of
obtained with the air classifier based inhaler vary only between particles <1qm
30 and 46% of the real dose (mean is 37%ig. 3. In con-  Pharmatose 90 M 59.5 162.3 263.9 0.4
trast, the fpf from the Disk( for the same formulations (at Inhalac 70 100.1 1705 235.4 02
the same flow rate) varies between 7 and 44% (mean is on eg;i‘:i‘;ﬁsovow 71“:” 132'2 iig'g 1?3'23
20% inFig. 3). The lactose types used for the experiments inRespitose MLOO1 33 43.0 135.5 26.9
Fig. 3 vary particularly in the amount of fines (<j#n), the  Respitose MLOO1A  55.2 113.3 220.5 1.0
median particle diameter and the span of the size distributioRespitose GROG1 ~ 81.6 200.5 319.2 31
(Table 9. The carrier types used iRig. 2 contain practically —Lactohale 100 40.1 111.4 191.8 4.4
no fines (<1um), and have about the same median diameteraCtOhaIe 200 3 718 139.5 141

. L . . . nhalac 230 55.7 99.3 144.8 25
and span of the size distribution. They differ particularly in the ;o5 118.4 2233 369.8 11

surface rugosity. From scanning electron microscopic investigavimso 12.7 52.9 118.6 12.2
tion it II? known th.alt Ph.ar:matose 9(f)M a?jd Inha'lac.7_0 arer::oarbSata obtained from laser diffraction analysis; RODOS dispersion at 5 bar, except
crystalline materials with many surface discontinuities, w Eréag, the coalescent and granular products (Capsulac 60 and Respitose GR001)

Capsulac 60 (though presented by the manufacturer as a crytsat were measured at 3 bar. All values are the mean of three analyses.
talline brand of lactose) has a granular appearance with many? Product in development by DMV International, The Netherlands.
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50 T  Novolizer when the amount of fines is increased. The difference in per-
o RE=048 * formance between both inhalers is consistent in indicating that
‘/.5‘./ * a high fpf from the Novolizé? does not require a carrier type
% * with a small median diameter or with a certain amount of fines
¥ o (<15um). On the contrary, fine carrier particles may worsen the
20 Ee) powder circulation in a classifier during inhalation as a result
oo ““*-5,H;= 0,0042 of tribocharge. Large carrier particles perform much better in
10 = the NovolizeP notwithstanding the fact that they exhibit high
press-on forces during mixing. However, the effectiveness of
0 T T T T T these forces in increasing the adhesive forces in the mixture
0 50 100 150 200 250 300 may be low, depending on the total volume of the carrier surface
span of the size distribution (um) discontinuities (inside which drug particles find shelter from
50 the press-on forces), the carrier payload and the mixing con-
o o717 ® * ditions Dickhoff et al., 2004. Additionally,_ the ma_lgnitude of
40 . — * the press-on forces can be reduced by increasing the span of
/45—// _ the size distribution which worsens the flow properties of the
30 * * ¢ Novolizer powder mixture (e.g. in terms of Hausner ratitig. 4A). For
RN O Diskus turbulent shear inhalers, like the Diskyshere is no advantage
20 o o @‘\\ I from a high carrier surface rugosity since drug particles inside
o ~~~_ g © the carrier discontinuities also find shelter from the removal
10 o S e (drag and lift) forces during inhalation. And because the size
0 | . . R*= O'.EHS of the discontinuities generally decreases with the median car-
0 5 100 150 200 250 rier diamgter de Boer.et al., 200§the fpf frpm turb.ulen't shear
®) median carrier diameter: Xe () mh_alers increases with d_ecre_asmg me_d|an carrier diameter, or
an increasing fraction of fines in the carrier proddxig( 4B and
C).
The fpf from the Novolize? is nearly the same for all brands
of lactose: on average 38.5, 33.7, 37.6 and 34.6% for DMV
International, Borculo, Meggle and Epikure products, respec-
tively. The fpf for the Disku® varies from 27.4% for DMV
lactose (highest value) to only 12.0% for Meggle lactose (lowest
value). The large degree of independence of the carrier lactose
type in respect of fpf provides a great freedom of choice for the
carrier regarding the flow properties (carrier size distribution)
with which the dose measuring reproducibility can be controlled.
Examples of the dose weighing accuracy and reproducibility by
the Novolize® (which is not related to the air classifier technol-
ogy) have been given by others (eRgeiners et al., 2000

O Diskus
40

fine particle fraction (%)

=

fine particle fraction (%)
/
I
0

B
o

w
o

n
o

& Novolizer

]3 O Diskus

fine particle fraction (%)

o
v
o

0 T T T T T
5 10 15 20 25 30
(©) percent carrier fines < 15 pm

Fig. 4. Fine particle fractions <5,0m (stage 3+ 4+ filter depositionsinthe MSLI  3.3. Optimising between fpf and residence time
at 4kPa) for 2% budesonide formulations from the Novoftzand Disku® as

function of: (A) the span of the size distribution of the carriers used in the Previously, it has been described how the discharge rate of a
formulations, (B) the median diameter (from laser diffraction analysis) of the !

carriers and (C) the volume percent of carrier particlessth5 The carriers are powQer dose (a_dheswe mixture type of drug formulation) from a
the same as ifig. 3 particular classifier concept can be measured and controlled with

the diameter of the discharge chanrag Boer et al., 2006 In

the same study it was explained how the de-agglomeration effi-
suggest that the fpf from the NovoliZslightly) increases with  ciency of a classifier can be optimised by varying the classifier
increasing span of the carrier size distributior 0.69). Forthe  shape (and dimensions) or the angles of impaction. The optimal
Diskus® the relationship between these two parameters is lessesign may be different for different powder formulations (e.g.
clear ¢=—0.31) butthe calculated trend is opposite to that foundcarrier size fractions), although the classifier in the currently
for the NovolizeP. Using coarse carriers has a negative effecimarketed Novolizé&t performs adequately with soft spherical
on the fpf from the Disku® (Fig. 4B; r=—0.72), whereas fpf agglomerates as well as with adhesive mixtures, even when dif-
from the Novolize? slightly increases with increasing median ferent carrier products are usefigs. 1-4. Fig. 5 shows the
carrier diametern{(=0.76). Finally,Fig. 4C indicates that fpf residence times at 30 and g@in for three different drug for-
from the NovolizeP does not seem to depend on the amount ofmulations as function of the diameter of the discharge channel
fines <15umin the carrier product< —0.30). This, in contrast for a classifier that has been optimised for coarse carrier prod-
with fpf from the Disku& (r=0.91) which increases strongly ucts K50 between 150 and 2Q0m). The classifier resistance as
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3 X 60
I\ = -+ Novolizer
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Fig. 5. Time necessary to completely empty the classifier (referred to as resiig. 6. Fine particle fractions $5m as percent of label claim for four different
dence time) as function of the diameter of the classifier discharge channel foparketed dry powder inhalers at four different pressure drops. Open symbols
three different drug formulations in the same classifier concept. Closed symbolgre for budesonide (NovoliZrand Cyclohalé?) and fluticason (Diski®);
(continuous lines): 6GW/min (corresponding with 4 kPa); open symbols (dotted ¢losed symbols are for salbutamol (Novoli2emnd Cyclohalé?) and salmeterol

lines): 30 k/min (corresponding with 1kPa). Each data point is the mean of(pisku®). The Turbuhalé? (asterisks) was also tested with budesonide.
three measurements; spread bars indicate the maximal and minimal values.

Table 2 3.4. Fine particle fraction as function of the inspiratory

Some characteristics of the classifier with different discharge channels otffort
which the powder residence time and in vitro deposition results are shown in

Figs. 5 and respectively For generic drug formulations, the aim is not to be as good
Diameter discharge channel (mm) 7 7.5 8 as possible, but to be equivalent to the originator product on the
Total inhaler resistance (kP&min|~1) 0.036 0.034 0.033 market.Fig. 6 shows the fpf<fum for budesonide and salbu-
kPa at 30/min 117 0.98 0.96  tamol formulations from the currently marketed Novolf2én

kPa at 60j/min 4.67 3.92 3.69

comparison with the fpf's from the a few competitor devices at
four different pressure drops (2, 4, 6 and 8 kPa). The CycloRaler
Alldischarge channels have the same construction and differ only inthe diametghgs heen tested at a lower range of pressure drops (1-4 kPa),
because this inhaler has a lower air flow resistance. The flow
rate through the Cyclohaf@rat 2 kPa (82\/min) is about the
function of the discharge diameter is giverTable 2 Thistable  same as that through the Novolizer at 4 kPa (8in). In com-
also presents the pressure drops across the inhaler correspondjragison, 4 kPa equals 8§¢/min through the Flixotid® (flutica-
with 30 and 60)/min. According to pharmacopoeial proce- son) Disku€ and 75 k/min through the Sereveéh(salbutamol)
dures, the entire dose has to be delivered in a time period withiBiskus®. Only the flow rate through the Turbuhdteis substan-
which 41 of airis withdrawn from the inhaler’s mouthpiet¢3P tially lower at this pressure drop: 5¢/min.
27, 2004. However, patients suffering from pulmonary disease The relationships between the fine particle fraction and pres-
may have a reduced pulmonary function and be unable to inhakure drop for the Turbuhaf®rand NovolizeP differ funda-
4| of air. Also a fraction of the inhaled volume is necessary formentally from those obtained with both DisRuihalers and
drug transport into the peripheral lung. Therefore, delivery ofthe Cyclohale?. The fpf from the first two inhalers increases
the entire dose in the first 2| of inhaled air is to be preferred. Fowith increasing kPa (to values >40-50% of the label claim),
aflow rate of 60);/min, this equals an inhalation time of 2 s. For whereas that from the Diskfisinhalers and the Cyclohaf®r
the carriers used in the drug formulations that are presented is nearly the same (approximately 25% of the label claim)
Fig. 5, a discharge channel of 7.5 or 8 mm would therefore beat all pressure drops. The reason for this difference in per-
satisfactory. Although the relationships at gfrhin (open sym-  formance is a difference in de-agglomeration mechanism; the
bols) are influenced by the occurrence of some tribocharge, thdovolizef® and Turbuhalé® make use of other types of separa-
results confirm previously reported datie(Boer et al., 2006  tion forces than the Disk{fsand Cyclohalé?. In the NovolizeP
which show that the residence time for coarse carriers is practand Turbuhalé?, inertial and frictional forces are primarily
cally independent of the flow rate through the classifier. The ainmesponsible for fine particle detachment and break-up of drug
to control the residence time within a time period of 1-2 s (atagglomerates, respectively. The higher the kinetic energy of the
60 In/min and higher) is also in good agreement with the timeinspiratory flow, the higher these forces will become and the
period in which the (sub-)maximal fpf can be obtaindd Boer  more effective drug redispersion will be. In the DisRuand in
etal., 2004a, 200&nd with what patients can achieldewman  the Cyclohale?, drug redispersion depends primarily on tur-
et al. (2000Yyeported inhaled volumes through the Novol&er bulent shear (drag and lift forces). For this type of inhalers,
of 3.131 (at an average flow rate of 991/min), 2.961 (65 I/min) the magnitude of the separation forces is less relevant than
and 2.771 (54 I/min) without giving the instruction to inhale as their effectiveness in getting hold of the drug particles that
long as possible. adhere to the carrier surfaces. Drug patrticles in carrier surface

Classifier flow as fraction of total flow 0.60 0.61 0.64
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100 ~> Respiratory substantial, considering that a moderate increase in the flow rate
- Transitional (with 40 1/min) already halves the central and deep lung depo-
80 -=-Resp + Transit sition of 5um particles (for the range of flow rates kig. 7).
~-Conducting Good support for this reasoning is obtained from a scintigraphic
60 1 study of Newman et al. (200Q0)who measured a rather con-

stant ratio (0.9-1.0) for the peripheral lung deposition to central

40 \. lung deposition for budesonide inhaled from the Novoftzat
20 - 54, 65 and 991/min, respectively. If the fpf would have been
the same at all flow rates, a decreasing ratio with increasing

0 ‘ . ‘ flow rate would have been more likely. Peripheral lung deposi-

0 20 40 80 80 tion itself increased only from 6.5 to 8.5% between lowest and
highest flow rate. This is a relatively small increase considering
the much greater difference in delivered fine particle fraction
Fig. 7. Example of the shift in deposition from the respiratoy zone (airway (<5 um) between 54 (approximately 23%) and 99 I/min (approx-
generations 23-17) and transitional zone (generations 16-12) to the conductipately 45%) for the same drug from this device (B&g 6). In
ok o o & s, o o st o oo same sy, Netman ot o showed tha the rophiarengeal
of Gerrity (1590) ‘Ryesp+Transit’ is the sum of rgspiratory and transitional éeposnmq (including mouth deposmon.) is rather ConSta,nt from
deposition fractions. All regional deposition fractions have been expressed dbe Novolizef at all flow rates too. This seems to confirm an
percent of total deposition fraction (on average 0.828 for all flow rates). increase in the deposition of detached fine drug particles in the

(oro)pharynx when the flow rate is increased, as the deposition
discontinuities may not be affected by these forces. Thereforén the oral cavity from drug still attached to carrier becomes
carrier surface irregularities are much more important when turess (because of an improved de-agglomeration). The conclu-
bulent shear inhalers are used than they are for dpi's making uséon regarding mouth deposition may be considered somewhat
of inertial separation forces. The Cycloh&l@ould be regarded arguable however, considering the extreme variation that may
as a hybrid in terms of de-agglomeration however. Next to turbueccur in the cross section of the upper airway, as has recently
lent shear, there may be a contribution frominertial and frictionabeen observed with MRI techniquEl{tezazi et al., 2004 This
forces to drug particle dislodgment, as carrier particles collidesariation may have a dramatic effect on the particle deposition
with the inner capsule walls during capsule spinning. They mayn this region Ehtezazi et al., 2005aalthough this upper airway
also collide with the inner wall of the capsule circulation cham-deposition seems to vary rather with the inhaler resistance than
ber upon discharge from the capsule. with the flow rate Ehtezazi et al., 2005b
It has been mentioned that a constant fine particle fraction at

all flow rates yields a more constant therapy. Therefore, itis rec3.5. Size distribution within the fine particle fraction
ommended that the aerodynamic particle size of the aerosolised
drug is independent of the inspiratory effort (ezgng et al., In spite of delivering the same fine particle fraction {sth)
2002. This may be questioned on the basis of theoretical considat the same flow rate, the lung deposition of inhalers may be dif-
erations, however. Lung deposition modelling studies all showerent when the size distribution within the fpf is not the same.
the same trend of a shift in deposition towards higher airways fofhis should not necessarily result in different efficacl&da
the same particles when the inspiratory flow rate is increasect al., 2002, but it could cause considerable differences in side
Thisis due to a higher momentum of these particles at a higher agffects (Meda et al., 2004 Fig. 8A shows the subfractions of
velocity, which increases the contribution of inertial impaction toparticles <1, 1-2, 2—3, 3—4 and 4B within the total fine par-
upper lung deposition. A very clear example for particles withticle fraction <5um for the cortico steroid formulations from
an aerodynamic diameter ofuSn is given byGerrity (1990)  the Novolize®, Turbuhale®, Disku® and Cyclohalétat 4 kPa.
Fig. 7is based on his calculations and shows how the depositioRor a better comparison, all subfractions have been presented
fraction in the conducting airways (generations 0-11) increaseas percent of total fpf (defined as particlessrh). The differ-
with increasing flow rate at the cost of the deposition fractionences are quite noticeable, e.g. the subfraction of particlas<2
in the respiratory (generations 17-23) and transitional (generaaries from 28.8 (for Diskif®) to 58.7% (for Novolize?) of total
tions 12—16) airways. Iffig. 7, the partial deposition fractions fpf. Also at other pressure drops the aerosol from the Nov&lizer
have been expressed as percent of the total deposition fractios.finer. The difference between the inhalers is not necessarily
The conclusion that increasing the inspiratory flow rate reducea result of different de-agglomeration efficiencies. There may
the fraction of aerosol that is deposited in the respiratory generlso be differences in the primary particle size distributions of
ations is confirmed by others (eldartonen et al., 1992; Brand the drugs. Sometimes, somewhat broader size distributions are
et al., 200%. To compensate for this shift in deposition to higherintentional, as larger drug particles are detached more easily
airways when the flow rate through an inhaler is increased, &om the carrier crystals than smaller ones. It could also be the
higher fine particle dose will have to be delivered in order toresult of a sustained action of the forces that separate the drug
obtain the same amount of drug in the target area (assuming thand carrier particles during inhalation. Previously, it has been
this is in the respiratory and transitional airways). The increasshown that the particle size of detached particles decreases with
in fpf with increasing inspiratory effort may have to be ratherincreasing circulation time in a classifiefg Boer et al., 2004b

percent of total deposition (%)

flow rate (I/min)
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100 7 effects of tribocharge in the classifier are suppressed. As a result,
the circulation velocity in the classifier is high. The result of
< 80 - these choices is that the magnitude of the adhesive forces in
£ the mixture is reduced and that of the separation forces during
© 60 gz'i“m inhalation is increased. Like the Turbuh&lethe Novolizef
= o> L‘2 produces an increasing fpf.WI'[h increasing pressure drop across
5 40 21 -2 um the mhalgr. This increase in fpf |s.expected tp com.pen.sate for
g m<1pm the shift in deposition to higher airways at higher inspiratory
S 20 — flow rates. Lung deposition data obtained with the Novoftzer
= (Newman et al., 200Geem to confirm this expectation. Finally,
o 4 the NovolizeP produces a much higher fraction of extra fine
(A) Novolizer Turbuhaler Diskus ~Cyclohaler particles (1-3.m) within the fine particle fraction (fpf<pm)
than competitor devices. In vivo deposition dataNgiwman et
100 al. (2000)suggest that this extra fine particle fraction contributes
- to a higher intermediate and peripheral lung deposition.
g 8 Y ——
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