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Abstract

The present study illustrates and evaluates the capability of the double-barrier-desiccant system to regulate the humidity inside
a medicament powder chamber. The model medicament chamber chosen was the reservoir-based dry powder inRaler Taifun
The study was focussed to screen the critical parameters affecting the function of the desiccant system. For this purpose a novel
simulation method was developed and applied to predict the progress of the internal relative humidity of the powder chamber.
The simulation method showed good correlation with the measurement results and, hence, it was concluded that it was valid
for the system. According to the simulations, effective regulation of the humidity inside a closed powder chamber with the
double-barrier-desiccant system is possible for a prolonged time. However, this can be achieved only if the critical parameters,
such as the permeabilities of the desiccant container and the powder chamber, the amount of the desiccant and the initial moisture
content of the desiccant, can be accurately specified and strictly controlled in the production of the components comprising the
medicament chamber.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ucts are widely recognized. For the materials or prod-

ucts known or suspected to be moisture sensitive, ef-

The negative effects of moisture on the chemical forts to protect the product from the adverse effects
and physical stability of pharmaceutical drug prod- of moisture are made by modifying the product so

Abbreviations: ABS, polyacrylonitrile—butadiene—styren€; , Langmuir constantAt, time interval between the steps of the iterative
simulation cyclesmngr, weight of the moisture adsorbed on the desiccant during the measuramgntinitial moisture content (mg) of
the desiccantingess dry weight of the desiccant (mg) loaded in the desiccant contamgiy, the maximum amount of moisture (mg) in
the head space of powder chamber, i.e. the product of the water content at the dew point R21028hC and 51.1 g/ at 40°C) and
the head space volume (2.42ml); PC, polycarbonate; PP, polypropylene; PTFE, polytetrafluoroethylene (Teflpmel&ie humidity
(% RH) inside the powder chamber; R4, relative humidity (% RH) inside the desiccant container;cRHrelative humidity (% RH) of
the environment, i.e. ambient humidity; Rl relative humidity (% RH) inside the powder chamber when the chamber is closed; RH
ambient humidity (% RH) in equilibrium with the desiccamy,, Langmuir constant, the weight of the adsorbed molecules forming a
monomolecular layer per the weight of the dry desiccant
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as to be more resistive against moisture, by treating package Kontny et al., 1992 The simulated results
the surface of the material with a hydrophobic ex- were successfully correlated with the chemical stabil-
cipient Keller and Muller, 200D or by incorporating ity results of a moisture-sensitive druggdawy et al.,
the moisture-sensitive material into a protective matrix 2001). The applied simulations are valid with certain
via freeze- or spray-dryingy(i, 2001; Hinrichs et al., precautions for the so-called single-barrier-desiccant
2007). However, perhaps the most common and sim- system where the equilibrium of moisture with the
plest way to protect the product from moisture isto uti- solid components inside the package is achieved
lize protective packaging material and include a des- rapidly relative to the permeation into the package.
iccant inside the package, if necessary. The function The single-barrier-desiccant system is defined as a
of the desiccant is to preferentially sorb the moisture system in which the desiccant is packed in a very
permeating through the package wall material, and to permeable or porous container, which does not consti-
maintain such a low humidity level inside the package tute any barrier against moisture transfer, and where
that moisture is unable to interact adversely with the the desiccant material is in equilibrium with the hu-
moisture-sensitive product. It should be kept in mind midity of the head space of the package. The only
that all plastic materials are permeable to moisture, barrier against the moisture transfer is the walls of
even polytetrafluoroethylene (PTFE; Teflon). the package itself.

A widely used approach to control the internal hu- The above-mentioned desiccant set-up has certain
midity of closed packages is to use water-insoluble disadvantages, one being the fact that the internal hu-
absorbents that have a large capacity to sorb mois- midity of the package will initially be low if dry desic-
ture. An alternative is to use chemical absorbents that cant is loaded in the package. In addition, the humidity
irreversibly sorb water molecules in their structures. can reach the environmental level quite rapidly if the
Another possibility is to apply desiccants that adsorb desiccant capacity is exhausted. With reservoir-based
moisture at their surfaces or in pores more or less re- dry powder inhalers (DPIs), where the dosing mecha-
versibly. Widely used examples of this category are nism consists of moving parts, the electrostatic forces
molecular sieves and silica gel. Silica gel is a very pop- can readily reach a level, especially under dry condi-
ular desiccant due to its high moisture capacity and its tions Busnaina and Elsawy, 200)@hat can adversely
non-toxic nature, and because it is inexpensive. affect the function of the DPI. It is also recognized

On the other hand, it is possible to use water-soluble that low relative humidity enhances the generation
solutes and their ability to form a saturated salt solu- of electric charging due to the triboelectrification of
tion that tends to generate a constant water pressureflowing powders Eilbeck et al., 2000; Greason, 2000;
above the solution. The practical utilization of this Woodhead and Armour-Chélu, 2003Beside this,
kind of desiccant requires the physical separation of especially with DPIs, variations in humidity are unde-
the solution from the medicament product, and hence sirable since the capillary forces between the particles
is not convenient. comprising the dry powder formulation are known

Regarding water-insoluble adsorbent-type des- to increase with rising humidityRodczeck et al.,
iccants, the sorption—desorption moisture transfer 1997; Kappl and Butt, 2002; Bérard et al., 2002;
(SDMT) model has been developed and successfully Price et al., 200Rresulting in variation of aerosoliza-
used to predict moisture transfer between a solid prod- tion efficiency, delivery efficacy and the performance
uct and a desiccant inside a closed packatyg(afi of the inhalation deviceJashnani and Byron, 1996;
et al.,, 1988 The SDMT model takes into account Young etal., 200 The most dramatic and noticeable
the initial masses, moisture contents and moisture manifestation of the increased capillary forces is the
sorption profiles of the product and the desiccant to formation of liquid bridges between the particles due
predict the redistribution of moisture inside the sealed to the hygroscopic components of the formulation.
package, as well as the final internal relative humid- Moreover, adhesion forces between the particles and
ity. The model ignores the transmission of moisture the substrate (e.g. the primary polymeric components
through the package walls. Theoretical simulations of DPIs) are humidity dependent, thus affecting the
extended the use of the SDMT model to take into performance of the inhalerB(snaina and Elsawy,
account the moisture permeation properties of the 2000; Sedin and Rowlen, 200
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Fig. 1. (a) Schematic drawing of the medicament chamber of the double-barrier-desiccant system consisting of the powder chamber and

the desiccant container. Also the humidity sensor to measure the internal humidityisRidpresented. (b) Generation of RHaccording
to Eq. (1) when RRon = 17% RH, RRn = 75% RH, Peon = 40 ng/(min %RH) andPe, = 20 ng/(min %RH).

On the basis of the above-mentioned studies, it 2. Materials and methods
can be concluded that to avoid the risk of the vari-
able performance of DPIs it would be beneficial
to reduce the adverse changes in interparticulate
and particle/substrate adhesions by regulating the The schematic drawing of the double-barrier-
humidity level within a narrow range of variation, desiccant system is presented Fig. 1a With the
e.g. 30-60% RH inside the medicament chamber. desiccant set-up, the factors affecting the internal
Within this range, the electrostatic forces can be humidity of the powder chamber (RE) are mainly
expected to be minimized by relatively high hu- the same as with the normal single-barrier-desiccant
midities, and the capillary forces can be expected system. The factors determining the progress ofRH

2.1. Theory

to be minimized by relatively low humidities. Of

course, the limits of the internal humidity range are
characteristic for the specific formulation depending
on the physico-chemical properties of the ingredi-
ents of the formulation, as well for the polymer
materials the components are made of. A solution
to regulate the internal humidity could be the use
of the so-called double-barrier-systenhatkinen,

2000, where the water molecules have to penetrate

through both the medicament (powder) chamber wall
and the desiccant container wall before they will be

are the dry massyesqd, the initial moisture content
(minit) and the moisture uptake profile (adsorption
isotherm) of the adsorbent in addition to the total
effective permeabilities of the powder chambBg
and the desiccant containeP:(,). To calculate the
evolution of RHy as a function of time, the head
space volume and the relative humidity when the
chamber is closed (Rkk) are also needed. When
the head space volume is multiplied with the water
amount at the dew point at a particular temperature,
the maximal water contentinax) that the head space

scavenged by the desiccafid. 1). The relative val- volume is capable of holding is obtained. In the
ues of the permeabilities for the chamber and the con- present study, no powder formulation has been in-
tainer are crucial, as are their absolute values, and thecluded in the container. Nor is the water solubility of
amount of the desiccant. The aim of the present study the polymeric chamber and container materials taken
is to elucidate the function and performance of the into account but, regarding the simulations, they are
double-barrier-desiccant system, develop a simulation estimated with separate measurements.

method to predict the progress of humidity within When the powder chamber containing the desiccant
the medicament chamber as a function of time under container is closed and moved into another humid con-
variable environmental conditions, and compare the dition, the RHy, value generated within the chamber
measurement and simulation results to validate the after the parts have reached equilibrium with the new
method. condition can be estimated with a simple rate balance
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equation
Pcon(RHch — RHeon) = Pch(RHeny — RHch) (1)

where RHn and RHon are the relative humidities

of the environment and the desiccant container gener-

ated by the desiccant, respectively. The other parame- o VmCLRH
oo Am (%) =

ters are as stated above. The equation is based on the

fact that the total effective transmission rates of mois-
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The capital letters above can be regarded as the
columns of Exé? and the equations for each column
are presented iM\ppendix A The moisture uptake
profiles for the used desiccant are described in the
present work with the Langmuir equation

PR 2
1+ CLRHx
where RH is the relative humidity in the unit of %

ture through the container and chamber walls must be RH.

equal in the equilibrium. If the situation depicted in
Fig. 1b where Pc, = 20 ng/(min %RH) andPcon =
40 ng/(min %RH) is considered, the generated humid-
ity RHch at the beginning of the measurement would
be 36% RH.

Under humid conditions more moisture will pen-
etrate through both of the walls and Rjd will also

increase in accordance with the adsorption isotherm.

The process will proceed gradually, slowing down as
the humidity gradients diminish until the desiccant is
in equilibrium with the environmental humidity and
RHcon = RHech = RHepy. This process can be sim-
ulated with iterative calculation cycles at certain
intervalsAt by calculating the following steps for the
cycles:
A The total moisture content (mg) inside
the powder chamber calculated at the
previous time point excluding the initial
water content when the chamber was
closed (Rhhit).

The amount of water that permeates from
the environment into the chamber during
At.

The humidity (% RH) inside the chamber
calculated fromA;, B; and RH,; (i.e.
RHch)-

The amount of water that permeates from
the chamber into the container during

as calculated fron€; andF;_1.

The total amount of water that has
permeated into the container calculated
from D; andE;_; (i.e. the amount of
water adsorbed by the adsorbemg,).

The humidity (% RH) inside the
container as calculated accordingBg

the Langmuir constantd/,, andC;, the

dry mass of the desiccaniesg and its
initial moisture contenmynit (i.e. RHop).

2.2. Materials

White granular silica gel (Grace Davison, Columbia,
USA) was used as the desiccant material. The Lang-
muir constants Eq. (2) were determined gravi-
metrically at 25 and 40C, and were as follows:
W,, = 84.03/C; = 0.00827 andw,, = 82.66/C; =
0.00670, respectively.

The model medicament chamber was the T&ifun
(Focus Inhalation, Finland) dry powder inhaler that is
described in detail elsewheregnkinen, 1994, 2000
The chamber utilized in the present work comprised
of the body and the lid (the powder chamber), the dose
pin and the desiccant container. The dose pin was
equipped with a dose slot for the volumetric metering
of the dose. For the proper transfer of the metered dose
out of the chamber, the holes at both ends of the cham-
ber were equipped with compliant seals. The head
space volume of the chamber was 2.42 ml, and thus
Mmax €quals 0.0557 and 0.1237 mg at 25 and@p
respectively. The wall materials of the chamber were
polypropylene (PP) and of the container polycarbon-
ate (PC). In the measurements at’25a mechanical
holder made of polyacrylonitrile—butadiene—styrene
(ABS) was also used. The holder showed no effect
on the permeation of the water into the chamber.

In the measurements of the internal humidity §gH
the silica loaded in the containemgesc = 670 mg)
was premoisturized with 9 mass% of water;f; =
60.3mg). The use of totally dry silica was avoided
in the inhaler since it was found to enhance adverse
electrostatic effects that dramatically affected the per-
formance of the inhaler in everyday use.

2.3. Measurements of internal humidity

Monitoring the progress of the internal humidity
RHqn of the powder chamber was performed with
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humidity sensors soldered into the walls of the con- tions generated with six distinct salt solutions. The

tainers by their wiresKig. 13. The humidity sensors
utilized at 25°C were HumicaB (Vaisala Oyj, Fin-

actual values of humidities were then obtained by
applying the linear calibration curve. At 4C, the

land), and the readings of the sensors were done atutilized RH sensors were SHT75 (Sensirion AG,

certain intervals with HM34 (Vaisala Oyj). Before

Switzerland), and the readings were done with EK-H2

the actual measurements, the sensors were calibrated(Sensirion AG). As the sensors were calibrated be-
The calibrations were performed by determining the forehand by the manufacturer, no calibration was
readings of the sensors at six different humid condi- needed.
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Fig. 2. Measured and simulated data for the internal humidity of the powder chambgy) (@blid symbols and solid line, respectively),

the measured weight increases of the medicament chambers (open symbols) and the simulated amounts of water adsorbed by the desiccan
(Mingr) (dashed line) as a function of time under the condition of @B0% RH. Values for the permeabilities used in the simulations

are: (a) Pch = 33 ng/(min %RH) andPcon = 19 ng/(min %RH), and (b)Peh = 44 ng/(min %RH) andPeon = 86 ng/(min %RH).
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The test conditions of 28/80% RH and 25°C/80% RH and 40C/75% RH, respectively. The
40°C/75% RH were maintained by means of climate measured weight increase curves represent the weight
test cabinets. At certain intervals, the readings of the changes of the total medicament chamber employed
humidity sensors were monitored in the storage con- in the study and consist of the moisture absorbed by
dition, i.e. the medicament chambers were not pulled the desiccant in the desiccant container and the water
out from the climate test cabinet since a change in absorbed by all the polymeric components comprising
temperature has a great influence on the measuredthe medicament chamber under study. The sharp step-

RH values inside a closed package. wise increase of about 18.5mg in the weights at the
beginning of the measuremeiig. 2 were due to the
2.4. Determination of permeabilities moisture absorbed by the polymeric components when

the humidity was raised from the ambient condition

The permeabilities of the desiccant containers were (21°C/20% RH) to the storage condition (26/80%
determined gravimetrically by weighing the contain- RH). This stepwise increase in the weight was caused
ers at certain time intervals while stored under three mainly by the holder made of ABS, since the water
distinct humid conditions at 25 and 4G. The sil- absorption for ABS is at least 10 times that for PC. Re-
ica loaded in the container contained 9 mass% of garding the powder chamber, it must be borne in mind
water and generated RH values of 17 and 18% RH that the higher the internal humidity the more water
inside the container at 25 and 40, respectively. is absorbed into the PP polymer. However, this effect
The corresponding permeability values were 19 and was minor due to the modest absorption of PP. Since
44 ng/(min %RH). When the containers were pierced no ABS holder was employed at 4G, the stepwise
to improve the permeability, the obtained value for increase (about 1 mg) was much more minor.

Pcon Was 86 ng/(min %RH) at 25C. At 25°C, the permeability of the solid des-
In the case of the powder chambers, the values of iccant containerPy,n, was found to be equal to
the permeabilities clearly varied due to the inconsis- 19 ng/(min %RH) with separate measurements as

tent quality of the compliant seals around the dose pin described inSection 2.4 For the chamber, it was
holes, and the permeabilities could not be determined found that Pe;, = 33 ng/(min %RH) according to the
before the chambers were closed. Because of this, notslope of the mass increase curve (0.04475 mg/h) and
only the internal humidities RE, but also the weights  the humidity gradient of 23% RH (80% RH versus
of the medicament chambers were recorded. After the 57.5% RH) over the wallKig. 29. When applying
polymeric components had reached their equilibrium Eg. (1) it was obtained, e.g. that Rkl = 57% RH.
solubility under humid conditions, which was recog- Thus, the results showed good correlation. When the
nized as a rapid weight increase at the beginning of the container was pierced to verify the influence of the
measurementHjg. 2), the observed weight increase improved permeability on the internal humidity, the
was mainly due to the moisture adsorbed by the des- obtained value foPco, was 86 ng/(min %RH). Now,
iccant. The weight increase curve can be used to cal- the slope of the mass increase equaled 0.11065 mg/h
culate the permeability of the chamber since the in- and the humidity gradient 41.5% RH, and thRg =
ternal humidity RH, is measured and environmental 44 ng/(min %RH) Fig. 2b. Applying Eq. (1) yielded
humidity RHypy is constant. Thus, when the slope of the value of 38% RH for RH,.
the weight increase curve (mg/min) is divided by the At 40°C, two measurements were performed to test
humidity gradient, the value d®;, is obtained. the significance of the moisture transmission resistiv-
ity of the powder chamber in the internal humidity
(Fig. 3). With separate measurements, it was found

3. Results and discussion that Pcon = 44 ng/(min %RH). In the measurements
with the more permeable powder chambeig( 39 it
3.1. Humidity measurements was found that the slope of the mass increase curve

was 0.08099 mg/h and RK = 49% RH, and thus
Figs. 2 and Jresent the results of the internal hu- Pe, = 52 ng/(min %RH). The corresponding values
midity RHcn and the weight increase measurements at for the less permeable powder chambg( 3b) were
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Fig. 3. Measured and simulated results of the internal humidity of the powder chambgy) (Bélid symbols and solid line, respectively),

the measured weight increases of the medicament chambers (open symbols) and the simulated amounts of water adsorbed by the desiccan
(mingr) (dashed line) as a function of time under the condition 0f@¥5% RH. Values for the permeabilities used in the simulations
are(2004) (a)Pch = 52 ng/(min %RH) andPon = 44 ng/(min %RH), and (b)Pch = 4.3 ng/(min %RH) andPon = 44 ng/(min %RH).

0.01331mg/h and R = 23% RH, respectively, of the chamber and the container, and the effects that
yielding the value of 4.3 ng/(min %RH) fd?c,. Also these tiny amounts of moisture have on the relative
here, applying=g. (1) gave good correspondences. humidities inside both the chamber and the container
during a short time interval. The correlation of the ad-
3.2. Humidity simulations sorbed moisture and the generated humid condition for
the desiccant must be known (adsorption isotherm) so
The principle of the simulation is to calculate the that the RHgn can be calculated. During the calcula-
amounts of moisture that transfer through the walls tion cycle it must also be considered that a part of the
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moisture permeated into the chamber will permeate o) I
into the container. The calculation cycle is iterated af- o
ter a short interval to obtain the progress of the internal
humidity as a function of time. Utilization of a short
enough interval during the calculation cycles is criti-
cal for the successful simulation. It was demonstrated
that applying time intervals shorter than or equal to
one minute would yield simulated Rkl curves that
differ less than 1% RH from each other at maximum.
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3.2.1. Validation of simulations 104 - ";P33i§3:g$§$::‘;j°§:;
The simulated curves for Rifand the moisture up- S . R
take by the adsorbent are representedfis. 2 and 0 30 60 90 120 150 180 210 240 270 300 330 360

3, together with the measurement results. For the hu- Time (d)

midity values the,conSIStenCy was good considering Fig. 4. The effect of the various powder chamber permeability
that the error limits for the RH sensors has usually values P¢p) on the internal humidity values of the powder chamber
been filed ast2% RH. The discrepancy between the (RHy) at 25°C/75% RH whenPeon = 20 ng/(min %RH).
measured and simulated weight increase curve is ex-

plained by the solubility of the polymeric components, . . ] .
especially at 25C, when ABS holders were used with ~ VErSe changes a_ﬁ‘ectmg the shelf life or functlc_)nahty
the chambersHig. 2). The deviation of the simulated ~ ©Of the powder, it could be seen from the simula-
curve from the measured data at4D(Fig. 3) at high tions that wherPen had the values of 50, 20, 10 and
moisture uptake values was obviously due to poor 5.0 ng/(min %RH), the corresponding thre;hold times
correlation between the Langmuir parameters and the Were 13, 145, 295 and 568 days, respectively.
actual adsorption isotherm. In addition, the possibil-

ity that the permeability properties of the chambers 3.2.3. Effect of P¢on

changed due to swelling as moisture was absorbed by BesidePg, the permeability of the desiccant con-
the polymers over a long period under humid condi- tainerP¢qnis the other main parameter determining the
tions could not be excluded. Overall, the simulations initial internal humidity of the powder chamber R
succeeded satisfactorily to predict the progress of the It also influences the evolution of the internal humid-
internal humidity of the powder chamber, and hence ity as a function of time. Considering a situation iden-

validated the method for use in other applications.

3.2.2. Effect of P¢p,

It is obvious that the permeability of the pow-
der chamber plays an important role in the evo-
lution of RH,. However, it is very laborious and
time-consuming to study the influence of the per-
meability Pc, on the internal humidity Rk with
measurements, especially when other factors Begn
are also crucialFig. 4 shows the simulation curves
of RHgh, for varied values oPqn. The environmental
conditions were 25C/75% RH, and the amount of
dry silica was 700mg containing 9 mass% of wa-
ter. The permeability of the desiccant contaifgsn
equaled 20 ng/(min %RH). In the case of a dry pow-
der formulation with a critical humidity value of 60%
RH at 25°C, after which the formulation suffers ad-

tical to the previous exampléig. 4), but whereP¢o,
was varied, the simulated curves of RHre shown in
Fig. 5. The permeability of the chamb®, had been
chosen to equal 20 ng/(min %RH). The effectReb,

on the progress of Rl was more complicated than

if Pch had been varied. If the limit value for RRlwas
considered as 60% RH, the times needed to reach the
threshold value were 98, 145, 145 and 137 days for
the RH;op values of 10, 20, 40 and 100 ng/(min %RH),
respectively. Thus, it was difficult to predict the effect
of the various permeabilities of the container on the
internal humidity without a proper simulation or mea-
surements. This is understandable sifgg, affects

not only the rate of the moisture ingress into the desic-
cant container but also the humidity gradient between
the powder chamber and the environment, and thus, in
turn, the moisture ingress into the powder chamber.
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Fig. 5. The effect of the various desiccant container permeabil-
ity values Pcon) on the internal humidity values of the powder
chamber (Rkh) at 25°C/75% RH whenPg, = 20 ng/(min %RH).

Fig. 7. The regulation effect of the double-barrier-desiccant system
on the RH, (solid line) against the changes in Bk (dashed line)
between 20 and 75% RH at 26 when Py = 20 ng/(min %RH),
Peon = 40 ng/(min %RH) andngesc= 500 mg.

3.2.4. Effect of Mgesc
The more desiccant a chamber contains the longer 3000 mg, respectively. As expected, the effect was rec-
time is needed to reach the environmental humidity tilinear.
inside the powder chamber. The rolemfescis pre-
sented inFig. 6, where Pc, = 20 ng/(min %RH) and 3.2.5. Variable environmental humidity
Pcon = 40 ng/(min %RH), the other parameters being  As the desiccant used in the present study showed
the same as in the previous caséig$. 4 and h The reversible sorption—desorption behavior, if hystere-
times to reach the threshold humidity of 60% RH in- sis was ignored, and as the walls of the chamber
side the chamber were 103, 207, 310 and 621 daysand the container formed barriers against moisture
for the desiccant dry weights of 500, 1000, 1500 and transmission, one excellent feature of the set-up
was its tendency to attenuate the ambient humidity
variations.Fig. 7 shows the simulation curve in the
07 S situation wherePy, = 20ng/(min %RH), Peon =
60 e 40 ng/(min %RH) and the environmental humidity has
- been changed between 20 and 75% RH@pat cer-
tain time points. Due to the double-barrier-desiccant
system, Rk, was regulated between 27 and 60% RH

50

Internal Chamber Humidity (%RH)

“L for the first 330 days. This effect was obtained with a
30+ dry desiccant of 500 mg, initially containing 9 mass%
w0 of water for the powder chamber of 2.42ml. With

j'j'jgjmjggomrgg increasing chamber volume more desiccant is also
10- M= 150mg needed.

0 AL I L I LA EANLEN BN B B R B B |
0 30 60 90 120 150 180 210 240 270 300 330 360

Time (d) 4. Conclusions
Fig. 6. The effect of the various amounts of dry desiccant .
(Mgesg oOn the internal humidity values of the powder cham- T_he present StUdy showed the_novel double-barrier-
ber (RHyp) at 25°C/75% RH whenPe, = 20 ng/(min %RH) and desiccant system to be a potential method to regulate
Peon = 40 ng/(min %RH). the humidity inside a closed medicament chamber.
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The simulation method for the system was developed, Bérard, V., Lesniewska, E., Andrés, C., Pertuy, D., Laroche, C.,

validated and applied to demonstrate the effects of Pourcelot, Y., 2002. Dry powder inhaler: influence of humidity

various parameters on the progress of the internal on topology and adhesion studied by AFM. Int. J. Pharm. 232,
s , 213-224.

hum“_j'ty Of the .p(_)Wder Chamb?r- On the basis _Of Busnaina, A., Elsawy, T., 2000. The effect of relative humidity on

the simulations, it is ease to estimate the appropriate  particle adhesion and removal. J. Adhesion 74, 391-409.

values for, e.g. the permeabilities of the desiccant Eilbeck, J., Rowley, G., Carter, P.A,, Fletcher, E.J., 2000. Effect

container and the powder chamber, plus the desiccant :’fbcolmat",‘]j,”att'_on ?ft p;‘a;’:]‘aceu“lgeg ‘;qtl“fme”t on powder

amount, so that the desired humidity can be controlled riboelectrfication. nt. /. Fharm. 199, £~

within a specified range for the defined time. In the
present study, the role of the formulation itself on the
evolution of the internal humidity was ignored as the

normal lactose-based formulations show moderate

moisture uptake behavior, but in future the method
will be extended to cover also this factor.
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Appendix A. Equations for the steps of the
iter ative calculation cycle (Exel® columns)

Ai=A; 1+ (Bi-1—D;_1)

Aj
Mmax

A; + B;

Mmax

C; = 100( ) + RHinit
D; = PeonAt(C; — Fi—1)
Ei=Ei 1+ D;

F— (100minit + 100E;)
" (mdesdVmCr) — Cr.(100ninit + 100E;)
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