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a  b  s  t  r  a  c  t

Dry  powder  formulations  are  often  composed  of  fine drug  particles  and  coarser  carrier  particles,  typically
alpha-lactose  monohydrate.  However,  the  performance  of  a  powder  formulation  may  be  highly  depen-
dent on  the  lactose  quality  and  source.  This  study  investigated  the  characteristics  of  lactose  that  influence
the  drug-to-carrier  interaction  and  the  performance  of  lactose-based  dry powder  inhaler  formulations.
The  selected  lactoses  differed  in the  preparation  processes  and  the  content  of  fine  lactose  particles.  Effi-
ciency  testing  was  done  using  fluticasone  propionate  and  terbutaline  sulphate  as  model  drugs.  Inverse
gas chromatography  was  used  to  determine  the  surface  heterogeneity  distribution  of  different  energy
sites  of  the  lactose  and  to understand  the  mechanism  by  which  the  fine  carrier  particles  can  improve  the
performance  of  dry powder  inhalers.  To  assess  the  adhesion  of  respirable-sized  drug  to  carrier  particles,
a  simple  method  was  developed  based  on  aspiration  and  considering  the  whole  blend  as  it is used  in  dry
powder  inhalers.  When  the percentage  of fine  lactose  is  high,  a  lower  quantity  of drug  adheres  to  the
lactose  and/or  the  adhesion  force  is  also  lower.  This  was  confirmed  by  the  aerosolization  assays  done  in
the TSI (twin  stage  impinger).  A  correlation  was  observed  between  adhesion  characteristics  and  inertial

impaction.  For  both  drugs,  the  fine  particle  fractions  were  highest  in blends  that  present  a  greater  pro-
portion  of  lactose  fine  particles.  A fairly  good  correlation  between  the fine  particle  fractions  of  both  drugs
and the  peak  max  value  and  the AUC  (area  under  curve)  were  found  by  inverse  gas  chromatography.
With  higher  fine particle  fraction  values,  which  correspond  to higher  content  of  fines,  the  peak  maxima
determined  by  inverse  gas  chromatography  were  shifted  to higher  adsorption  potentials,  which  supports

hesis.
the  agglomeration  hypot

. Introduction

Dry powder formulations are often composed of fine drug parti-
les and coarser carrier particles, typically �-lactose monohydrate
ecause it is an inert, cheap, broadly available and non-toxic excip-

ent (te Wierik et al., 2002; Pilcer and Amighi, 2010). This results
n the improvement of handling and processing properties, a more
ccurate dosing of the drug by dilution of the active substance to
uitable mass ratio and an increase in device performance (Young
t al., 2005). The fine drug particles are expected to adhere to
he carrier surface to form interactive mixtures (Hersey, 1975).
nteractions between particles are mainly dependent on the physic-
chemical characteristics of the interacting particles, that is to say

article size, shape, surface morphology, contact area and hygro-
copicity (Guenette et al., 2009; Hassan and Lau, 2009; Bell, 1994;
umby et al., 1997). These different properties will influence the

∗ Corresponding author. Tel.: +33 3 20964974; fax: +33 3 20959009.
E-mail address: marie-pierre.flament@univ-lille2.fr (M.P. Flament).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

drug-carrier blend process and also drug delivery from the car-
rier and its dispersion. So, the knowledge of these physicochemical
characteristics is particularly important to obtain reproducible and
efficient efficacy of the inhalation product.

However, the efficiency of a powder formulation may  be highly
dependent on the lactose quality and source (Steckel, 2002). The
lactose needs to be carefully selected for the efficient delivery of a
drug from the inhaler. The quality of lactose, that is to say sieved
or milled quality, used for the formulation of an inhalation pow-
der may  affect the aerodynamic behaviour of drug/lactose blends
(Steckel et al., 2004). Furthermore, every drug has its own charac-
teristics regarding its tendency to agglomerate and the ability to
form an adhesive mixture with lactose (te Wierik et al., 2002). So,
for each drug, specific lactose qualities have to be selected.

More recently, the adhesion of fine carrier particles to dry
powder formulation has shown to improve the dispersion and

deposition of drug particles (Zeng et al., 1998; Guchardi et al., 2008).
In the literature, two different mechanisms have been proposed
to explain the improvement of formulation performance by addi-
tion of fine particles of carrier. The first hypothesis supposes the

dx.doi.org/10.1016/j.ijpharm.2011.10.030
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:marie-pierre.flament@univ-lille2.fr
dx.doi.org/10.1016/j.ijpharm.2011.10.030
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ccupation of areas of high adhesion by fine excipient particles. It
as proposed that fine excipient particles preferentially bind to

he areas on the surface of the coarse carrier with the strongest
inding characteristics, thus forcing drug particles to bind to areas
ith weaker binding characteristics (Jones and Price, 2006). The

econd hypothesis supposes the formation of agglomerates of drug
nd fine excipient particles. So, during aerosolization, drug parti-
les are more easily liberated from fine particle multiplets than
rom the surface of coarse particles, as fine lactose was thought to
ave a smoother surface than coarse lactose, giving a reduced force
f adhesion between drug and fines (Jones and Price, 2006; Lucas
t al., 1998a,b). The presence of fine lactose particles in the mix-
ure may  be related to an increase in the tensile strength of the
owder bulk when it interacts with the airflow. Thus, the aerody-
amic drag forces exerted on the powder bulk are increased when

ncreasing the fine lactose particle quantity in the mixture (Shur
t al., 2008). Actually, the mechanism of action of the fine particles
emains unclear and more work is required to fully elucidate their
ole.

The concentration and particle size of fine lactose have to be
arefully controlled to obtain satisfactory and reproducible phar-
aceutical performance from a specific formulation associated
ith a specific device (Zeng et al., 1998).

The aim of this work was  to identify the characteristics of lactose
hat influence the drug-to-carrier interaction and the performance
f dry powder formulation using fluticasone propionate and terbu-
aline sulphate as model drugs. For this purpose, marketed lactose
ualities obtained by milling or by sieving were compared. From the
ame raw materials, two fractions of lactose were also prepared and
ested to help understanding the role of smaller carrier particles on
he performance of dry powder formulations.

Inverse gas chromatography (iGC) was used to determine
he surface heterogeneity distribution of different energy sites
f the lactose and to understand the mechanism by which
he fine carrier particles can improve the performance of dry
owder inhalers. IGC is a very sensitive technique to reveal
ifferences in surface adsorption energies. By starting a mea-
urement at infinite dilution, initially only the highest energy
ites will interact. By increasing the partial pressure more and
ore in order to reach finite dilution, less active sites will be

nvolved in the interaction and an adsorption potential distri-
ution caused by different energy sites can be generated. The
bjective is to find a general applicable method to describe the
actose qualities in advance and hence to predict the formulation
erformance.

. Materials and methods

.1. Materials

The two drugs tested were micronized terbutaline sulphate
TBS) and micronized fluticasone propionate (FP) supplied by
PTAR Pharma (Le Vaudreuil, France). These drugs present different
olarities estimated by their octanol–water partition (Log P). TBS is
ather hydrophilic (Log P 0.67) whereas FP is more lipophilic (Log P
.7). Two lactose grades with comparable mean diameter were used
s carrier: lactose A and lactose B. Lactose A is the Lactohale LH 200
Friesland Foods Domo, Zwolle, The Netherlands), a lactose quality
btained by milling whereas lactose B is the Inhalac 230 (Meggle,
amburg, Deutschland), a sieved lactose quality. Furthermore, 2

ractions of lactose without particles below 32 �m were prepared

rom A and B by air-jet sieving through a 32 �m sieve for 30 min
ith an airflow that produces a pressure drop of 4 kPa.

The drug/carrier blends were aerosolized with the Inhalator
ngelheim (Boehringer Ingelheim, Ingelheim am Rhein, Germany)
Pharmaceutics 422 (2012) 75– 82

after filling in hard gelatine capsules (size 3) (Capsugel, Colmar,
France).

2.2. Characterisation of the lactose qualities

2.2.1. Particle size distribution
The particle size distribution was determined with a laser parti-

cle size analyser Mastersizer S (Malvern, Orsay, France) by the wet
way on liquid dispersions using the 300RF lens and the small sam-
ple dispersion unit. A small quantity of lactose was dispersed in
ethanol with 0.5% polysorbate 80.

For each measurement, the mean diameter, the median diam-
eter, the diameters under which 10% particles (D 10%) and 90%
particles (D 90%) are to be found, respectively, are determined. Each
result is the mean of three measurements.

2.2.2. Water content
The water content was determined by Karl-Fisher titration as

described in USP XXX method. 1 g of lactose was dissolved in
methanol/formamide (50:50) previously titrated out the residual
water. Hydranal® Composite 5 was used as Karl-Fischer reagent.
Hydranal® Composite 5 has a titer of 5 mg  water/mL. It contains
iodine, sulphur dioxide in diethylene glycol monoether. The titer
of reagent was  re-determined before any analysis.

2.2.3. Scanning electron microscopy
Scanning electron microscopy (SEM) was  performed using

an ITACHI S4700 FEG (secondary electron). The samples were
mounted on aluminium stubs and coated with carbon. The images
were taken at an accelerated voltage between 3 and 6 kV.

2.2.4. Inverse gas chromatography
The surface heterogeneity distribution of different energy sites

of the lactose qualities was  determined by means of inverse gas
chromatography (SMS-iGC 2000 system, Surface Measurement
Systems, London, UK)) at an elutant oven temperature of 35 ◦C,
a column oven temperature of 30 ◦C, 0% relative humidity and a
helium carrier flow rate of 10 ml/min. Helium 5.0 was supplied
by Air Liquide (Nanterre, France). 1 g of lactose was packed into
a silanized glass column with an inner diameter of 3 mm and a
length of 30 cm and mounted with silane treated glass wool. The
columns were tapped for 10 min  in an iGC column packer (Surface
Measurement Systems, London, UK) at medium intensity (corre-
sponds to level 6). The measurement delay for equilibrating at 0%
relative humidity was  always set to 120 min  to remove physisorbed
water and impurities adsorbed on the surface. The pulsed injec-
tions were carried out by a 0.25 mL  gas loop. Ethyl acetate (HPLC
grade, Sigma–Aldrich, St Louis, USA) was used as elutant to predict
the interaction potential of lactose with non-polar and polar drugs,
respectively. The injection concentrations of the solvent vapours
were 0.1 p/p◦ for the reference gas methane (4.5 quality, Messer,
Germany) for dead time correction and 0.03, 0.05, 0.1, 0.33, 0.55,
0.77, 1.0, 1.1, 1.2 p/p◦ for ethyl acetate. All runs were performed
in duplicate and detected with a Flame Ionization Detector: for
combustion hydrogen 5.0 (Air Liquide, Nanterre, France) and air (fil-
tered and dried by Clearpoint® and Drypoint®, respectively, Beko,
Germany) were applied. The iGC raw data were analyzed by means
of the iGC Analysis Macros, Version 1.3.3 Standard and Version 1.25
Advanced (Surface Measurement Systems, London, UK). The areas
under the curves of the heterogeneity plots were calculated using
the software OriginPro 8.5 (OriginLab, Elk Grove Village, USA).
2.3. Blending lactose with drugs

Micronized terbutaline sulphate and lactose were mixed to a
ratio of 1:67.5 (w/w) (1.46% w/w),  in a Turbula blender for 2 h at
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0 rpm under controlled relative humidity. Each blend was  pre-
ared in 100 g quantity. Fluticasone propionate and lactose were
ixed at concentration of 2.5% (w/w) under the same conditions.

he concentration of 2.5% was chosen because this is the standard
oncentration used by APTAR Pharma for the fluticasone propi-
nate as a model formulation. For the terbutaline sulphate, it was
ot possible to obtain a homogeneous blend at 2.5% (w/w) so the
atio 1/67.5 often described in the literature was retained.

For each blend, the homogeneity was checked by dosing the
rug content on 15 samples and evaluating the content uniformity
see Section 2.5).

.4. Preparation of the capsules

The lactose/drug blends were filled into hard gelatine capsules
size 3) manually so that each capsule contained 500 �g of drug that
s to say 20 mg  of blend for fluticasone propionate and 34.25 mg  of
lend for terbutaline sulphate.

.5. Measurement of drug content and content uniformity

The quality of the blends was examined by analysing the quan-
ity of drug in aliquots of sampled powder which is the amount
f powder in each capsule: 20 mg  or 34.25 mg  for fluticasone pro-
ionate and terbutaline sulphate respectively. Samples were then
issolved in 25 mL  of adequate solvant, methanol/water (80:20) for
uticasone propionate and water for terbutaline sulphate.

The quantity of fluticasone propionate was accessed by using
PLC method (ProStar 230, Varian, Paris, France) with a Germini
18 column (150 mm × 4.6 mm,  5 �m)  according to an inter-
al validated method of APTAR Pharma. The drug was detected
V spectrophotometrically at a wavelength of 236 nm. The limit
f detection and quantification are respectively 0.01 �g/mL and
.05 �g/ml. Linearity was determined and found to be acceptable
or solution ranging from 0.01 to 23 �g/mL with R2 was  found to
e 0.9957.

In the case of terbutaline sulphate, the drug concentration was
etermined by measuring UV absorbance at 276 nm (UV-1650PC,
himadzu, Kyoto, Japan). The linearity of this method was found in
he working range from 1 to 100 �g/mL with R2 was found to be
.9999.

From the 15 results of drug content in the samples, we calcu-
ated the average content in drug and the mean recovery related to
he nominal dose. The variation coefficient was used to assess the
ontent uniformity of the blends.

.6. Evaluation of adhesion characteristics

To assess the adhesion of respirable sized drug to carrier par-
icles, a simple method was developed based on aspiration and
onsidering the whole blend as it is used in dry powder inhalers.
dhesion characteristics were evaluated by submitting the mix-

ures to a sieving action by air depression with an Alpine air-jet
ieve (Hosokawa Alpine GmbH, Augsburg, Germany) used with an
irflow that produced a pressure drop of 4 kPa. 30 g of blend was
laced on the 32 �m sieve section of the Alpine air-jet apparatus.
hree samples of 20 mg  for fluticasone propionate or 34.25 mg  for
erbutaline sulphate were removed from the powder bed after siev-
ng for different lengths of time: 5, 30, 60,150 and 300 s. For each

ample the percentage of remaining drug was compared to the ini-
ial dose, which is an indicator of the quantity of drug that adheres
o the carrier. Temperature and relative humidity were controlled
t 20 ◦C and 40–45% for all experiments.
Pharmaceutics 422 (2012) 75– 82 77

2.7. Aerodynamic evaluation of fine particle dose and emitted
dose

In vitro deposition of drug from dry powder formulations was
determined using a twin stage impinger (TSI, Apparatus A, Euro-
pean Pharmacopoeia, 2009). The TSI was assembled and loaded
with 7 ml  and 30 ml  of solvent in the upper and lower stage respec-
tively. Each deposition experiment involved the aerosolization at
60 l/min via an Inhalator Ingelheim of 5 capsules containing 500 �g
of drug. The different parts of the TSI were rinsed and the amount
of drug deposited in the upper and lower stage was determined.

For each blend, the assays were performed in triplicate and the
following parameters were used to characterize the deposition pro-
files of the drug:

-  the emitted dose (ED), which is the sum of drug collected at upper
and lower stages, divided by the number of capsules tested,

- the fine particle dose (FPD) defined as the amount of drug
deposited in the lower stage of the TSI, because their aerodynamic
diameter was less than the cut-off diameter of the TSI (6.4 �m at
an air-flow rate of 60 l/min), divided by the number of capsules
tested

- the percentage emission calculated as the ratio of ED to the aver-
age content and

- the fine particle fraction calculated as the ratio of FPD to the
emitted dose.

Temperature and relative humidity were controlled at 20 ◦C and
40–45% for all experiments.

A statistical ANOVA F test was applied to the results obtained
with TSI.

3. Results and discussion

3.1. Characteristics of the carriers

Table 1 presents the particle size of lactose qualities A and B.
Both present comparable mean and median diameters but the per-
centage of particles below 32 �m is different. Lactose A, which is
obtained by milling contains a higher percentage of these parti-
cles. The milling process produces fine materials that adhere to
the surface of the larger particles. This is confirmed by the SEM
observations (Fig. 1a and c).

The SEM photographs in Fig. 1 show the morphology of lactose
qualities A and B, with and with no particles below 32 �m.  They
exhibit tomahawk shape, which is typical of �-lactose monohy-
drate and is the shape of lactose crystal allowed to grow to maturity
(Larhrib et al., 1999). The fine particles attached to the large carrier
particles are clearly visible in the case of lactose A (Fig. 1a and c).
When the lactose is subjected to the Alpine air-jet sieve to remove
particles below 32 �m,  the decrease in the level of fines is visually
observed (Fig. 1b–e). This is accompanied by a decrease in apparent
surface roughness.

For all the lactose qualities, the water content measured by the
Karl-Fisher titration (data not shown) was  about 5%, which is typical
of �-lactose monohydrate and is in agreement with the specifica-
tions of the European Pharmacopoeia: water content between 4.5%
and 5.5%.

The calculated iGC heterogeneity plots with ethyl acetate of the
four lactose grades investigated are depicted in Fig. 2. The iGC peak

max  value in J/mol indicates that the most energy sites of the lactose
surface have this stated adsorption potential. With increasing peak
max, the area under the curve (AUC) is also augmented. In Table 2,
an overview of the single mean values is given.
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Table  1
Particle size distribution of the carriers.

Lactose Mean diameter (�m) Median diameter (�m) D 10% (�m) D 90% (�m) % Fines (<32 �m) removed
by the air-jet sieve

3

b
d

A 74.76 70.59 

B 71.41 69.66 

.2. Content uniformity
Table 3 shows the average drug contents of the carrier/drug
lends and coefficients of variation (CV). All formulations present a
rug recovery over 97% and a satisfactory uniformity with CV less

Fig. 1. Scanning electron micrograph of lactose A (a and c), lactose B (e), lactose A with n
7.69 145.73 19.3
19.42 123.89 9.9

than 3% (terbutaline sulphate) or 4% (fluticasone propionate). Blend

homogeneities seem to be slightly higher in the case of terbutaline
sulphate. All individual recovery was  comfortably within 85–115%
of label claim, suggesting that homogeneous blends were obtained
for all drug/lactose blends.

o particles below 32 �m (b and d) and lactose B with no particles below 32 �m (f).
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Fig. 2. Surface energetic heterogeneity plots of lactose A and B with and without fines obt
lines:  cones symbolize increasing tendencies of adsorption potential maxima and areas u

Table 2
Peak max  values and areas under the curves (AUC) of the iGC heterogeneity plots
measured with ethyl acetate for the lactose grades (mean ± span, n = 2).

Lactose grades iGC heterogeneity plots obtained
with ethyl acetate

Peak max  (J/mol) AUC × 100,000

Lactose A 3165 (±3) 126.9 (±2.3)
Lactose B 2888 (±8) 103.3 (±2.8)
Lactose A with no particles

below 32 �m
2802 (±11) 94.5 (±2.1)

Lactose B with no particles 2761 (±3) 88.3 (±1.1)
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tose fine particles termed multiplets are formed enabling greater
drug detachment. In our case, the fine particle multiplets theory

T
A

C

below 32 �m

.3. Adhesion characteristics

The adhesion characteristics of the each drug with the four
actose qualities, raw lactoses A, B, and lactoses A and B without
articles below 32 �m,  by analysing the drug present on the 32 �m
ieve after sieving the blends with the Alpine air-jet sieve, were
ompared.

Fig. 3 presents the percentage of fluticasone propionate (Fig. 3a)
r terbutaline sulphate (Fig. 3b) remaining on the carrier in relation
o the duration of the sieving step. A similar drug loss over time was
bserved for all investigated blends. The quantity of drug remain-
ng after 5 s is an indicator of the quantity of drug that strongly
dheres to the lactose. Indeed, as drug particle size is much lower
han 32 �m,  if the drug particles were individualized in the blend
nd not adhered on the carrier, they would be carried away through
he 32 �m sieve by aspiration. After 5 s, about 74% fluticasone pro-
ionate remains fixed on lactose A, 79% on lactose B, 87% on lactose

 with no particles below 32 �m and 88% on lactose B with no par-
icles below 32 �m.  In the case of terbutaline sulphate, after 5 s
bout 55% remains fixed on lactose A, 70% on lactose B, 76% on lac-

ose A with no particles below 32 �m and 83% on lactose B with
o particles below 32 �m.  In all case, more fluticasone propionate
han terbutaline sulphate remains fixed, particularly in the case of

able 3
verage drug content of the carrier/drug blends.

Blends Average drug co

Lactose A + TBS 1.44% 

Lactose B + TBS 1.46% 

Lactose A with no particles below 32 �m + TBS 1.43% 

Lactose B with no particles below 32 �m + TBS 1.46% 

Lactose A + FP 2.47% 

Lactose B + FP 2.43% 

Lactose A with no particles below 32 �m + FP 2.42% 

Lactose B with no particles below 32 �m + FP 2.45% 

V: coefficient of variation.
ained with ethyl acetate (determination of peak max  values is indicated by vertical
nder the curves resulting in higher fine particle fractions).

lactose A. With this lactose quality, a lower quantity of drug adheres
to the lactose and/or the adhesion force is lower.

The evolution with increasing aspiration times shows drug
detachment, particularly during the first 30 s. But, after 5 min, a
plateau is obtained, a considerable quantity of drug is not released
from the carrier with variations according to the lactose and the
drug under consideration. For example, 20% TBS remains fixed on
the lactose for the blend lactose A/TBS and 70% FP for the blend
lactose B/FP.

For fluticasone propionate (Fig. 3a), adhesion on lactose A is
lower, more drug is released. This could be due to the high percent-
age of fine particles within this lactose A. In the first 60 s, the curves
obtained with lactose A with no particles below 32 �m and B with
no particles below 32 �m are comparable which tends to confirm
the influence of the fine particles of lactose on drug detachment. The
curves obtained with lactose B and B with no particles below 32 �m
are similar probably because lactose B contains less fine particles
than lactose A. When the fine particles of lactose A are removed, the
behaviour of the lactose A with no particles below 32 �m is close
to the one of lactose B and B with no particles below 32 �m.

In the case of terbutaline sulphate, the same trend is observed
but the drug quantities adhering to the lactose is different.

Removal of fine lactose from the coarse lactose carrier reduces
the dispersibility of propionate fluticasone propionate and terbu-
taline sulphate. The mechanism by which lactose fine particles
modulate performance remains ambiguous. Two  main theories are
proposed: the hot-spot theory and the fine particle multiplets the-
ory (Steckel et al., 2004; Zeng et al., 1998; Lucas et al., 1998b; Larhrib
et al., 1999; Louey and Stewart, 2002; Adi et al., 2006). The first
one supposes the occupation of the high-energy sites on the car-
rier by the lactose fine particles leaving low energy sites available
for the drug, thus enabling greater drug detachment. In the second
theory also called redistribution theory, aggregates of drug and lac-
seems to be predominant. Indeed, when mixing a fixed amount
of fine lactose to the lactose A with no particles below 32 �m for

ntent (% w/w) CV (%) %Recovery

3.05% 98.63%
0.86% 99.99%
0.62% 97.94%
0.58% 99.99%
2.17% 98.80%
3.87% 97.20%
2.06% 96.80%
3.39% 98.00%
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Table 4
Emitted doses and fine particle fractions of the blends.

Blends Emitted dose
(% ± rsd)

Fine particle
fraction (% ± rsd)

Lactose A + TBS 78.4 (±2.2) 46.0 (±2.7)
Lactose B + TBS 85.5 (±13.2) 30.4 (±2.2)
Lactose A with no particles below

32 �m + TBS
78.5 (±3.7) 26.6 (±1.3)

Lactose B with no particles below
32 �m + TBS

89.0 (±2.2) 23.4 (±0.9)

Lactose A + FP 69.0 (±8.8) 25.2 (±3.7)
Lactose B + FP 76.9 (±0.5) 11.0 (±1.0)
Lactose A with no particles below

32 �m + FP
59.4 (±11.9) 9.4 (±2.8)
ig. 3. Percentage of fluticasone propionate (a) or terbutaline sulphate (b) remaining
xed to the lactose in relation to the functioning time of the air-jet sieve.

 h before or after blending with the fluticasone propionate, the
dhesion characteristics were not different (data not shown). The
uticasone propionate dispersion was not influenced by the order
f mixing.

Adhesion strength seems to be different depending on the drug.
he detachment forces required to remove respirable particles are
ifferent and probably related to the surface characteristics of the
rug. The behaviour of the lactose/drug blend during the assay can
ive an estimation of the drug capacity to separate from the carrier
uring inhalation. Strong adhesion of the drug to lactose during
he assay presupposes difficult separation of the drug after patient
nhalation or the need for greater inhalation airflow.

.4. Aerosolization properties of the dry powders

The aerodynamic behaviour of the drug/lactose blends was
stimated with TSI making it possible to study the in vitro depo-
ition profile of fluticasone propionate and terbutaline sulphate
espectively (Table 4). Twin stage impinger is a simplest method
o evaluate the aerodynamic performance of powder formulation,
specially for comparing different formulation in development

tage (Xu et al., 2010; Behara et al., 2011).

The emitted doses obtained are between 78.4% and 89.0% for
erbutaline sulphate, and between 59.4% and 76.9% for fluticasone
ropionate. For a given drug, the emitted dose varies according
Lactose B with no particles below
32 �m + FP

72.3 (±6.9) 7.3 (±0.2)

to the carrier considered. For a given carrier, the emitted dose is
significantly higher for terbutaline sulphate (p < 0.05).

The fine particle fractions obtained were between 23.4% and
46.0% for terbutaline sulphate and between 7.3% and 25.2% for flu-
ticasone propionate. Here again, for a given drug, the fine particle
fractions vary between the different lactose qualities (p < 0.005).

Again, for a given lactose, the fine particle fraction strongly
depends on the type of drug used (p < 0.005) with higher values
obtained in the case of terbutaline sulphate. For both drugs, the fine
particle fractions are highest in blends with lactose A (raw mate-
rial, milled quality) that presents a greater proportion of lactose fine
particles. The excess of fine lactose may  agglomerate with the drug
with adhesion forces lower than those obtain between the fine par-
ticles and the coarse carrier leading to higher fine particle fractions.
It is also possible that a part of the aerosolized particles contains
drug/lactose agglomerates with aerodynamic diameter lower than
6.4 �m.

These results are in agreement with the adhesion test that shows
lower adhesion on lactose A, with less drug adhered in the case of
terbutaline sulphate.

3.5. Correlation between adhesion characteristics and inertial
impaction

Results of drug separation from the carrier by jet-sieving were
compared to those obtained by TSI. Fig. 4 presents the relationship
between fine particle fraction and the percentage of drug remaining
on the 32 �m sieve of the air-jet sieve after 30 s. For both drugs, we
note a linear relation with a regression coefficient R2 of 0.9766 and
0.9785 for fluticasone propionate (Fig. 4a) and terbutaline sulphate
(Fig. 4b) respectively, which indicates a good correlation between
these two parameters.

The method proposed using Alpine air-jet sieve makes it pos-
sible to characterize adhesion, to forecast drug detachment and to
predict aerodynamic behaviour of the drug. Another advantage of
this test is that it considers the whole blend as it is used in dry
powder inhalers.

3.6. Correlation between lactose qualities and inertial impaction

The used lactose qualities differed in terms of the fines’ con-
tent, which is due to the different preparation processes. Lactose A
obtained by milling process contains more fine particles. The latter
adhere to the surfaces of the larger crystals in edges and clefts, so
the drug becomes adhered to the smoother surface of the crystal
where it can be removed more easily (Steckel et al., 2006). This was

confirmed during the aerosolization tests: for both drugs, higher
fine particle fractions are obtained with lactose A that possesses
the highest fine particle content. These results confirm the found-
ing of other researches on the effect of polydispersity of particle
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Fig. 4. Relation between fine particle fraction and percentage of fluticasone propi-
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Fig. 5. (a) Fine particle fractions of fluticasone propionate and terbutaline sulphate
(mean ± SD, n = 3) vs. peak max  values of the iGC heterogeneity plots with ethyl
acetate for the lactose grades (mean ± span, n = 2). (b) Fine particle fractions of flu-
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