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Abstract

In this study the micronization of beclomethasone-17,21-dipropionate (BECD), used as an inhaled steroid for the treatment of asthma, \
studied using the gas-antisolvent (GAS) process as a “green” alternative to pharmaceutical recrystallization. A systematic investigation of
influence of the key GAS process parameters: antisolvent addition rate (1, 50, 75 and 100 ml/min), temperature (25, 32.5, 4Cynsbhies
concentration (5, 25, 70 and 100%), and agitation rate (500, 1000, 2000 and 3000 rpm) were investigated on particle morphology, size distribut
and crystallinity. It was found using scanning electron microscopy (SEM) and laser diffraction, that increasing the antisolvent addition rate a
the agitation rate, while decreasing the temperature and solute concentration, led to a decrease in the steroids mean particle diameter. -
parameters could be tuned to give a mean particle diameter pfi,.&nd an average mass median aerodynamic diameter (MMAD) pfn7.9
High-performance liquid chromatography (HPLC) results showed the recrystallized BECD was purer than the non-processed material. The rol
the solvent (acetone, methanol and ethanol) in the BECD crystal structure was investigated using X-ray diffraction (XRD), which showed acetc
gave a more crystalline structure, hence having lower incorporation into the crystal structure. These results showed that the GAS process ha
potential to produce steroid with powder properties suitable for inhalation therapy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inhaled corticosteroids using dry powder inhalers (DPIs) would,
therefore, be obtained with a powder that reaches both the large
Asthma ranks among one of the most common chronic conand small airways of the lund.€ach et al., 2002 Present DPIs
ditions, affecting over 20 million people in the United Statesprovide rather low deposition of drug to the lung (typically
alone, and causing over 1.5 million emergency departmertelow 15%) because of problems with drug accumulation in
visits, about 500,000 hospitalizations and 5500 deathS ( the delivery device, and non-optimized particle size distribution
National Institute of Health, 20Q2nhaled corticosteroids, such and particle morphologyde Boer et al., 1996; Timsina et al.,
as beclomethasone dipropionate (BECD), are well-establishetb94). Hence, these could be improved by better control of parti-
anti-inflammatory therapies for the treatment of asthBaifes  cle size and shap&hekunov and York, 20Q@r use of a carrier
et al., 1998, recommended in national treatment guidelines asuch as lactos&éng et al., 2001
first-line therapy for this chronic diseadd$% National Institute The design of small particles with controlled particle size
of Health, 2002. Asthma is an inflammatory disease affecting distributions, ranging from nanometers to hundreds of microm-
the entire bronchial tree, from the large central airways dowreters, has attracted significant interest in the scientific and
to the small peripheral airway$lémid et al., 1997; Howarth, industrial communities with applications for pharmaceuticals,
1999. Steroid receptors, the site of action for inhaled corti-food, nutraceuticals, chemical, paint/coating, and polymer
costeroid therapy, are likewise located throughout the bronchiahdustries Cansell et al., 1999; Cooper, 2001; Subramaniam et
tree @dcock et al., 1996 An optimal therapeutic response with al., 1997; Tan and Borsadia, 2001; Woods et al., 2004; Ye and
Wai, 2003. The important properties of these products for phar-
maceutical applications are narrow particle size distribution,

* Corresponding author. Tel.: +1 519 661 3466; fax: +1 519 661 3498, uniform morphology, and enanti_omeric purityrofk, 1999;
E-mail address: pcharpentier@eng.uwo.ca (P.A. Charpentier). Shekunov and York, 20Q00Conventional powder preparation of

0378-5173/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2005.11.008



72 Y. Bakhbakhi et al. / International Journal of Pharmaceutics 309 (2006) 71-80

pharmaceuticals can be carried out by crystallization techniqueermance characteristics, suitable for application in inhalation
such as lyophilization or spray dryin§#cchetti and Van Oort, therapy, continues to be a significant challenge for the phar-
1996; or post-crystallization techniques including milling, maceutical industry. Particles of a narrow size distribution with
pulverization, and precipitation. More recently developed techa mass mean aerodynamic diameter (MMAD) in the 1#b
nigues include supercritical fluid precipitation, spray-freezerange are desired for a highly efficient delivery and administra-
drying, fluidized-bed spray coating and emulsion precipitatiortion of drugs to the lung via inhalation, such as for the treatment
(Shekunov and York, 2000 of asthmaZanen and Lammers, 1999
The employment of supercritical fluid techniques has The objectives of this research were to investigate the feasi-
attracted considerable interest as an emerging “green” techndbility of the GAS recrystallization technique to generate small
ogy for the formation of particles in these size rangks@ and particles of BECD applicable for pulmonary inhalation therapy,
Perrut, 2001; Perrut, 20D@upercritical fluids (SCFs) have sev- with a high degree of purity, and narrow size distribution. The
eral advantages over conventional liquid solvents/antisolventsffect of the GAS process parameters: antisolvent addition rate,
as their physical properties like density and solubility can beemperature, solute concentration and agitation rate on the parti-
‘tuned’ within a wide range of processing conditions by vary- cle size and size distribution of BECD were examined. The role
ing both the temperature and pressellugh and Krukonis, of the solvent in influencing the particle size, size distribution,
1994). Low viscosity and high diffusivity in SCFs is consid- morphology and the degree of crystallinity was also investigated.
ered highly effective for producing superior products of fine
and uniform particles@ebenedetti, 1990; Tom et al., 1993 2. Experimental
Moreover, supercritical fluids can be easily separated from both
organic co-solvents and solid products providing a potential.l. Materials
clean, recyclable and environment-friendly technologgn(
and Debenedetti, 1991; Tom et al., 1993arbon dioxide is by The solute—solvent model system investigated in this study
far the most widely used supercritical medium and has a numwas beclomethasone-17,21-dipropionate in acetone, methanol,
ber of distinct advantages. In addition to the low critical pointand ethanol. The organic solvents (analytical grade) were pur-
(Pc=74bar, T.=31.1°C), CO is non-flammable, non-toxic, chased from the Sigma—Aldrich Company. The organic solute is
and readily available in high purity. a synthetic steroid member of the glucocorticoid family, white
Particle formation using SCFs can be carried out according tto creamy white powder, with a molecular mass of 521.25 g/mol
several different techniques, each of which has advantages aadd a melting point of 210C. The beclomethasone-17,21-
disadvantaged-pster et al., 2003; Vemavarapua et al., 2005 dipropionate used in this work was donated by GlaxoSmithkline,
Drugs that are soluble in supercritical fluids are often considand used without further purification. GAS experimental work
ered to be best processed by the rapid expansion of supercritioabs carried out using instrument grade £(9.99% purity,
solutions (RESS) procesKiukonis, 1984. As most pharma- BOC Gases).
ceuticals have poor solubility in SCFs, antisolvent techniques are
more attractive. These include, the gas-antisolvent (GAS) pra2.2. Methods
cess, precipitation with compressed antisolvent (PCA) process
(also known as the supercritical antisolvent (SAS) process, and The details of our GAS experimental apparatus have been pre-
aerosol spray extraction system (ASES) process) and Solutioriously describedBakhbakhi etal., 2009aGAS crystallization
enhanced dispersion by supercritical fluids (SEDBn(and  of BECD using compressed G@Was performed by preparing a
Borsadia, 2001; Ye and Wai, 2003Antisolvent techniques predetermined volume of BECD solution (10 ml) at a saturated
exploit the low solubility of most pharmaceutical compoundsconcentration for the given operating temperature, and loaded
in the antisolvent, in particular GQwhich has to be miscible into the 100 ml crystallization vessel. The agitator of the stirred
with the organic solventGallagher et al., 1989, 1991n the  high-pressure vessel was turned on and set to the desired rpm.
GAS process, high pressure €@ injected into the liquid phase When the system had stabilized and equilibrated thermally, the
solution, which causes a sharp reduction of the solute solubilitpressurization by injection of GOwas initiated. A controlled
in the expanded liquid phase. As a result, precipitation of theCO, flow rate was maintained until the full liquid volumetric
dissolved compound occurs. expansion of 900% was achieved at 1000 psig. Consequently,
The potential advantages of the GAS recrystallization prothe CQ supply feed was stopped, while mixing was contin-
cess lies in the possibility of obtaining solvent free, micron andued for 1 h. Then, a rinsing step was performed by flushing the
submicron particles with a narrow size distributioviufler et  expanded liquid phase with GGt a constant flow rate, for a
al., 200Q. By varying the process parameters, the particle sizeminimum period of 5 h. Finally, the crystallization vessel was
size distribution and morphology can be “tuned” to producedepressurized by venting the entire fluid mixture of the vessel,
a product with desirable qualities. This makes the GAS techand the dry solid powder was collected for off-line analysis.
nique attractive for the micronization of high-valued products,
such as pharmaceutical$ah and Borsadia, 20Q1Unfortu-  2.3. Characterization
nately, experimental studies on the micronization of drugs using
the GAS technique are rather limited. The micronization of Quantitative analysis of the precipitated particles was car-
powdered drugs with well-defined physical properties and perried out using the following instruments: scanning electron
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microscopy (SEM, Hitachi S-4500 Field Emission, and LEOTable 2

73

1530 Field Emission) provided particle morphology, size, siZé\/Iicroscopy experimental results of BECD produced using the GAS process

distribution (PSD), and degree of agglomeration. SEM phoRun Mean particle S.D. Coefficientof ~ Degree of
tomicrographs were analyzed using image analysis software size (um) (m) variation agglomeration
(Northern Eclipse, Empix Imaging). In order to achieve the,; 20.6 248 12 —
best possible statistical representation of the formed particleg 10.2 9.7 1.0 ++
in terms of particle size and size distribution, analysis of thet3 6.2 4.2 0.7 +
photomicrographs were taken in several different regions of4 4.9 24 0.5 *
the collected sample, with a minimum of 1000 particles bein i:i ;:Z 8:2 :
used for each measurement. Laser diffraction (Malvern Master-3 8.3 6.5 0.8 ++
sizer 2000, Malvern Instruments Ltd.) was employed for particlery 13.9 15.9 1.1 ++
size and size distribution measurements of selected samples B¥ 32.8 28.9 0.9 +H
briefly sonicating in water using a few drops of Triton X-100 73 4L.5 64.3 16 e
surfactant for dispersion. X-ray powder diffraction (XRD) anal- g; 1;_'2’ 1;1_'5 ég :++
ysis (Bruker Discover D8 Diffractometer) was used to determing;; 31 13 0.4 +
the product degree of crystallinity. A particle size distribution G4 1.8 0.8 0.5 +
analyzer (PSD 3603, TSI Inc.) provided the particles mass mea$i 43.9 47.8 11 ++
aerodynamic diameters (MMAD). HPLC (ProStar 330, VarianNote: A, addition rateC, concentration ratiol’, temperatureG, agitation rate;
Inc.) was used for measuring the BECD purity. S, solvent type.
3. Results and discussion a5
(G1) (T2)

Table 1 provides the experimental conditions with each  30; €1 (ag)
run represented by a label correspondingAte: the antisol-
vent addition rateC’' = concentration7 = process temperature, . 25
G = agitation rate, and S the organic solvent. In general, aver- ?E-
age measured yields from experiments were determined to b& &P
85-90%.Table 2provides the results of particle size measure- £ =
ments from evaluation of the maximum diameter from SEM <
photomicrographs using image analysis software. Mean parti 10
cle size, standard deviations and the coefficient of variation wert
determined for individual distributions from the microscopy 5
results, with the average values from three separate experimen
given. Agglomeration levels were estimated by qualitative anal- 00_1 10 100 1000

ysis of the SEM photomicrographs: small (+), intermediate (++),

Particle Size (microns)

orlarge (+++). In order to compare directly with the I’mcrOSCOpyFig. 1. Normalized number density distribution of BECD particles determined
by laser diffraction for rund4, 72, C1 andG1. The experimental conditions are

Table 1 provided inTable 1
Experimental conditions used for the GAS experiments
Run CQ addition ~ Concentration 7 (°C) Agitationrate Solvent resultsFig. 1provides the laser diffraction produced normalized
rate (mlimin)  ratio (%) (rom) number density distributions for several selected experimental

Al 1 100 25 1000 Acetone  runs discussed below4, C1, 72 andG1). Table 3summarizes
A2 50 100 25 1000 Acetone  these laser diffraction results, giving the mean & Ppso, and
A3 75 100 25 1000 Acetone  pngqresults. Itis clear from these results that the;gXedian)
A4 100 100 25 1000 Acetone ¢ om light scattering is directly comparable to the mean of the
c1 50 5 25 1000 Acetone om 1ig g Is directly p
2 50 25 25 1000 Acetone  Microscopy results. This is expected as large agglomerates and
C3 50 70 25 1000 Acetone
T1 50 100 325 1000 Acetone

Table 3
T2 50 100 40 1000 Acetone ) ) )
3 50 100 505 1000 Acetone Laser diffraction results of selected BECD experimental runs
Gl 50 100 25 500 Acetone  Run Mean particle Dp1o (m) Dpso (um) Dpgo (um)
G2 50 100 25 2000 Acetone size (wm)
G3 50 100 25 3000 Acetone
G4 100 100 25 3000 Acetone A4 6.7 33 4.9 71
S1 50 100 25 1000 Methanol C1 6.1 2.0 3.3 6.0
S2 50 100 25 1000 Ethanol 72 49.0 21.9 29.0 53.4

G1 23.0 8.9 11.9 28.9

Note: A, addition rateC, concentration ratidl, temperature(: agitation rate;

S: solvent type. Note: SeeTable 1for experimental conditions.
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the smallest particles are less likely to be interpreted in the3
microscopy analysis.

3.1. Effect of antisolvent addition rate
Inthis set of experiments, the effect of the antisolvent addition “:-
rate was investigated at four levels of carbon dioxide addition g&
rate, namely, 1, 50, 75, and 100 ml/min (SEsble 1for full '
experimental conditions)¥ig. 2(a) shows the SEM photomi-
crograph of the particles generated at the lowest addition rate &
i.e., 1ml/min, where the particle size distribution was bimodal Z==
with a large degree of agglomeration, and a mean particle diamefg
ter =20.6.m. When the antisolvent addition rate was increased
to 50 ml/min, a bimodal particle size distribution persisted with
a moderate degree of agglomeration, but with a smaller mear
particle diameter of 10.2m (Fig. 2(b)). At the highest level of
antisolvent addition rate (100 ml/min), the particle size distribu- S
tion became much smaller, 4:9n with a narrower distribution
(Fig. 2c)). The final results are plottedfifig. 3 where the mean ‘
particle size is reported as a function of the antisolvent addition g &
rate. It is evident that increasing the antisolvent addition rate &
directly lowers the mean patrticle size. '
Muller (Muller et al., 2000, following in the foot-steps of
Gallagher Gallagher et al., 199Proposed a conceptual frame-
work to describe the GAS crystallization process. According to
this framework, the magnitude of the supersaturation level is a¥ 2

rate of antisolvent addition will generate higher levels of super-
saturation, thus, higher rates of nucleation, and consequently, ¢
larger number of smaller size particles with narrow particle size
distribution. Our results (se€able 2 are in agreement with
this framework, as the mean particle size resulting from the

secondary nucleation were importaBakhbakhi et al., 2005a,
20050. In order to explain the bimodal nature of the BECD par- 1§
ticle size distribution, the competition between the nucleation |
and growth dynamics of the GAS process needs to be consid
ered. Low addition rates cause significant secondary nucleation-
which leads to bimodal distribution8ékhbakhi et al., 2005b

3.2. Effect of temperature

As illustrated inFig. 4andTable 2 an increase in the process =i : : :
temperature (25, 32.5, 40 and 520 for the recrystalliza- 5 5 sgm photomicrographs of BECD produced by GAS showing the
tion process results in a direct increase of the BECD measffect of increasing antisolvent addition rate: (a) 1 ml/min; (b) 50 ml/min; (c)
particle size, and a broadening of the size distribution. SEM.00 ml/min. The experimental conditions are providedable 1
photomicrographs and laser diffraction results illustrated that
as the temperature and mean particle size increased (see lat® solubility of the pharmaceutical in the organic solvent, hence
diffraction distribution inFig. 1 for 72), the particle size dis- moving the position of the saturation and critical supersaturation
tribution became bimodal. The primary particles became moré&nes upwardsiuller et al., 2000 in addition to changing their
hexagonal-shaped with an increased degree of agglomeratishape. Hence, increasing the temperature lowers the magnitude
(seeTable 9. The effect of temperature on the particle size canof the generated supersaturation during the GAS process (anal-
be explained in terms of the nucleation—growth dynamics duringggous to lowering the volumetric expansion rate) as the profile
the crystallization process. Increasing temperature will increasmoves closer to the saturation line. This is followed by a gradual
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Fig. 3. Plot of the mean particle size of BECD produced by GAS as a functiorFig. 5. Plot of the mean particle size of BECD produced by GAS as a function
of the antisolvent addition rate. The points are experimental data; the line is af the solute concentration. The points are experimental data; the line is a linear
linear least-squares fit of the points. least-squares fit of the points.

decline-depletion in the supersaturation as the nuclei grow, i.et0 4.0, 8.3 and 1fim. The increase of particle size and the
a high growth rate follows. This may lead to multiple crossingProadening of the particle size distribution with increasing solute
of the critical supersaturation line between the nucleation angoncentration can again be understood in terms of nucleation and

metastable zones, resulting in increased bimodal behaviour. 9rowth processes. At higher solute concentrations, precipitation
of the solute occurs earlier in time during the expansion process,

resulting in increased time for crystal growth. At lower solute

3.3. Effect of BECD concentration concentrations, precipitation of the solute is reached later during

The influence of the initial BECD concentration (varied
between 5 and 100%) on the mean particle size and particl
size distribution was investigated. The concentration ratio was$®
defined as the ratio between the actual concentration of the lig:

Table 2and illustrated irfig. 5, the higher the BECD concentra- |
tion, the higher the mean particle size and the broader the particl
size distribution. At the lowest solute concentration, i.e., 5%
concentration ratio (ruidl), the particle size distribution was
unimodal with only a moderate degree of agglomeration and
mean particle diameter of 3uim. As the concentration ratio
increased to 25, 70, and 100%, the mean diameter increasey
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Fig. 4. Plot of the mean particle size of BECD produced by GAS as a functiorFig. 6. SEM photomicrographs of BECD produced by GAS showing the effect
of the crystallization temperature. The points are experimental data; the line isf increasing agitation rate: (a) 500 rpm and (b) 2000 rpm. The experimental
a linear least-squares fit of the points. conditions are provided ifable 1
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Mean particle size, Microns

the expansion process; hence, nucleation is the prevailing mech-
anism giving smaller particles. Our previous theoretical results
with phenanthrene also indicated that primary nucleations were
less sensitive to the solute concentration than the secondary
nucleation rate Bakhbakhi et al., 2005b At higher solute
concentrations, the supersaturation profile tends to get quickly
closer to the saturation line initiating a primary nucleation burst,
thus allowing a longer time for the particles formed during the
first burst of nucleation to grow. Hence, the growth mode domi-
nates and superimposes to secondary nucleation, and thus, larger
size particles with broad particle size distribution are produced.

20

Fig. 7. Plot of the mean particle size of BECD produced by GAS as a function

40 60
CO,addition rate, ml/min

80 100

3.4. Effect of agitation rate

Experiments to study the effect of agitation on BECD par-

of the agitation rate. The points are experimental data; the line is a linear leasticle characteristics were performed at two antisolvent addition

squares fit of the points.

rates, 50 and 100 ml/minTéble J). At the 50 ml/min addition
rate, agitation rates of 500, 1000, 2000 and 3000 rpm (s6€jies
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Fig. 8. X-ray powder diffraction patterns for: (a) the original BECD, (b) BECD precipitated from acetone, (c) BECD precipitated from methanoB&@D(d)
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were investigated; while at 100 ml/min, 1000 and 3000 rpm wereation. The time needed to achieve a homogeneous volumetric
studied. Scanning electron photomicrographs of the particlesxpansion will be sharply reduced with high quality mixing, i.e.,
are compared at experiments using agitation rates of 500 rpimgh mass transfer efficiency generated by a high Reynolds num-
(Fig. 6(@)) and 2000 rpmKig. 6(b)), while the effect of agi- ber. In contrast, a low agitation rate implicates a longer time for
tation rate on mean particle diameter is plottedrig. 7. The  reaching supersaturation. Increasing the agitation rate can also
SEM pictures indicate that the particle size distribution goesncrease the degree of crystal breakage through particle—impeller
from bimodal with high agglomeration, to a relatively narrow and particle—particle collisions, although the SEM results indi-
distribution with a lowered degree of agglomeration. It is alsocate that this effect was secondary.

clear that increasing the agitation rate directly lowers the mean

particle size. The experiments performed by raising the level 08.5. The role of solvent

antisolvent addition rate gave particles with mean diameters of

4.9 and 1.8um, respectively (rund4 andG4). For runG4, a The effect of solvent in determining the crystal growth mech-
narrow size distribution with a low degree of agglomeration wasanism in liquid crystallization is a subject of extensive research.
obtained. The degree of crystallinity of the formed particles is important

It is clear that the agitation rate has a strong influence offor processing pharmaceuticals, as it sheds some light on the
the produced particles size distribution. Increasing the agitatiorole of the solvent during particle growth. To investigate the
rate effects the GAS process dynamics by decreasing the timiefluence of the solvent on the BECD crystallinity, the influence
required to expand the liquid phase and to achieve supersatuf the organic solvents, methanol and ethanol, were studied in
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addition to acetone. Methanol provided powder similar to thatial and the GAS generated powder are compardeign 9(A)
achieved with acetone, while ethanol gave needle-like crystalgnd (B). For the given BECD material, a purity level of 93—-95%
which would not be suitable for inhalation therapy. Powder XRDwas observed while the GAS technique yielded a higher purity
obtained for the virgin BECD material and particles formed fromproduct of 98.5% at a Cfaddition rate of 100 ml/min, and
acetone using the GAS process are presentédgnga) and 3000 rpm (runG4). The BECD steroid after micronization was
(b). The patterns are highly superimposable indicating similarelatively pure as HPLC chromatograms obtained for the vir-
crystal structure and retention of crystallinity of the particlesgin BECD material and the GAS generated powder showed that
generated from acetone. Methanol gave relatively pure crystalecrystallization in C@increased the BECD purity from 94 to
(Fig. 8(c)), whereas ethanol gave particles with a lower degre®9%.

of crystallinity, evidenced by the loss in X-ray peak intensity  The suitability of the BECD product produced by the GAS
(Fig. 8(d)). Achange inthe crystals morphology and crystallinity process for potential inhalation therapy was investigated in terms
due to the solvent influence was observed by lsagtlagher et of the mass median aerodynamic diameter (MMABijt¢hell

al. (1991)andMuller et al. (2000) and Nagel, 200¢ The MMAD measurements were performed

3.6. The suitability for pulmonary inhalation therapy 1.1
1.0

The purity of the BECD product produced by the GAS pro- 0.9
cess for potential inhalation therapy was investigated by HPLC 2 0.8+
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Fig. 9. HPLC analysis of: (A) unprocessed BECD and (B) processed BECDFig. 10. Normalized volume density distributions for the MMAD of BECD
using the GAS process (ru@4). The experimental conditions are provided in powder (a) unprocessed; (b) GAS processed&an (c) GAS processed-run
Table 1 G4. The experimental conditions are providedable 1
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on both the provided BECD material, and a selected numbethe University of Western Ontario (UWO) Photonics and Nan-
of samples produced by the GAS process (each repeated thretechnology Laboratory for aid in SEM characterization, Ms. T.
times). The normalized volume density distributions are proKaramanev for powder XRD characterization, and Mr. Robert
vided, as this distribution is of direct relevance to inhalationHarbottle for aid in particle size characterization. The authors
therapyFig. 10(a) shows the distribution of the provided BECD acknowledge the financial support of the Natural Sciences and
which gave an average MMAD =74m, and a S.D. of 2.4m.  Engineering Council (NSERC) of Canada, the Canadian Foun-
Fig. 1Qb) shows the sample generated using & @@dition  dation for Innovation (CFI) and the UWO Academic Develop-
rate of 50 ml/min and 2000 rpm (ru&2). This distribution was ment Fund (UWO-ADF).
unimodal, with an average MMAD of 27, &m with a S.D. of
2.9pm. For the sample generated using ax&ddition rate of  References
100 ml/min and 3000 rpm (ruG4), the average MMAD of this
run was 7.9um with a S.D. of 1..m. Adcock, I., Gilbey, T., Gelder, C., Chung, K., Barnes, P., 1996. Glucocorticoid
Although our best results in this study were a MMAD of receptor localization in normal and asthmatic lung. Am. J. Respir. Crit.
7.9um, we were very close to the target of 1u8. The MMAD Care Med. 154, 771. _ o
. . Bakhbakhi, Y., Rohani, S., Charpentier, P.A., 2005a. Micronization of phenan-

Pf the GAS p_rocessed sgmpl@{), I'.k.e the cpm.mer.ual one, threne using the GAS process. Part 1. Experimental study and use of
is bimodal with rather similar individual distributions. The  gTiR. Ind. Eng. Chem. Res. 44, 7337.
bimodal mass distributions have importance for targeting botlBakhbakhi, Y., Rohani, S., Charpentier, P.A., 2005b. Micronization of phenan-
the upper region of the lungs, and the alveoli. It is clear that the threne using the GAS process. Part 2. Theoretical study. Ind. Eng. Chem.
GAS technique provides a very promising “green” technique for Res. 44, 7345. _ _

. . . . . Barnes, P.J., Pedersen, S., Busse, W.W., 1998. Efficacy and safety of inhaled
prOdUCt_lon of BECD, \_Nlth po_te_ntlal for tuning of t,he mh_alable corticosteroids. New developments. Am. J. Respir. Crit. Care Med. 157,
properties of the steroid medicine. Future work will continue on 1.

optimizing the desired bimodal distributions for next generationcansell, F., Chevalier, B., Demourgues, A., Etourneau, J., Even, C., Garrabos,
DPIs. Y., Pessey, V., Petit, S., Tressaud, A., Weill, F., 1999. Supercritical fluid
processing: a new route for materials synthesis. J. Mater. Chem. 9, 67.
Cooper, A.l, 2001. Recent developments in materials synthesis and process-
ing using supercritical C® Adv. Mater. 13, 1111.
. ] o de Boer, A.H., Gjaltema, D., Hagedoorn, P., 1996. Inhalation characteristics
This study showed that the micronization of BECD could be  and their effects on in vitro drug delivery from dry powder inhalers. Part
achieved by means of the GAS process. It was demonstrated 2. Effect of peak flow rate (PIFR) and inspiratiqn time on the i_n vitro drug
that the particles mean diameter. and particle size distribution release from three different types of commercial dry powder inhalers. Int.
be strongly controlled using the GAS through thg_>: Pham- 138. 45.
can ; €s r_ongy controlled using the pro<_:ess roug . Sebenedetti, P.G., 1990. Homogeneous nucleation in supercritical fluids.
manipulation of. the process parameter;; qntlsolvent addlmon AIChE 36, 12809.
rate, concentration, temperature, and agitation rate. The higheeéster, N., Mammucari, R., Dehghani, F., Barrett, A., Bezanehtak, K., Coen,
the antisolvent addition rate, the smaller the size of the gener- E., Combes, G., Meure, L., Ng, A., Regtop, H., Tandya, A., 2003. Pro-
ated particles and the narrower the size distribution. In contrast, gehﬁ:r':gé’::rT;nggga' compounds using dense gas technology. Ind. Eng.
t_he solute Concentratl_on exhibited the opposne_eﬁec_t, asthe Imi-allagher, P.M., Krukonis, V.J., Botsaris, G.D., 1991. Gas antisolvent recrys-
t'?-l 5_0|U'fe concentration was reduced the particle size and size ajiization: application to particle design. In: Ramanarayanan, R., Kern,
distribution were lowered. Higher temperatures were found to W., Larson, M., Sidkar, S. (Eds.), Particle Design via Crystallization,
increase the particles size and the level of agglomeration. Higher AIChE Symposium Series 284, p. 96. _
agitation rates produced smaller particle sizes and narrower sif/lagher. P-M., Coffey, M.P., Krukonis, V.J., Klasutis, N., 1989. Gas-
distributi In additi th . | t f dto ol antisolvent recrystallization: new process to recrystallize compounds
Istn u lons. In a . ition, the organic so Ven_ was ound 1o play insoluble in supercritical fluids. ACS Symposium Series 406. Supercrit.
a role in determining the degree of crystallinity of the formed  ryig sci. Technol., 334.
particles with acetone giving a more crystalline structure thamHamid, Q., Song, Y., Kotsimbos, T., 1997. Inflammation of small airways in
either ethanol or methanol. asthma. J. Allergy Clin. Immunol. 100, 44.

HPLC analysis obtained for the starting material and GAg—iowarth, P., 1999. The relevance of and site of airway inflammation in
enerated powder proved that a higher purity product could b asthma and targeted aerosol delivery. Int. J. Clin. Pract. Suppl. 106, 3.
9 . p_ p ) 9 ” purity p - ?ung, J., Perrut, M., 2001. Particle design using supercritical fluids: literature

achleved_usmg the GAS technl_que with no effect of_ cheml_cal and patent survey. J. Supercrit. Fluid 20, 179.

degradation. BECD powder suitable for pulmonary inhalatiorkrukonis, V., 1984. Supercritical fluid nucleation of difficult to comminute

therapy with a MMAD value very close to commercial product solids. In: Proceedings of the AIChE Annual Meeting, San Francisco, p.
140f.

was obtained.

4. Conclusions

Leach, C.L., Davidson, P.J., Hasselquist, B.E., Boudreau, R.J., 2002. Lung
deposition of hydrofluoroalkane-134a beclomethasone is greater than that
Acknowledgments of chlorofluorocarbon fluticasone and chlorofluorocarbon beclomethasone.
Chest 122, 510.
We wish to acknowledge Dr. Jolyon Mitchell from Trudell McHugh, M.A., Krukonis, V.J., 1994. Supercritical Fluid Extraction: Princi-
Medical for fruitful discussions on aerosol science and inhaler _Ples and Practice. Butterworth/Heinemann, Boston. .
hnolo Dr. Michiel Van Ooort from GlaxoSmithKline for M|tghell, J., Nagel, M., 2004. Particle size analysis of aerosols from medicinal
technology, Dr. oreiro _ _inhalers. KONA 22, 32.
donation of beclomethasone dipropionate, Mr. Touraj Maniquylier, M., Meier, U., Kessler, A., Mazzotti, M., 2000. Experimental study

far for help in running HPLC samples, Dr. Todd Simpson at of the effect of process parameters in the recrystallization of an organic



80 Y. Bakhbakhi et al. / International Journal of Pharmaceutics 309 (2006) 71-80

compound using compressed carbon dioxide as antisolvent. Ind. Englom, J.W., Debenedetti, P.G., 1991. Particle formation with supercritical
Chem. Res. 39, 2260. fluids—a review. J. Aerosol Sci. 22, 555.

National Asthma Education and Prevention Program. Expert Panel Reporfom, J.W., Lim, G.B., Debenedetti, P.G., Prud’homme, R.K., 1993. Applica-
Guidelines for the Diagnosis and Management of Asthma, Update on tions of SCF in the controlled release of drugs. In: Kiran, E., Brennecke,
Selected Topics 2002, National Institutes of Health Publication No. 02-  J.F. (Eds.), Supercritical Fluid Engineering Science, ACS Symposium

5074. Bethesda, MD, 2003. Series, vol. 514, p. 238.
Perrut, M., 2000. Supercritical fluid applications: industrial developments and/emavarapua, C., Mollana, M.J., Lodayaa, M., Needhamb, T.E., 2005. Design
economic issues. Ind. Eng. Chem. Res. 39, 4532. and process aspects of laboratory scale SCF particle formation systems.

Sacchetti, M., Van Oort, M., 1996. Spray-drying and supercritical fluid parti-  Int. J. Pharm. 292, 1.
cle generation techniques. In: Hickey, A.J. (Ed.), Inhalation Aerosols:Woods, H.M., Silva, M.C., Nouvel, C., Shakesheff, K.M., Howdle, S.M.,

Physical and Biological Basis for Therapy. M. Dekker, New York, 2004. Materials processing in supercritical carbon dioxide: surfactants,
p. 337. polymers and biomaterials. J. Mater. Chem. 14, 1663.

Shekunov, B.Yu., York, P., 2000. Crystallization processes in pharmaceutica¥e, X., Wai, C.M., 2003. Making nanomaterials in supercritical fluids: a
technology and drug delivery design. J. Crystal Growth 211, 122. review. J. Chem. Ed. 80, 198.

Subramaniam, B., Rajewski, R.A., Snavely, W.K., 1997. Pharmaceutical proYork, P., 1999. Strategies for particle design using supercritical fluid tech-
cessing with supercritical carbon dioxide. J. Pharm. Sci. 86, 885. nologies. PSIT 2, 430.

Tan, H.S., Borsadia, S., 2001. Particle formation using supercritical fluidsZanen, P., Lammers, J.P., 1999. Reducing adverse effect of inhaled fenoterol
pharmaceutical applicatons. Exp. Opin. Ther. Patents 11, 861. through optimization of the aerosol formulation. J. Aerosol Med. 12, 241.

Timsina, M.P., Martin, G.P., Marriott, C., Ganderton, D., Yianneskis, M., Zeng, X.M., Martin, G.P., Marriott, C., Pritchard, J., 2001. The use of lactose
1994. Drug delivery to the respiratory tract using dry powder inhalers. recrystallized from carbopol gels as a carrier for aerosolized salbutamol
Int. J. Pharm. 101, 1. sulfate. Eur. J. Pharm. Biopharm. 51, 55.



	Experimental study of the GAS process for producing microparticles of beclomethasone-17,21-dipropionate suitable for pulmonary delivery
	Introduction
	Experimental
	Materials
	Methods
	Characterization

	Results and discussion
	Effect of antisolvent addition rate
	Effect of temperature
	Effect of BECD concentration
	Effect of agitation rate
	The role of solvent
	The suitability for pulmonary inhalation therapy

	Conclusions
	Acknowledgments
	References


