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Abstract

The production of microparticles for inhalation typically employs jet-milling which can be destructive to the solid-state properties of
the particles. The objective of the current work was to develop a crystallization process for the production of respirable microparticles of
salmeterol xinafoate (SX) with a controlled particle size distribution (PSD). Solvation of SX in aqueous poly(ethylene glycol) 400 (PEG
400) was investigated using HPLC and FTIR. SX was crystallized from PEG 400 solutions by the addition of water under a variety of
conditions of supersaturation, addition rate of antisolvent and stirring speed. The crystals were filtered, dried at 50 °C and their PSDs
were determined by laser diffraction. A logarithmic increase in solubility of SX was observed with increasing concentration of PEG 400 in
water enabling the aqueous antisolvent crystallization of SX from PEG. Similar to antisolvent crystallization from conventional solvents,
a 2* factorial study showed the particle size to decrease with increasing supersaturation. The PSD also depended on the balance of meso-
and micromixing determined by the crystallization conditions. In particular a high addition rate (200 g min~') and low stirrer speed
(400 rpm) minimized the median diameter (2.54 £ 0.40 um) and produced a narrow PSD (90% < 8.67 4+ 0.77 um) of SX particles.
Amphiphilic crystallization provided a novel, environmentally benign method to produce microparticles of SX with a controlled size

range.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The topical delivery of aerosols containing an active
pharmaceutical ingredient (API) such as corticosteroids
and bronchodilators directly to the airways maximizes
the locally produced pharmacological effect of the API
whilst potentially limiting systemic exposure and the resul-
tant side effects. There is also an increasing interest in
exploiting the large absorptive potential of the alveolar epi-
thelium for the systemic delivery of drug substances, partic-
ularly macromolecules [1,2]. This has culminated in the
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recent regulatory approval of inhaled human insulin for
the therapy of diabetes [3].

The aerodynamic diameter of the dispersed droplets or
particles is the principal determinant of effective pulmonary
deposition of therapeutic aerosols. For effective localized/
topical therapy of obstructive lung diseases an aerody-
namic particle size of 2.5-6 pm is required [4]. Particles of
APIs in this size range display poor flow properties [5,6]
and are highly cohesive/adhesive. The above combination
makes filling of powders into inhalation devices complex
and irreproducible and the formation of a de-aggregated
aerosol cloud is difficult. To aid delivery of the API,
micron-sized particles can be formulated with propellants
as a pressurized metered dose inhaler (MDI) formulation.
Alternatively such particles can be agglomerated into pel-
lets or blended to form an ordered mixture with a coarse
carrier such as lactose in a dry powder inhaler (DPI) for-
mulation and device combination [7].
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Typically only 10-20% of the labelled dose of API is
deposited in the lung from an MDI aerosol, whilst that
from passive DPIs ranges from 5.5% to 28.8%, with the lat-
ter generally demonstrating higher variability [8]. Patients
often experience difficulties using devices effectively and
this contributes to low pulmonary deposition and poor
clinical outcomes [9,10]. Low pulmonary deposition also
results, however, from deficiencies in the MDI [11] and
DPI [12,13] aerosol formulations themselves. For example,
variable and low in vitro emitted doses have been reported
from DPI formulations [14]. This is symptomatic of high
particle retention in devices and the adhesion of API to car-
rier particles because forces of particulate cohesion and
adhesion must be overcome to produce a respirable aerosol
cloud.

Particles in the size range 1-10 um are traditionally pro-
duced by the crystallization of macrocrystals of the drug
substance followed by a subsequent micronization step.
Micronization is a high energy size-reduction process, typ-
ically performed in an air-jet mill, which exerts poor con-
trol over particle size, shape and size distribution [7]; all
of which influence the aerodynamic properties of particles
[15]. Micronization of API crystals has been demonstrated
to introduce amorphous character into the resultant parti-
cles as a result of a solid-state transition to a metastable
phase [16-19]. Polymorphic transitions have also been
reported to result from milling processes [20,21] and an
alteration in particle surface energy has been measured fol-
lowing milling [22-25].

Despite its widespread use, micronization is an undesir-
able production technique for respirable particles. The dis-
turbances in surface crystallinity and surface energization
can affect the adhesive/cohesive forces between micronized
particles of APIs and other formulation components [26].
The energization of surfaces has resulted in blends lacking
homogeneity [27]; it affects the physical stability of DPI
and MDI formulations [28-30]; and it can affect the aero-
solization of API particles from DPI formulations [6,31].
Alternative production techniques falling under the banner
of ‘particle engineering’ have been developed to overcome
such deficiencies of the macrocrystallization and micron-
ization approach for the production of respirable particles
(see recent technology reviews by Chan and Chew [7] and
Chow et al. [32]).

Precipitation by antisolvent crystallization represents an
attractive constructive approach for the production or
respirable particles and may be termed antisolvent micron-
ization. Precipitation is a rapid crystallization process char-
acterized by high levels of solute supersaturation, generated
upon the homogeneous mixing of a solution of an API with
an appropriate antisolvent. Generating a molecularly
homogeneous solvent composition throughout the crystal-
lizer prior to nucleation is difficult at high supersaturation
[33] resulting in disperse crystal nucleation and growth
rates throughout the crystallizer [7]. Agglomeration and
aging of precipitates may broaden the particle size distribu-
tion (PSD) yet further [34]. Control of the PSD is conse-

quently difficult, as are reproducible generation of
particles and scale up of the crystallization process.

Strategies to control the PSD by limiting crystal growth
and agglomeration during precipitation include the use of
crystal growth inhibiting polymers [35-37]; the use of con-
trolled mixing technologies [38,39]; the application of ultra-
sound to accelerate diffusion and nucleation [40,41]; and
the use of supercritical fluid antisolvent technologies [32].
These approaches, however, demonstrate several major
deficiencies as process technologies. First, the presence of
polymeric stabilizing excipients in the final API-containing
particles is undesirable. Second, the presence of polymeric
stabilizers on the surface of the particles contributes to
amorphous content [36], although crystallization tech-
niques are intended to avoid the generation of amorphous
regions during milling. Third, the use of growth inhibitors
is highly specific for the molecule being crystallized and is
also concentration dependent. All these factors result in
further complications when developing an appropriate
crystallization process. In addition, in the case of hydro-
phobic APIs such approaches require the use of potentially
harmful organic solvents.

The use of conventional solvents in the pharmaceutical
industry requires careful handling procedures during pro-
cessing to avoid combustion and exposure for operators.
The use of organic solvents also necessitates their thorough
removal from the final product and questions can remain
over the presence of residual solvents, even when using
supercritical fluid techniques [42]. The use of poly(ethylene
glycol) (PEG) in place of conventional solvents represents
an attractive alternative since appropriate grades of the poly-
mer display good solubility in water and in non-polar sol-
vents. The amphiphilic polymer demonstrates notable
powers of aqueous solubilization for hydrophobic drug mol-
ecules [43]. PEG has been proposed as a safe solvent because
it demonstrates low flammability, low toxicity and it is non-
volatile [44]. Thus the difficulties in using conventional
organic solvents for pharmaceutical processing are obviated.
An additional rationale for employing PEG as an alternative
solvent is the polymer’s biodegradability [45,46] which ren-
ders it environmentally benign, in comparison to conven-
tional solvents. PEG is also on the Food and Drug
Administration’s ‘generally regarded as safe (GRAS)’ list.

Aqueous solutions of PEG are used in the crystallization
and recovery of proteins [47,48], including the pharmaceu-
tically relevant protein interferon alpha-2a [49]. Most
recently low molecular weight PEGs have been explored
as a crystallization medium for macrocrystals of small
molecular weight species [50]. Despite the latter observa-
tion and the use of PEG as a solvent for production of
macrocrystals, the feasibility of using PEG for the produc-
tion of microparticles has yet to be investigated. Propylene
glycol represents an alternative non-volatile solvent for
antisolvent techniques [51], however, it was shown that
similar to conventional organic solvents, macrocrystals
were produced unless a crystal growth inhibitor (HPMC)
was included [52]. Microfine suspensions of API crystals
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have been generated upon dissolution of high molecular
weight PEG solid dispersions [53]. Therefore, both high
and low molecular weight PEGs provide interesting novel
solvent systems worthy of investigation for the antisolvent
micronization of pharmaceuticals.

PEG has been employed in experimental dry powder
[54] and metered dose inhaler [55] formulations but the tox-
icity of PEG delivered by pulmonary administration
requires investigation [56,57]. However, it was not the
intention of the current study to produce formulations con-
taining PEG. The aim of this work was to investigate and
develop an amphiphilic crystallization (AmphiCrys) pro-
cess comprising PEG-water crystallization systems for
the antisolvent micronization of particles of API generated
for topical lung delivery. In order to understand the man-
ufacturing parameters controlling the crystal size distribu-
tion, factorial design of experiments was employed.

2. Materials and methods
2.1. Materials

PEG 400, Analar® grade cyclohexane and HiPerSolv®
grade ammonium acetate were purchased from BDH
(VWR International Ltd., Poole, UK). High performance
liquid chromatography grade methanol was purchased
from Fisher Scientific Ltd. (Loughborough, UK) or from
VWR International Ltd. (Poole, UK). An Inertsil® ODS
2 column (5 pum, 200 x 4.6 mm i.d.) was obtained from
Capital HPLC Ltd. (Broxburn, UK). Span 80 was pur-
chased from Sigma—-Aldrich Company Ltd. (Gillingham,
UK). Nylon filters (0.45 um pore size, 47 mm diameter)
and cellulose acetate syringe filters (0.45 um pore size,
Schleicher and Schuell brand) were obtained from What-
man Intl. Ltd. (Maidstone, UK). Water was produced by
reverse osmosis using an ElgaStat unit (Elga LabWater,
Marlow, UK). Silica gel was purchased from Prolabo
(VWR International Ltd., Poole, UK). Salmeterol xinafo-
ate (SX) was a generous gift from GlaxoSmithKline Phar-
maceutical Development (Ware, UK).

2.2. Determination of the equilibrium solubility of salmeterol
xinafoate

PEG 400 solutions in water were prepared by weighing
appropriate amounts of PEG into volumetric flasks. Water
was added to the PEG to produce a series of weight/weight
solutions (range 0-100% w/w PEG 400). The solutions
were mixed using a magnetic stirrer plate and follower
(IKA Werke GmbH and Co. KG, Staufen, Germany).
Each solution was transferred in turn to a glass beaker
and excess SX was added. These suspensions were stirred
for 5 min at 7000 rpm using a Silverson L4RT Mixer with
a high shear square hole head (Silverson Machines Ltd.,
Chesham, UK). Aliquots of the suspensions were trans-
ferred to glass vials, to which excess drug was added
together with a magnetic flea and the vials were sealed.

The suspensions were ultrasonicated (Decon FS300B Bath,
Decon Laboratories Ltd., Hove, UK) for 40 min to aid dis-
persion and dissolution. The suspensions were then placed
on a multiplate Variomag® stirrer (H+P Labortechnik Ag.,
Oberschleissheim, Germany), and were left to equilibrate
for 72 h at 25°C in a temperature controlled water bath
(Grant SSD40, Grant Instruments, Chelmsford, UK).

Samples were filtered through 0.45 pm cellulose acetate
syringe filters into volumetric flasks, which were then
weighed. Alternatively, for higher concentrations of PEG,
samples were centrifuged at 16,060g for 5 min (Biofuge
pico, Heraeus, Kendro Laboratory Products plc, Bishops
Stortford, UK) and the supernatant was transferred into
volumetric flasks and weighed. Samples were diluted
appropriately with mobile phase, and analyzed for drug
content by high performance liquid chromatography
(HPLC) according to a validated HPLC assay for SX
[58] employing a HP1090 integrated HPLC system with a
HP1050 variable wavelength detector (Agilent Technolo-
gies UK Ltd., Wokingham, UK). All other chromato-
graphic conditions were as reported previously [58] and
calibration curves were prepared for each fresh batch of
mobile phase using calibration standards in the range 1-
100 pg mL~" SX in mobile phase.

2.3. Particle size determination

Particle sizing was carried out by laser diffraction using
the Malvern Mastersizer X (Malvern Instruments Ltd., Mal-
vern, UK) equipped with a 100 mm focal length lens and an
MS7 magnetically stirred cell using the 2 NHE software pre-
sentation. The sizing methods were validated according to
ISO 13320 (1990) standards to demonstrate fitness for pur-
pose (data not presented). SX-saturated solutions of 0.5%
w/v Span 80 in cyclohexane were prepared by sonicating
the dispersant solution with an excess of drug for 60 min, fol-
lowed by stirring overnight with a magnetic follower. The
saturated dispersant solution was filtered through 0.45 pm
cellulose acetate syringe filters into the sample cell of the
Malvern Mastersizer. The crystals of SX (approximately
1 mg) were added to an 8 mL glass vial and 2 mL of filtered
dispersant was added. The suspension was sonicated in a
water bath for 5 min (Sonicleaner, Dawe Ultrasonics Ltd.,
USA) to allow dispersion of the particles and aliquots were
added successively to the sample cell by means of a Gilson
pipette to achieve a satisfactory obscuration level (20%
obscuration) and allowed to equilibrate for 60 s. At least
three measurements were taken with each batch of crystals,
samples being taken from different locations in the powder
bed. Each individual sample was measured five times using
2500 measurement sweeps at a stirrer speed of 3 scale units.

2.4. Crystallization of salmeterol xinafoate
2.4.1. Preparation of SX in PEG 400 solutions

Solutions of SX were prepared by weighing the appro-
priate amount into a glass beaker and adding sufficient
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PEG 400 to achieve the required concentration (% w/w).
The beakers were covered with sealing film, and the solu-
tion was subjected to ultrasonication at 400 W and
40 kHz (Decon FS300B bath, Decon Laboratories Ltd.,
Hove UK) for 5 min to aid SX dispersion and dissolution.
Thereafter the solutions were mixed using a Silverson
L4RT Mixer with 1” tubular frame rod and a high shear
square hole head according to the following protocol:
2000 rpm for 10 min, 3000 rpm for 10 min, 1000 rpm for
5min and finally ultrasonication for 5 min to degas. The
solutions were then filtered using a 0.45 pm cellulose ace-
tate syringe filter into glass vials and sealed.

2.4.2. Infrared analysis of PEG solutions

Solutions of SX in PEG 400 were analyzed by attenu-
ated total reflectance Fourier transform infrared spectros-
copy (ATR-FTIR). FTIR spectra were recorded using a
Spectrum One spectrometer and spectral analysis was per-
formed with Spectrum version 5.3.1 software (Perkin Elmer
(UK) Ltd., Beaconsfield, UK). The solutions were analyzed
using the Spectrum One HATR Zinc Selenide (ZnSe) 45°
ATR crystal trough plate. Samples were scanned 32 times

over the 450-4000 cm ™' range with a resolution of 4 cm™".

2.4.3. Crystallization by antisolvent addition

The PEG solution was weighed into a standard 250 mL
glass beaker (diameter = 70.0 mm). The beaker was placed
on a laboratory elevator platform, under a Eurostar digi-
tally controlled overhead stirrer (IKAwerk GmbH and
Co. KG, Staufen, Germany) equipped with a stainless steel
four blade turbine-propeller stirrer (cross-section 4 cm).
The platform together with the beaker was raised, such that
the propeller was positioned precisely at the centre. The
vertical position of the stirrer was such that the underside

Table 1

of the stirrer was directly above the base of the beaker,
but not in contact with the glass.

Water was added as the antisolvent at a controlled rate
using a model 5058 peristaltic pump (Watson Marlow Bre-
del Pumps Ltd., Falmouth, UK) equipped with 6 mm inter-
nal diameter silicon tubing, which had a 2 mm thick wall. A
1 mL plastic Gilson pipette tip fixed to the end of the sili-
con tubing was used to direct the water flow. The antisol-
vent was directed to flow down the side wall of the glass
beaker allowing initial contact with the surface of the
PEG solution at the beaker wall. The pump was calibrated
for each desired flow rate, to ensure the addition of the cor-
rect weight of reverse osmosis water (filtered through a
0.45 um nylon membrane). The time for the addition of
water differed randomly from batch to batch, depending
upon the amount of PEG solution initially weighed into
the beaker.

The crystals were harvested by vacuum filtration using a
0.45 um nylon membrane filter (47 mm diameter) housed in
a glass filter unit (Millipore (UK) Ltd., Watford, UK). The
wet cake was washed with 2x 100 mL volumes of water; the
latter having been filtered through a 0.45 pm nylon filter
and pre-cooled to 4 °C. The washed filter cakes were trans-
ferred to Petri dishes, covered with perforated aluminium
foil, and dried in vacuo at 50 °C overnight (Vacutherm,
Heraeus GmbH, Hanau, Germany). The dry cake was
transferred to sealed glass vials and stored at room temper-
ature over dried silica gel in a glass desiccator.

2.4.4. Experimental design for screening the effects of
crystallization conditions

A 2* (two-level four factor) full-factorial experiment was
designed using Design-Expert 5.0 software (StatEase, QD
Consulting, Penzance, UK). SX was crystallized from

Combinations of the operational variables investigated in the antisolvent crystallization of salmeterol xinafoate from PEG 400-water and the resultant
particle size distribution of the crystals (particle sizes represent mean + SD, n = 3 determinations, except *, n = 1)

Experiment Standard SX conc. PEG conc. Stirrer speed Addition rate D01 D05 Diy0.9) Yield
No. order No. (Y% wiw) (% wiw) (rpm) (gmin~ ) (pum) (um) (pum) (%)
1 10 6.00 1.00 300 200.0 1.82+0.27 7.85 4+ 0.65 16.43 +1.14 47.95
2 8 6.00 10.00 2000 5.0 0.75 £ 0.02 5.03 +0.48 29.09 +2.10 57.45
3 19 3.50 5.50 1150 102.5 0.64 £+ 0.00 3.06 +£0.12 11.33 +£0.70 55.80
4 7 1.00 10.00 2000 5.0 0.72 +£0.02 4.44 +0.50 20.13 £ 0.61 46.52
5 4 6.00 10.00 300 5.0 0.70 +0.03 4.59 +£0.58 32.70 £ 4.11 67.54
6 6 6.00 1.00 2000 5.0 0.77 £0.03 8224242 43.65 + 8.98 51.26
7 16 6.00 10.00 2000 200.0 0.67 +0.02 4.07 +0.64 37.49 +5.94 65.75
8 5 2.00 1.00 2000 5.0 0.78 +0.02 5.84 +£0.29 34.38 +1.96 34.61
9 3 1.00 10.00 300 5.0 0.90 +0.15 532+ 1.46 11.96 +2.83 50.99
10 17 3.50 5.50 1150 102.5 0.63 +0.01 2.98 +0.09 15.05 +0.51 49.76
11 11 1.00 10.00 300 200.0 1.344+0.24 8.38 +0.63 17.94 4+ 0.99 43.52
12 1 2.00 1.00 300 5.0 0.70 4+ 0.06 3.70 £ 0.87 2374 +1.28 31.28
13 13 2.00 1.00 2000 200.0 1.03 +0.08 14.98 +0.73 34.93 4+ 0.40 20.01
14 18 3.50 5.50 1150 102.5 0.63 +0.02 2.62+0.27 11.40 +1.38 53.62
15 14 6.00 1.00 2000 200.0 0.75 +0.02 6.33+0.84 28.95 +4.07 37.08
16" 9 2.00 1.00 300 200.0 2.84 11.62 23.32 0.30
17 2 6.00 1.00 300 5.0 0.67 +0.02 3.65+0.49 31.55+4.02 49.14
18 12 6.00 10.00 300 200.0 0.75 +£0.02 4.11+0.29 10.54 +0.50 65.22
19 15 1.00 10.00 2000 200.0 0.89 +0.08 6.34 +0.89 21.60 +2.46 41.46
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PEG 400 solutions according to the general method pre-
sented above. The final weight of the crystallization solu-
tions was ~170 g, such that the initial weights of PEG
solutions varied from 1.6 to 19.1 g. The factors considered
were SX concentration in the PEG solution, final concen-
tration of PEG in the crystallizing solution, stirrer speed
and the addition rate of the antisolvent. The details of
the factor levels employed for the crystallization experi-
ments are presented in Table 1. The response factor exam-
ined was the volume median diameter (Dy0s) of the
resultant crystallized SX as measured by laser diffraction.
Runs 8, 12, 13 and 16 required a deviation (2% w/w) from
the low factor of SX concentration (1% w/w) in PEG 400,
as there was no particle output at the 1% w/w level. Crys-
tallization was terminated 20 min after the full addition of
the antisolvent, and percentage yields were calculated using
the following equation:

Yield

mass dried SX x 100
(Mass SX/PEG solution employed) x (conc. of SX/PEG solution)

(1)

2.4.5. Experimental design for the optimization of
crystallization conditions

A 3? full-factorial study was carried out using the centre
point from the 2* full-factorial study as the centre point.
The factors investigated were stirrer speed and antisolvent
addition rate, with both SX in PEG 400 (3.5% w/w) con-
centration and the solution to antisolvent ratio held con-
stant (5.5% w/w PEG). The stirrer speeds investigated
were 400, 1200 and 2000 rpm. The addition rate of water
was studied at 10, 100.5 and 200 g min~'. In all cases the
weight of the PEG solution was 8 g and the final weight
of the crystallization medium was 140 g.

3. Results
3.1. Solubilization of salmeterol xinafoate by PEG 400

To investigate the suitability of PEG 400 as a crystalliz-
ing solvent for the antisolvent micronization of SX it was
necessary to establish the solubilization capacity of aque-
ous PEG for SX. A logarithmic increase in the solubility
of SX with increasing concentration of PEG in water was
achieved (Fig. 1). The plot of logarithm of the solubility
(S) of SX displayed a linear relationship with PEG concen-
tration (r* = 0.991). The regression equation for the solu-
bility in the cosolvent system was

Logl0S = 0.0335(£0.0004)PEGconc + 1.736(+0.022)

(2)
However, the regression analysis revealed a significant lack
of fit (p <0.001), which was attributed to the deviation

from linearity between 90% w/w and 100% w/w PEG 400
in water.
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Fig. 1. The Log; solubility (S) of salmeterol xinafoate as a function of the
weight fraction of PEG 400 (A) (each data point represents the
mean + SD, n > 3).

SX dissolved in PEG 400 caused a change in the FTIR
spectrum of PEG 400 (Fig. 2A). A change in the OH
stretching vibrational bands centred around 3400 cm ™'
was observed. Further changes were observed in the meth-
ylene rocking, bending and wagging region of PEG
between 1350 and 1700 cm~! (Fig. 2B). The peak at
1415cm™" (CH, wagging and twisting) and shoulder at
1434 cm™' (CH, wagging) both increased in intensity as a
function of SX concentration. Peaks at 1350 cm™! (CH,
wagging and CC stretching) and 1280 cm ™! (CH, twisting)
were found to broaden in the presence of SX. Two peaks
(1615 and 1583 cm™") attributable to NH; deformation
and CO, salt deformation for SX were observed to
increase in intensity with SX concentration in PEG.

3.2. Screening factorial experimental design

A 2* full-factorial design was used to screen the effects of
four key crystallization conditions on the potential to pro-
duce microparticles of SX which may be suitable for
inhaled delivery. Table 1 presents the input conditions of
crystallization, the resulting particle size distribution and
actual drug crystal yield of SX microparticles. The median
diameter of the standard micronized material used as the
raw material was 1.13 +0.12 pm, with a cumulative 90%
undersize of 3.69 + 0.23 pm.

Experiments 3, 10 and 14 represent the centre point con-
ditions which were investigated to detect curvature in the
response surface. Crystallizing SX in three separate exper-
iments according to the centre point conditions allowed the
determination of the reproducibility of the crystallization
process. There was no significant difference between the
mean cumulative 10% undersize (D(y.1)) or median diam-
eter (D(v.,0.5)) values for any of the three batches (ANOVA
p =0.357 and p = 0.053, respectively). This demonstrated a
greater degree of variance arising from the determination
of median particle size (the primary response for the facto-
rial study) than that which arose from the crystallization
process. A significant difference was observed for the
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Fig. 2. The hydroxyl and methylene stretching regions (A) and the methylene deformation region (B) of the infrared spectra (ATR-FTIR) of PEG 400 and

of salmeterol xinafoate dissolved in PEG 400 at 1.0% w/w and 5.5% w/w.

cumulative 90% undersize values (D o.9)) for the three rep-
licates (ANOVA p > 0.05).

It was clear from the particle size data in Table 1 that the
crystallization process was successful in producing crystals
in the low micron size range, which would be suitable for pro-
cess optimization. The range of median diameter values was
2.62 +£0.27 to 14.98 +0.73 um while the cumulative 90%
undersize values ranged from 10.54 4 0.50 to 43.65 + 8.98
um. This demonstrated that the factors studied did indeed
have an effect on the properties of the crystallized drug.

The median diameter data were analyzed statistically
using Design Expert 5.0 software without carrying out
any transformation of the data. The input factors having
a significant effect were coded alphabetically (e.g. A = drug
concentration), while interactions were represented by
combinations (e.g. AB =drug concentration and PEG
concentration interaction). The model was constructed by
step-wise backward elimination of statistically insignificant
factorial terms and non-hierarchical terms (e.g. ACD was
removed because the AC interaction was insignificant).
The final model is presented in Table 2 along with the
regression coefficients which are a measure of the magni-
tude of the effect of a factor on the median diameter of
SX microparticles produced by aqueous antisolvent crys-
tallization from PEG 400. A statistical analysis of variance
of the model is presented in Table 3. Briefly, although the
model was significant (p < 0.0001) as indicated by its ability
to account for 85% of the variance in the Dy ¢ s) (adjusted
R-squared = 0.849), there was a significant lack of fit to the
data (p <0.0001) principally arising from the presence of
curvature (p <0.0001) in the response surface.

3.3. Response surface construction to optimize crystallization
parameters

From the particle sizing data presented in Table 4, it is
clear that the two operating conditions of stirrer speed

Table 2

Regression analysis of the factorial model of the median diameter of
salmeterol xinafoate particles crystallized in a two-level, four factor full-
factorial study, detailing the statistical significance and relative magnitude
of the factorial response coefficients

Factor Coefficient ~ Standard  p>|i|
estimate error

Intercept 6.82 0.16 <0.0001
A = drug concentration (% w/w) —1.24 0.18 <0.0001
B = PEG concentration (% w/w) —1.53 0.16 <0.0328
C = stir rate (rpm) 0.35 0.16 <0.0001
D = addition rate (g min~") 1.72 0.17 <0.0366
AB 0.40 0.18 <0.0001
AD -1.71 0.18 <0.0002
BC —0.67 0.16 <0.0001
BD —1.27 0.17 <0.0018
CD —0.53 0.16 <0.0001
ABD 0.91 0.18 <0.0001
Centre point -3.93 0.39 <0.0001

and addition rate of the antisolvent affected the PSD of
the microcrystals. It was possible to decrease the median
diameter of the particles to a size suitable for inhalation
drug delivery, and also to narrow the particle size
distribution by decreasing the cumulative 90% undersize
diameter. The median diameters ranged from 2.42 + 0.42
to 4.97 4 1.01 pm, while the 90% undersize diameter
ranged from as low as 8.67+0.77 um to as large as
32.98 + 6.55 pm.

It was necessary to include two forced terms (stir rate
and stir rate—addition rate interaction) to retain hierarchy
of the response surface model for the median diameter
and to improve the statistical fit. No forced terms were nec-
essary for the D, o o) response surface model. The response
surfaces for the particle size distribution are presented in
Figs. 3 and 4, both of which indicate a quadratic curvature
term, while the analyses of variance and model regressions
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Table 3

Summary of the analysis of variance for the model equation of the median diameter of salmeterol xinafoate particles as a function of the crystallization
variables

Source Sum of squares DF Mean square F value p>F
Model 337.49 10 33.749 30.184 <0.0001
Curvature 114.26 1 114.260 102.190 <0.0001
Residual 46.961 42 1.1181

Lack of fit 31.655 5 6.331 15.305 <0.0001
Pure error 15.306 37 0.4137

Root mean square error 1.057 R-squared 0.878
Dependent mean 5.755 Adjusted R-squared 0.849
% Coefficient variance 18.375 Predicted R-squared 0.826
Predicted residual sum squares 86.937 Adequate precision 23.063

Table 4
Particle size distribution by laser diffraction for particles of salmeterol
xinafoate crystallized according in a 32 factorial study (mean =+ SD, n = 5)

Stirrer rate  Addition rate D 0.1 D05 Dy0.9)
(rpm) (gmin") (wm) (um) (um)
400 10.0 0.75+0.06 497+1.01 18.85+3.12
400 100.5 0.70 £0.02 3.844+0.52 9.80 £ 1.17
400 200.0 0.64 +£0.02 2.5440.40 8.67+£0.77
1200 10.0 0.69 +£0.02 4234049 3298 +6.55
1200 100.5 0.65+0.01 3.00+0.30 10.02 4+0.94
1200 200.0 0.64+0.02 242+0.42 8.93+0.69
2000 10.0 0.79 +£0.03 4.60+0.19 23.53 +3.84
2000 100.5 0.66 +0.01 3.46+0.32 23.57+1.86
2000 200.0 0.64 £0.01 3.19+1.06 21.74+2.63
4.96
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Fig. 3. Response surface demonstrating the effects of the stirrer speed
(rpm) and antisolvent addition rate (zmin~') on the median diameter
(Dv,0.5), hm) of salmeterol xinafoate particles.

are presented in Tables 5 and 6. The median diameter was
dependent on all terms included in the model response sur-
face for the Dy 0.5, (p < 0.0001) and no significant lack of fit
was displayed. The response surface, however, was not
suitable for the predictive optimization experiments outside
the experimental space (adjusted correlation coeffi-
cient = 0.654). Although the model for the Dy, ) response
surface described the data well (p <0.0001), a significant
lack of fit was observed (p <0.0001) as confirmed by the
lower correlation coefficient (adjusted R-squared = 0.654).

3037
2455
18.73
12.92
o
(=}
> 710
=)
200000
19905%.00
Stir rate 800 3.00 " 200,00 152.50 105.00 51.50 10.00

Addition rate

Fig. 4. Response surface demonstrating the effects of the stirrer speed
(rpm) and the antisolvent addition rate (g min~') on the cumulative 90%
undersize diameter (D(y,0.9), um) of salmeterol xinafoate particles.

4. Discussion

The generation of solution supersaturation is the driving
force for solute precipitation in antisolvent micronization
processes. Establishing the feasibility of controlled precipi-
tation requires a thorough knowledge of the equilibrium
solubility of the crystallizing substance as a function of
antisolvent concentration. Only if a significant difference
exists between the solubility of the substance in the solvent
and antisolvent can a precipitation process be effective.

PEG 400 solubilized SX with a typical log-linear
increase in solubility [59] as PEG concentration increased.
There is an approximately 1000-fold difference between the
solubility of SX in pure PEG 400 and in pure water. The
deviation from log-linearity at high fractions of cosolvent
is not uncommon [60] and is usually observed in non-ideal
solutions where specific solvation interactions exist (e.g. H-
bonding). Solutions of PEG in water show extensive inter-
actions in the form of intermolecular H-bonds [61] which
break down the structure of water [62] and hence facilitate
an increase in solubility of hydrophobic compounds such
as SX. Specific solvation interactions were also evident
for SX in PEG 400 as demonstrated by the FTIR spectral
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Table 5

Summary of the analysis of variance for the model equation of the median diameter of salmeterol xinafoate particles as a function of the crystallization
variables

Source Sum of squares DF Mean square F value p>F
Model 30.6429 4 7.66072 21.7414 <0.0001
Residual 1.24077 40 0.352356

Lack of fit 12.8535 4 0.310192 0.868785 0.4921
Pure error 30.6429 36 0.357041

Corrected total 44.7371 44

Root mean square error 0.594 R-squared 0.685
Dependent mean 3.582 Adjusted R-squared 0.654
% Coefficient variance 16.574 Predicted R-squared 0.584
Predicted residual sum squares 18.613 Adequate precision 13.594

Table 6

Summary of the analysis of variance for the model equation of the cumulative 90% undersize diameter of salmeterol xinafoate particles as a function of the

crystallization variables

Source Sum of squares DF Mean square F value p>F
Model 2125.080 3 708.361 24.296 <0.0001
Residual 1195.380 41 29.156

Lack of fit 870.991 5 174.198 19.332 <0.0001
Pure error 324.388 36 9.011

Corrected total 3320.460 44

Root mean square error 5.400 R-squared 0.640
Dependent mean 17.567 Adjusted R-squared 0.614
% Coefficient variance 30.738 Predicted R-squared 0.573
Predicted residual sum squares 1417.530 Adequate precision 13.982

changes. The hydroxyl peak broadening indicated the for-
mation of intermolecular H-bonds and the ionic salt, SX
[63]. The further spectral changes indicated a change in
the polymer conformation which might have facilitated sol-
vation [64] upon dissolution of SX.

The applicability of employing PEG as a solvent for the
antisolvent micronization of hydrophobic compounds was
shown by the ability to produce particles with a median
diameter in the low micron size range (Table 1). The 2* fac-
torial design was effective at screening the experimental fac-
tor space to provide an indication of the major effects of
the crystallization operating parameters on the particle size
of the crystallized particles. The four factors (drug concen-
tration, PEG concentration, addition rate of antisolvent
and stirring speed) accounted for the supersaturation of
SX in the crystallizer, the rate of generation of supersatura-
tion and the hydrodynamic conditions of the crystallizer,
respectively, that affect PSD. Objective interpretation of
effects from factorial design experiments relies on robust
analysis of variance (ANOVA) and multiple linear regres-
sion analysis. The screening ability is strengthened by
increasing the degrees of freedom, achieved by replicate
measurement [65]. It was clear from the replicate crystalli-
zation of the centre points (n = 3) that greater variation in
the principal outcome (median diameter) was attributable
to the measurement of particle size, rather than the crystal-
lization process. The variance in particle size measurements
is generally determined by the sampling process [66]. Thus,
to strengthen the experimental design, pseudo-replicates
were introduced which involved replicate determinations

of particle size (n = 3) rather than replicate manufacturing
steps.

The 2* factorial study was suitable only for the general
screening of effects, as a consequence of the curvature
detected in the median diameter response. Two-level facto-
rial design assumes linearity, and it was shown that greatest
contribution to the mean square of variance for the model
was attributed to the curvature, and hence, the significant
lack of fit. A further complication in interpreting the effect
of the operational conditions on the production of micro-
particles was the number of interacting terms. In accor-
dance with classical nucleation theory [67] when
supersaturation was increased (factors A, B and the two-
way interactions AD, BD and BC) the median particle
diameter decreased. A higher supersaturation leads to a
large number of smaller crystals when supersaturation is
consumed by nucleation events rather than crystal growth.
The decrease in median particle diameter as the addition
rate of the antisolvent (water) increased indicated that
the extent of nucleation was not only determined by the
maximal supersaturation, but also the rate and process of
generation of supersaturation.

Classical nucleation theory relies on achieving rapid and
homogeneous mixing of the crystallization solvents to
ensure homogeneity of the level of supersaturation
throughout the crystallizer. Thus the addition rate of the
antisolvent and the hydrodynamic conditions of mixing
obtaining in the crystallizer are crucial to this effect. Posi-
tive correlations between the median diameter and a num-
ber of factors were observed. These positive correlations
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(indicating an increased median diameter at the upper fac-
tor levels) arose from the slower rate of generation of
supersaturation due to a slower descent down the solubility
curve (interactions AB and ABD). In addition the resultant
particle size was affected by the hydrodynamic properties
of the crystallizer, and both the efficiency and process of
mixing the two solutions (C, D, ABD and AB). The high
Dy,0.9) values in the majority of cases indicated a significant
proportion of the particles would be unsuitable for inhaled
drug delivery. However, the potential of the PEG solvent
system for the controlled production of microparticles
was shown by the relatively narrow PSD obtained for the
centre point conditions (experiments 3, 10, and 14). There-
fore, based on the predictable response of the median
diameter to supersaturation, the centre point conditions
were chosen to clarify the hydrodynamic effects on the par-
ticle size distribution to optimize microparticle production.

The use of a three-level factorial design (32) allowed the
degree of curvature observed in the screening study to be
taken into account. The statistical fit of the models was
not ideal (only 65% and 61%, respectively, of the variance
in the median and cumulative 90% undersize diameter
could be described by the respective statistical models). A
low correlation coefficient does not necessarily mean, how-
ever, that the model is not a reasonable description of the
crystallization system from which inferences may be drawn
on the controlling mechanisms [68].

The Dy .5y decreased with an increase in addition rate
of the antisolvent while a curvature was seen in response
to the stirring rate (Fig. 3). This can be interpreted by con-
sidering the response of the Dy 9.9y which increased as a lin-
ear function of stirrer speed (Fig. 4). Therefore any
tendency to decrease the median diameter by increasing
the stirring rate is opposed by a broadening of the PSD.
Conversely an increase in the antisolvent addition rate
decreased the median diameter, but a degree of curvature
in the D9 response indicated a broadening of the
PSD. The addition rate of the antisolvent determines the
rate of descent down the solubility curve and hence the rate
of generation of supersaturation. The final PSD in a precip-
itation process is determined by the relative balance of the
kinetic rates of nucleation and crystal growth. A high rate
and degree of nucleation results in a smaller median parti-
cle diameter. The PSD, however, is dependent on the initial
number of nuclei formed and also on the growth rate of
those nuclei. The effective degree of supersaturation gener-
ated by a given mass of antisolvent is increased by increas-
ing the addition rate [69] leading to extensive nucleation.
However, both nucleation and growth increase in the pres-
ence of high supersaturation and hence slow addition of
antisolvent result in a competition between fresh nucleation
and growth of nuclei formed early in the precipitation pro-
cess, leading to curvature in the Dy o9y response [70].

Ultimately nucleation is a process which occurs at the
molecular level and for supersaturation to occur the PEG
solution and the water antisolvent must be mixed at the
molecular level by the process of micromixing [71]. How-

ever, PEG demonstrates a higher viscosity than most con-
ventional solvents, and the difference in viscosity between
PEG and water renders rapid homogeneous liquid mixing
difficult [72]. The PEG-water system demonstrated a bal-
ance between micromixing and mesomixing (a larger scale
mass transfer of the antisolvent). The lower rate of micro-
mixing in viscous systems ensures a competition between
micromixing and nucleation leading to a low nucleation
rate at low antisolvent addition rates. Thus supersaturation
can be consumed by crystal growth leading to higher par-
ticle sizes. As the antisolvent addition rate is increased, a
shift in the balance of micro- to mesomixing occurs [73].
Mesomixing leads to localization of high levels of supersat-
uration in turbulent eddies and concomitant high rates of
nucleation. Thus large numbers of primary nuclei are
formed which possess a large surface area, and undergo
limited growth in regions of lower local supersaturation
leading to a narrow PSD.

Stirring also affects the balance of micro- and mesomix-
ing processes. An increased stirrer speed increases the rate
of micromixing enabling subsequent nucleation and the
median particle size to be decreased. However, increased
agitation minimizes local supersaturation (and lowers
nucleation rates) by facilitating turbulent mesomixing.
Crystal growth involves an element of volume-diffusion
control where solute molecules must diffuse through a dif-
fusion barrier around nascent crystals [67]. Increasing the
stirring speed facilitates diffusion by decreasing the thick-
ness of the stagnant boundary layer, hence affecting the
balance between nucleation and crystal growth. Both of
these reasons explain the curvature observed in the
response surface of the median diameter as a function of
stirrer speed.

5. Conclusions

PEG has been shown to be eminently suitable as a crys-
tallization medium for the antisolvent crystallization of SX.
A sufficient degree of solubilization for SX in water
enabled the production of microparticles suitable for
exploitation in topical lung drug delivery according to a
novel and environmentally benign production method of
amphiphilic crystallization. Crucially, the PSD was shown
to depend on the hydrodynamic conditions prevailing in
the crystallizer and did not require the use of traditional
crystallization inhibitors. In this study the factors control-
ling the microcrystallization of SX by amphiphilic crystal-
lization have been identified. Future work will focus on
determining the suitability of the AmphiCrys process for
other drug substances. Additionally the microcrystals will
be characterized to determine their suitability for pulmon-
ary delivery.
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