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uses. The present invention provides particulate powders, such as might be of use for delivery using a dry powder inhaler (DPI) or

similar delivery device, having properties which may be beneficial to the DPI delivery process.
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Particulate materials

Field of the invention

The present mvention relates to active substances n particulate form, to methods for preparing them

and to their uses.
Backeground to the invention

Certain pharmaceuticals may be delivered to the nose and/or lungs of a patient by nhalation, using an
inhaler device of which there are several known types. Pulmonary dehvery by acrosol inhalation has
received much attention as an attractive alternative to intravenous, intramuscular, and subcutaneous
mjection, since this approach eliminates the necessity for mjection syringes and needles. Pulmonary
deliverjf also Iimuits 1rritation to ﬁle skin and body mucosa which are common side effects of
transdermally, 1ontophoretically and mtranasally delivered drugs, eliminates the need for nasal and
skin penetration enhancers (typical components of intranasal and transdermal systems often cause skin

irritation/dermatitis), 1s economically attractive, 1s amenable to patient self-administration and 1s often

preferred by patients over altemative modes of administration.

Of particular interest 1n the context of the preserit invention are pulmonary delivery techniques which

rely on the inhalation of a pharmaceutical formulation by a patient so that the active drug within the

dispersion can reach the distal (alveolar) regions of the lung.

A variety of aerosolization systems have been proposed to disperse pharmaceutical formulations.
For example, US patents nos. 5,785,049 and 5,740,794 describe exemplary active powder
dispersion devices which utilize a compressed gas to aerosolize a powder. Other types of

aerosolization systems include metered dose inhalers (MDls), which typically have a drug that is

stored in a propéllant, and nebulizers (which aerosolize liquids using a compressed gas, usually air).

An alternative type of inhaler is known as a dry powder inhaler (DPI) and delivers the drug (or a
composition containing the drug, for instance together with a pharmaceutically acceptable excipient)
in the form of a dry air-bome particulate powder. DPIs mclude single use inhalers SllCil as those
disclosed in US patents nos. 4,069,819, 4,995,385, 3,991,761 and 6,230,707, and in WO-99/45986,
W0-99/45987, W0O-97/27892 and GB-1 122 284; multi-single dose inhalers such as those disclosed in
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US patents nos. 6,032,666 and 5,873,360 and in WO0O-97/25086; and multi~dose inhalers containing

powder 1n a bulk powder reservoir such as those disclosed in US patent no. 4,524,769

Particulate active substances, such as drugs, may be produced by a vanety of known methods,
including for example crystallisation from solution, anti-solvent precipitation from solution, milling,
micronisation, spray drying, freeze drying or combinations of such processes. Also known are particle
formation processes which make use of supercrtical or near-critical fluids, either as solvents for the
substance of interest — as in the process known as RESS (Rapid Expansion of Supercnitical Solution -
see Tom & Debenedetti, J. Aerosol. Sci., 22 (5), 555-584 (1991)) — or as anti~solvents to cause the
substance to precipitate from another solution — as in the process known as GAS (Gas Anti-Solvent)

precipitation — see Gallagher et al, ACS Symp. Ser., 406, p334 (1989).

In general, however, known processes for producing inhalable drugs can often yield particles which
give less than satisfactory performance in DPI and similar delivery devices. For example, the
dispersion of many prior art dry powder formulations from inhalation devices exhibiis a tlow rate
dependence such that dispersion of the powder from the device increases with the patient’s insptratory

effort. Altematively, many formulations require mixing or blending with larger carner particles such

as lactose in order to deliver the particles effectively to the deep lung.

It would therefore be desirable to provide particulate drugs, and indeed other active substances which

may need to be delivered as dry (ie, without a fluid carrier) powders using a DPI or analogous

mechanism, which can demonstrate improved performance in such a context, in particular improved

dispersibility and aerosol performance in fluids and especially 1n gases such as ar.
Summary of the invention

In one aspect, the present invention provides an active substance in particulate form suitable for
administration via a dry powder inhaler, said particulates comprising:

(a) a volume mean aerodynamic diameter of less than 7 microns;

(b) a bulk powder density within a range from about 0.1 g/cm3 to about 0.5 g/cm3 . and

(¢) a surface-to-volume ratio of at least 2.5 times that of spherical particles of the same
volume diameter, wherein the particulates are solid, non-hollow, non-porous particles and the active
substance 1s selected from the group consisting of insulin, pro-insulin, mono-acylated insulin, '

insulinotropin, and insulin-like growth factor.
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The particulate powders might be of use for delivery using a DPI or similar delivery device, having
properties which may be beneficial to the DPI delivery process. These properties are illustrated in

the examples below,

The active substance preferably is prepared using a SEDS™ particle formation process as defined
below, which exhibits one or more (preferably two or more, more preferably at least three) of the

following characteristics:

a) the particles have a low surface energy. In particular, they preferably exhibit a low value for
the surface energy related parameter ys- (the dispersive component of surface free energy, as defined

2a
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in the examples below, which reflects non-polar surface interactions) and/or for the parameter AGy4

(the specific component of surface free energy of adsorption, again as defined in the examples, which
reflects polar surface interactions), for instance when compared to particles of the same active
substance prepared using a non-SEDS™ particle formation process and preferably having the same or
a smaller volume mean diameter. In the case of the parameter AGj, the value for the active substance
of the present invention, for any given polar solvent, 1s preferably lower by a factor of at least 1.2,

preferably at least 1.4 or 1.5, than that for the corresponding non-SEDS™-produced substance.

b) the particles exhibit a low surface adhesion and/or cohesiveness (which may be related to their

surface encrgy). In particular, they may exhibit lower adhesiveness than those of the same active

substance produced by a non-SEDS™ particle formation process.

. C) the particles show little or no tendency for éggregation (again this may be related to their

surface properties such as surface energy and adhesiveness), or at least form less stable aggregates

than those of the same active substance produced by a non-SEDS™ particle formation process.

d) the particles have a volume mean aerodynamic diameter of 7 pm or less, preferably 5 um or

less, more preferably 4 um or 3 um or less, such as from 1 1o 5 um, from 1 to 4 um or from 1 to 2 um.

€) the particles have a volume mean geometric diameter of 5 pm or less, preferably 4 pm or less,

more preferably from 1 to 5 pm, most preferably from 1 to 4 or from 2 to 4 pm.

f) the particles have a particle size distribution (Xg0) of 10 pm or less, preferably also a value for

(x05) of 10 um or less, preferably also a value for (xg) of 10 pm or less. Typically each of these values
will be from 0.5 to 10 pm.

o) when measured using a cascade impactor technique (at low turbulence), the particles have a
partlcle size spread, defined as (xo0 — X10) / Xs0, of 1.3 or less, preferably of 1.25 or 1.2 or less, and/or a
volume mean diameter of 6 um or less, preferably of 5.5 pm or less, more preferably of 5.2 yum or less.

Their particle size spread under these conditions 1 is preferably at least 5 %, more preferably at least 10
%, still more preferably at least 12 %, smaller than that of the same active substance produced by a

non-SEDS™ particle formation process, and their volume mean diameter preferably at least 10 %,
more preferably at least 15 %, still more preferably at least 20 %, smaller than that of the non-SEDS™
substance.

h) the particles are crystalline, or substantially so, and 1n particular are more crystalline than
those of the same active substance produced by a non-SEDS™ particle formation process. Their X-

3
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ray diffraction patterns thus préferably exhibit reduced diffraction hine broadening and/or a higher

signal-to-noise ratio than the X-ray diffraction patterns for the same active substance produced by a
non-SEDS™ process. The crystalline particles may exhibit reduced crystal lattice imperfections such
as strain defects (point defects and/or dislocations) and/or size efiects (grains, small-angle boundaries
and/or stacking faults), as compared to crystals of the same active substance produced by a non-
SEDS™ process — such imperfections tend to be associated with increased line broadening in the X-
ray diffraction patterns. In particular, the particles may exhibit a lower crystal stram, and/or a higher
crystal domain size, than crystals of the same active substance produced by a non-SEDS™ particle

formation process.

1) where the active substance is capable of existing in two or more different polymorphic forms,
the particles consist of only one such form, with a purity of 99.5 % w/w or greater, preferably ot 99.8
% w/w or greater, with respect to the other polymorphic forms. More preferably, the active substance

~ has a higher activation energy for conversion to one or more other polymorphic forms than does a

sample of the same active substance prepared using a non-SEDS™ particle formation process.

1) the particles have a lower surface charge (for instance, mean specific charge) than those of the

same active substance produced by a2 non-SEDS™ particle formation process.

k) the particles exhibit superior powder flow properties (which may be related to lower surface
charge and/or adhesiveness) as compared to those of the same active substance produced by a non-
SEDS™ particle formation process; for instance, they may be more free-flowing and/or they may
deaggregate more efficiently when dispersed in a fluid such as in a DPI device, particularly at low

turbulence and/or shear stress levels.

1) the particles have a bulk powder density which is lower than that of the same active substance

produced by a non-SEDS™ particle formation process. They preferably have a bulk powder density
of less than 0.5 g/cm’, more preferably of 0.4 g/cm’ or less, most preferably of 0.2 g/om® or less.

m) the particles have a specific surface area which is higher than that of the same active substance

produced by a non-SEDS™ particle formation process.

1) the “shape factor” of the particles, by which is meant the ratio of (a) their measured specific

surface area (ie, surface area per unit volume) to (b) their theoretical specific surface area as calculated

from their measured diameters assuming spherical particles, 1s higher than that of the same active
substance produced by a non-SEDS™ particle formation process. Preferably this shape factor 1s at
least 2, more preferably at least 3, most preferably at least 3.5.

4




10

15

20

25

CA 02483218 2004-10-21
WO 03/090715 PCT/GB03/01747

0) the “shape coefficient”,os v of the particles, determined from image (eg, SEM) analysis and

as defined 1n the following equation:

- where the mean projected diameter, d,, is given by:

d, = (4S/n)'"” = ((2/m)(ab+bc+ca)) ' and
the volume particle diameter, d,, is given by
d, = (6V/n)"” = (6abc / ©)'"

1s higher than that of the same active substance produced by a non-SEDS™ particle formation process,
preferably at least 1.5 times as great, more preferably at least twice as great. Preferably this shape

coefticient is at least 10, more preferably at least 15, most preferably at least 18 or at least 20. It may

alternatively be calculated from specific surface area measurements, laser diffraction particle size

measurements and the theoretical crystal density, as defined in the following equation :
Sy=0agy /p xenin ) X Qs (X)dx

p) the “acrodynamic shape factor” of the particles, y, is greater than that for the same active

substance produced by a non-SEDS™ particle formation process, preferably at least 20 % greater,
more preferably at least 30 % or at least 40 % greater. v is the ratio of the drag force on a particle to

the drag force on the particle volume-equivalent sphere at the same velocity, and may be calculated as

described in the following equation:

1= ((Ca(ds) Ce (dv)) / (Culdv) Cc (ds))) (:ds [ dv)’

For a product according to the invention it may be 1.4 or greater, preferably 1.5 or greater, most

preferably 1.7 or 1.8 or greater.

q) the particles have reduced surface roughness compared to those of the same active substance

produced by a non-SEDS™ particle formation process.

By “non-SEDS™ particle formation process™ is meant a particle formation process other than the

SEDS™ process defined below, for example one involving micronisation, granulation and/or solvent

S
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crystallisation under sub-critical conditions, and in particular one mvolving micronisation. In general,

comparisons between substances according to the invention and those made by non-SEDS™
techniques are suitably made using in each case particles of the same or a comparable size (eg, no

more than 30 % or even than 20 % different in size) and/or shape.

Brief description of the drawings

Fig. 1 depicts the percentage dissolution against time for particles processed according to the mvention

compared to micronised.
Fig. 2 depicts an AFM analysis of material process according to this invention.

Fig. 3 is a graph showing RMS surface roughness data for materials processed according to the

invention.
Fig. 4 is a schematic of the SEDS process.
Figs. 5 a-f are SEMs of particles produces according to the invention.

Figs. 6 a - ¢ depict X-ray powder patterns illustrating the crystallinity of micromsed and samples

produced according to the mvention.

Fig. 7 depicts the heat flow (UW) for both micronised and SEDS™ powders of terbutaline sulphate.

Fig. 8 depicts the strange attractor plots for terbutaline supphate analysed at high (100 seconds per

revolution) rotation speed.

Fig. 9 depicts the strange attractor plots for TBS analysed at medium (145 seconds per revolution)

rotation speed.

Fig. 10 and 11 compare the in vitro performance of micronised and SEDS™ processed terbutaline

sulphate analysed in a lactose blend as well as pure drug alone.

Detailed description of the invention
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It has been found that particulate active substances having one or more of the above properties tend to

exhibit improved performance, in particular good dispersibility, in delivery devices such as inhalers,
especially dry powder inhalers and more especially passive dry powder inhalers. In particular a
correlation has been found between lower particle surface energy and mmproved DPI performance.
Similarly, lower strain, higher crystallinity and higher polymorphic purity have been associated with
reduced agglomeration and particle adhesion, and with lower electrostatic charge, again properties
which lead to improved DPI performance. Higher specific sdurface areas, and higher shape factors,
have also been found to accompany improved DPI performance. For a given particle size, products
according to the invention can demonstrate significantly better performance in passive dry powder

inhalers than products made by conventional techniques such as spray drying, freeze drying,

granulation and in particular micronisation.

Thus, the active substance of the invention, when used in a passive dry powder inhaler or analogous
delivery device (for example the commercially available Clickbaler™), preferably yields a fine
particle fraction in the emitted dose of 20 % or greater, preferably 26 % or greater, more preferably Bi
Y0 or greater, in cases 35 % or 40 % or 50 % or even 55 % or greater. Instead or in addition, its fine
particle fraction may be at least 20 % greater, preferably at least 25 % or 30 % or 40 % or 50 % or 60
7o or 80 % or 100 % greater, more preferably at least 110 % or 120 % or 130 % or 140 % greater, than
that of the same active substance produced by a non-SEDS™ particle formation process and having

the same or a smaller volume mean diameter.

The active substance is preferably in a substantially (eg, 95 % w/w, preferably 98 % or 99 % w/w or
greater) pure form. It preferably contains low levels of residual solvent, for example less than 500
ppm, more préferably less than 200 ppm, most preferably less than 150 or 100 ppm residual solvent,
by which is meant solvent(s) which were present at the point of particle formation. Still more
preferably the substance contains no detectable residual solvent, or at least only levels below the
relevant quantification limit(s). In particular residual solvent levels in the bulk particles, as opposed to
merely at their surfaces, are likely to be lower than in particles of the same active substance produced

by a non-SEDS™ process.

In cases, the fine particle fraction yielded by an active substance according to the invention, for

nstance in an Andersen™ cascade impactor, may be up to 150 % or 175 % or even 200 % or 250 % or

- 230 % of that of the same active substance produced by a non-SEDS™ process. Such improvements

may often be exhibited even if the particle size of the substance of the invention is significantly greater
(eg, at least 30 % or 50 % or 75 % or 90 % greater) than that of the non-SEDS™-produced substance.

They can also be exhibited in the absence of dispersion enhancing additives such as surfactants, in the

absence of excipient/carrier materials and/or in unimodal (with respect to particlé size) systems.

7
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Particular improvements (with respect to substances made by non-SEDS™ processes) may be seen

where the active substance is used alone as opposed to in a blend with an excipient such as lactose.

The total emitted dose for a substance according to the mmvention may also, in this context, be at least
10 % greater, preferably at least 15 % greater, more preferably at least 20 % or 25 % or 30 % greater,
than that for the same active substance made by a non-SEDS™ process, etther with or without
excipient(s). Generally the substances of the invention may deposit on the impactor stages with a

narrower distribution (typically weighted more to the lower stages such as 1 to 3) than for those made

by non-SEDS™ processes.

At relatively low dispersing pressures, for instance 2 bar or less, an active substance according to the
invention has been found capable of yielding a significantly higher proportion of primary particles n
the respirable size range than the same active substance produced by a non-SEDS™ process, the latter
often tending to form stable (ie, not dispersible at these pressures) agglomerates above the preferred 5
Lm limit. This again indicates reduced particle cohesiveness and/or reduced inter-particulate contact
area in an active substance according to the invention. The volume mean particle diameter dy; of the
particles of the invention (calculated from cascade impactor data) may thus appear larger than that for
non-SEDS™.-produced particles when dispersed at pressures of 2 bar and above, but smaller at

pressures below 2 bar,.for instance 1.8 bar or below, where the dispersion (or deaggregation) ability of

the particles plays a more dominant role.

Since the viscous shear stress within the impactor will affect the dispersion behaviour of the particles
and hence their apparent volume mean diameter , particles according to the invention exhibit volume

mean diameters lower than those of their non-SEDS™ equivalents at lower viscous shear stresses, for

instance below 20 Nm™ or even up to 30 or 40 Nm™.

At such low shear stress levels, particles according to the invention appear to undergo significantly
less aggregation, or to form significantly less stable aggregates, than those pfoduced by a non-SEDS™
process which may produce stable aggregates well outside the 5 pm respirable hmit. The particles of
the invention, at these shear stress levels (or at leé,st at shear stress levels between 5 and 30 Nm™ or
between 10 and 30 Nm™) can produce a large fraction of primary particles in the respiratory size

range, preferably having a volume mean diameter of less than 6 or more preferably less than 5 pm.

Thus, the volume mean particle diameter of an active substance according to the invention, derived

from cascade impactor data in the manner defined in the Examples below, may be at least 10 %

smaller, preferably at least 15 % or at least 20 % smaller, than that of the same active substance

produced by a non-SEDS™ particle formation technique, even where its volume mean diameter

8
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measured at higher dispersions using another technique such as laser diffraction or time-of-flight 1s

greater than (for instance, up to 30 % or 50 % or even 100 % greater than) that of the non-SEDS™
substance. This indicates that for a given size, particles according to the invention can give superior

performance on aerosolisation.

Accordingly, particulate active substances of the present invention may be particularly advantageous

for use with passive dry powder inhalers which operate m the lower region of turbulent stresses when

dispersing the powder they contain.

In the context of the present invention, a passive dry powder inhaler is a device for use in delivering a
powdered active substance to a patient, in which the patient’s inspiratory effort 1s used as the sole
powder dispersing means. In other words, the powder is not delivered in a pressurised fluid as in

many metered dose inhalers, and nor does its delivery require the use of a rotating impeller or other

mechanical means.

A second aspect of the present invention provides a method for selecting a particulate active substance

for use in a dry powder inhaler, in particular a passive dry powder inhaler, which method involves the

assessment of, and selection on the basis of, one or more (preferably two or more, more preferably

three or more) of the above described properties of active substances according to the first aspect of

the imvention.

A third aspect provides the use of an active substance according to the first aspect, in a dry powder
inhaler and in particular in a passive dry powder inhaler, for the purpose of achieving improved active
substance delivery. Improved delivery in this context may involve improved powder dispersion, more
accurate dosage delivery, more consistent dosage delivery and/or a higher fine particle fraction in the

emitted dose, in particular at relatively low dispersing pressures such as 2 bar or less or 1.8 bar or less.

Particle surface energies may be measured using inverse gas chromatography (IGC), for instance using
a gas chromatograph from the Hewlett Packard™ series. Surface energy measurements ideally take
account of the dispersive component of the surface free energy, vs-, the specific component of the
surface free energy of adsorption, AG,, the acid-base parameters and/or the total (Hildebrand)
solubility parameter, which takes into account dispérsive, polar and hydrogen-bonding interactions on
particle surfaces and thus reflects the inter-particle adhesion. The disperstve component vs~ may be
assessed using non-polar probes such as alkanes, and the specific component AG, may be aséessed
using data from both polar and non-polar probes, the former having both dispersive and specific

components of surface free energy of adsorption.
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Thus, gas chromatography measurements suitably involve the use of both non-polar and polar probes,

examples of the former being alkanes such as pentane, hexane, heptane, octane and nonane and of the
latter being diethyl ether, toluene, acetone, ethyl acetate, chloroform, dioxane, dichloromethane and

tetrahydrofuran.

In the case of the dispersive component vs-, the value for the active substance of the present invention
is preferably at least 5 % lower, more preferably at least 10 % lower, most preferably at least 12 % or
15 % or 20 % or 30 % lower, than that for the same active substance made by a non-SEDS™ particle

formation process.

In the case of the specific component AG,, the value for the active substance of the present imnvention

is preferably at least 10 % lower, more preferably at least 15 % lower, most preferably at least 20 % or
30 % or 50 % or 80 % lower, than that for the same active substance made by a non-SEDS™ particle

formation process.

In the case of the Hildebrand solubility parameter J, the value for the active substance of the present

invention is preferably at least 5 % lower, more preferably at least 8 % lower, most preferably at least

10 % lower, than that for the same active substance made by a non-SEDS™ particle formation

process.

Overall, particulate active substances according to the present invention tend to have lower surface

activity (for example with respect to solvent adsorption) and greater surface stability than those

produced by non-SEDS™ particle formation processes, with a more ordered surface structure. Their

lower surface energy may be manifested by a lower value for K, and/or Kp, for instance as measured

in Example 2, indicative of weaker acidic and/or basic interactions respectively at the particle surfaces.

For instance, their K, may be at least 5 %, preferably at least 10 % or at least 12 %, lower than that of

the same active substance made by a non-SEDS™ particle formation process, and/or their Kp may be

at least 30 %, preferably at least 50 % or at least 60 % lower.

The specific surface energy Es of a particulate active substance according to the invention, calculated

as per the following equation:
E.=0683 (8*/asy™") Q"7

where & is the Hildebrand solubility parameter, o v is the shape coefficient, and €2 1s the molecular

volume
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is preferably at least 10 %, more preferably at least 20 %, still more preferably at least 30 % or 40 %,

lower than that of the same active substance produced by a non-SEDS™ particle formation process,

and might typically be 100 mJ/m” or lower, more preferably 90 or 80 or 70 mJ/m” or lower.

A lower aggregation tendency in particles according to the invention may be reflected m a lower
theoretical aggregate tensile strength o, which may be calculated as described in the following

equation:
o= 15.6 (ps / p(;')4 W/d;

where pg and pc are the bulk density and particle crystal density, respectively, and W 1s the work of
adhesion. Preferably the ratio of ¢ for particles of the imnvention to that for particles of the same active
substance produced by a non-SEDS™ process is 0.8 or lower, more preferably 0.5 or lower, most

preferably 0.3 or 0.2 or 0.1 or lower, especially when polar interactions are taken into account.

Similarly, the acrodynamic stress required to disperse aggregates of particles according to the
invention (for instance, calculated from cascade impactor measurements, as described in the Examples
below) is typically lower than that required to disperse aggregates of the same active substaﬁce
prepared by a non-SEDS™ particle formation process. Ideally the ratio of the two stresses (SEDS™
product : non-SEDS™ product) is 0.8 or lower, more preferably 0.5 or lower, most preferably 0.3 or

0.2 or lower. Inter-particle aggregation can be particularly relevant to DPI performance since such

ageregates tend to survive the pre-separation stagé. Aggregation tendencies can also be relevant when
an active substance is blended with a carrier such as lactose, where dispersion may depend on the

break-up of active-carrier aggregates — again, typically, substances according to the invention may
tend to form less stable aggregates with carrier particles.

Particle sizes may be measured for instance using (a) an AeroSizer™ time-of-flight instrument (which
gives a mass mean acrodynamic equivalent particle diameter, MMAD, measured at Reynolds numbers
greater than 1) or (b) a laser diffraction sensor such as the Helos™ system (which provides a
geometric projection equivalent mass median diameter). Volume mean acrodynamic and geometric

diameters respectively may be obtained from these measurements using commercially available

software packages.

The aerodynamic diameter dy of a particulate active substance according to the invention, measured
according to the examples below, is preferably 2 um or below, more preferably 1.8 pm or below, most

preferably 1.6 um or below.
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Particle size distributions may be measured using laser diffraction and/or time-of-flight measurements,

for instance using an AeroSizer™ time-of-flight instrument equipped with an AeroDisperser™ (TSI
Inc, Minneapolis, USA) and/or a Helos™ laser diffraction sensor with Rodos™ dry powder air
dispersion system (Sympatec GmbH, Germany). Volume particle size distributions based on
aerodynamic equivalent particle diameters are preferred. Ideally time-of-flight measurements are

gathered at high shear forces, high deaggregation levels and/or low feed rates, in order to facilitate

production of primary aerosol particles.

Particle size distribution (PSD) data, in particular obtained by laser diffraction measurements, may

also be used to calculate the shape coefficient ag - of particles in the manner described above.

An active substance according to the invention will suitably have a cumulative particle size

distribution such that more than 98 % of the particlés are within the respirable particle size range from
0.5to 10 um.

Scanning electron microscopy (SEM) may also be used to measure characteristic particle dimensions

and thus characteristics such as particle aspect ratios and shape factors.

Crystallinity of a particulate material may be determined using X-ray powder diffraction, preterably
high resolution X-ray powder diffraction such as using a synchrotron radiation source. Using
commercially available software, X-ray diffraction data may be employed to assess the distribution of

crystalline domain sizes and the degree of strain in the crystals.

X-ray diffraction line broadening can provide an indication of crystal lattice imperfections such as
strain defects (point defects or dislocations) and size effects (grains, small-angle boundaries or
stacking faults). Line broadening may be manifested for instance by an increased peak width (eg, full
width at half maximum height, FWHM) and/or an increased integral breadth * (the width of rectangle

having the same area A and height I as the observed line profile, 1e, B* = A/I), for one or more of the

diffraction peaks.

Preferably, for at least one peak in its X~ray diffraction pattern (ideally for two or more, even three or

more, peaks), the active substance of the invention exhibits a FWHM which 1s at least 20 % lower,
more preferably at least 25 % lower, most preferably at least 30 % or 40 % or 50 % lower, than that of

the corresponding peak (ie, the peak for the same crystal plane) in the X-ray diffraction pattern of the
same substance produced by a non-SEDS™ particle formation process. The FWHM of at least one,
ideally of at least two or three or even of all, peaks is preferably 0.1° or less, more preferably 0.09" or

less, most preferably 0.08" or less.
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For at least one peak in its X-ray diffraction pattern (ideally for two or more, even three or more,

peaks), the active substance of the invention preferably exhibits an integral breadth f* which 1s at least
20 % lower, more preferably at least 25 % lower, most preferably at least 30 % or 40 % or 45 % lower,
than that of the corresponding peak i the X-ray diffraction pattern of the same substance produced by
a non-SEDST™ particle formation process. The integral breadth of at least one, ideally of at least two

or three or even of all, peaks is preferably 0.11° or less, more preferably 0.1 or less.

A reduced level of crystal lattice imperfections, in a particulate product according to the invention,

may also be manifested by a shift in position, towards higher 20 values (typically a shift of 0.0005 " or
more, such as of from 0.0005 to 0.005 or from 0.001 to 0.003°, of one or more of the diffraction peaks.

This may be associated with a decrease in crystal d-spacing (Ad/d) of 0.5 % or more, typically 1 % or
more, such as from 1 to 2 %, in the product of the invention, and with a corresponding reduction in

crystal volume, AV/V, of 0.5 % or more, typically 1 % or more, such as from 1 to 2 %.

Levels of crystal lattice imperfections may also be assessed with reference to the crystal domain sizes
and/or the crystal strain. Domain sizes are typically significantly greater for products according to the

invention, compared to the same active substance produced using a non-SEDS™ particle formation

process, and crystal strain is typically significantly lower. Such parameters may be calculated from X-

ray diffraction patterns, for instance by analysing the diffraction peak profiles as a convolution of

Cauchy and Gauss integral breadths containing size and strain (distortion) contributions, as known In

the art. This allows calculation of for example surface-weighted (D5s) and/or volume weighted (Dy)

domain sizes, and of a mean-square (Gaussian) strain, €, which is the total strain averaged over nfinite

distance.

Preferably, the active substance of the invention exhibits a surface-weighted domain size Dg which 1s

at least 15 % higher, more preferably at least 20 % higher, most preferably at least 30 % or 35 %
higher, than that of the same substance produced by a non-SEDS™ particle formation process. It

preferably exhibits a volume-weighted domain size Dy which 1s at Jeast 10 % higher, more preferably
at least 15 % higher, most preferably at least 20 % or 25 % higher, than that of the same substance

produced by a non-SEDS™ particle formation process. Dy may for example be 400 A or greater, and

Dy may be 700 A or greater, in an active substance according to the invention.

Preferably the active substance of the invention exhibits a total strain € which 1s at least 30 % lower,
more preferably at least 35 % lower, most preferably at least 40 % or 45 % lower, than that of the

same substance produced by a non-SEDS™ particle formation process. Its total stramn may for

instance be 0.7 x 10” or lower, preferably 0.6 x 107 or lower, most preferably 0.5 x 10~ or lower.
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Domain size and strain may alternatively be calculated from the X-ray diffraction data by Le Bail

- diffraction profile fitting. Using such computational methods, an active substance according to the

invention preferably exhibits a volume-weighted domain size which 1s at least 50 % higher, more
preferably at least 80 % higher, most preferably at least 90 % higher, than that of the same substance
produced by a non-SEDS™ particle formation process. It preferably exhibits a strain which is at least
40 % lower, more preferably at least 50 % lower, most preferably at least 60 % lower, than thatdof the

same substance produced by a non-SEDS™ particle formation process.

An active substance according to the invention may have an amorphous content of less than 5 % w/w,
preferably less than 2 % w/w, more preferably less than 1 or even than 0.5 or 0.2 % w/w. Ideally 1ts
amorphous phase content is at least 10 times, preferably at least 20 or even 40 or 50 times, lower than

that of the same active substance produced by a non-SEDS™ particle formation process.

A higher bulk crystallinity, in an active substance according to the invention, may be manifested by a

lower moisture uptake at any given temperature and humidity, and/or by a thermal activity profile with

no exothermic or endothermic peaks, for instance as measured in the examples below.

Polymorphic purity may be assessed for instance using melting point data (eg, differential scanning
calorimetry) or more preferably using X-ray powder diffraction (for instance the small-angle X-ray
scattering (SAXS) technique) to detect polymorphic transitions during heating, based on the
diffraction peaks characteristic of the polymorphs.

An active substance according to the invention is preferably more stable, with respect to polymorphic
transitions, than a sample of the same active substance prepared using a non-SEDS™ particle
formation process; it will thus typically have a higher activation energy for conversion to one or more
other polymorphic forms than will the non-SEDS™ sample for the same polymorphic transition.
More preferably, when heated at a rate of 10 °C per minute or greater at atmospheric pressure, the
active substance of the mvention will not alter its polymorphic form. Instead or in addition, the time
required for formation of one or more other polymorphs of the active substance, calculated for

instance from X-ray diffraction and thermal analysis data, 1s preferably 80 seconds or greater, more

preferably 90 seconds or greater. The active substance preferably contains no detectable seed nuclel
of polymorphic forms other than that desired to be present.

Enhanced crystallinity and/or polymorphic purity in active substances according to the invention are
believed to contribute to an overall higher physical stability as compared to the same active substances

prepared using non-SEDS™ particle formation techniques.
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Surface electric charge may be assessed as specific charge. The electrostatic charge carried by a

particulate material may be measured for instance in a Faraday well. Alternatively the particulate
material may for instance be subjected to triboelectrification by agitating it against an electrically
conductive contact surface, for example in a turbula mixer or cyclone separator, and its charge and
mass determined both before and after triboelectrification, suitably using an electrometer, to give a
value for specific charge. This process may also be used to give a measure of the adhesion properties
of the particles, by measuring the mass of the original samplé and that removable from the

mixer/separator in which it was agitated and calculating the weight percentage of the sample lost by
adhesion to the contact surface(s) of the vessel.

Adhesion may also be assessed using a simple test of the type described in Examples 3 below, in
which a sample is agitated in a container, and the non-adhering material then removed from the
container and weighed, to allow calculation of the pvercentage of the original sampie adhering to the

container surfaces.

By way of example, an active substance according to the invention preferably has a mean specific
charge of from 5 to +5 nCg™, more preferably from —1 to +1 nCg™, and/or a mean specific charge
which is at least 50 %, preferably at least 70 %, most preferably at least 80 % or 90 % or 95 %, lower
than that of the same active substance produced by a non-SEDS™ particle formation process.

Following triboelectrification using a Turbula™ mixer, an active substance according to the invention

preferably has a mean specific charge which is at least 30 % lower, more preferably at least 50 %
lower, most preferably at least 75 % or 80 % or 90 % or 95 % lower, than that of the same active
substance produced by a non-SEDS™ process. Following triboelectrification using a cyclone
separator, an active substance according to the invention preferably has a mean specific charge which

is at least 30 % lower, more preferably at least 50 % lower, most preferably at least 75 % or 80 % or

85 % lower, than that of the same active substance produced by a non-SEDS™ process.

The mean adhesion fraction (ie, the fraction of adhered material) assessed in the manner described

above following triboelectrification in a turbula mixer, is preferably 20 % w/w or less, more preterably

10 % w/w or less, most preferably 5 % or 2 % w/w or less, for an active substance according to the

invention. It is preferably at least 50 % lower, more preferably at least 75 % lower, most preferably at
least 80 % or 90 % lower, for an active substance according to the invention than for the same active

substance produced by a non-SEDS™ process.

The mean adhesion fraction, assessed in the manner described above following triboelectrification in a

cyclone separator, is preferably 20 % w/w or less, more preferably 10 % w/w or less, most preferably
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5 % wi/w or less, for an active substance according to the invention. It is preferably at least 40 %

lower, more preferably at least 50 % lower, most preferably at least 60 % or 65 % lower, for an active
substance according to the invention than for the same active substance produced by a non-SEDS™

Process.

In cases, an active substance produced by a non-SEDS™ process may exhibit at least 5 times as much

adhesion as the same active substance produced by a SEDS™ process, preferably at least 8 times or at
least 10 times or at least 15 times that of the SEDS™ substance.

The adhesion force per unit area to a highly oriented pyrolytic graphite substrate assessed using atomic
force microscopy in the manner described above 1s preferably less than 60% of, more preferably less
than 30% of, most‘preferably less than 15% of that for particles of the same active substance produced
by a non-SEDS™ process. |

Powder flow properties may be assessed by analysing the dynamic avalanching behaviour of a

particulate product, such as using an Aeroflow™ powder avalanching apparatus (Amherst Process
Instruments, Amherst, USA), for instance as described in the Examples below.

Superior powder flow properties, in an active substance according to the invention, may be manifested
by a strange attractor plot which is closer to the origin and/or has a smaller spread than that for the
same active substance produced by a non-SEDS™ process. A strange attractor plot may be obtamed,

again as described in the examples below, from powder avalanching data (in particular, time mtervals
between avalanches) using the method of Kaye et al, Part. Charact., 12 (1995), 197-201. Substances
according to the invention tend to exhibit lower mean avalanche times (for example at least 5 % or
even 8 % lower at 100 s/rev, at least 10 % or even 14 % lower at 145 s/rev) than corresponding
products of non-SEDS™ processes. They may show a lower irregularity of flow (for example at least
5 % or even 8 % lower at 100 s/rev, at least 8 % or even 10 % lower at 145 s/re%r) than corresponding

non-SEDS™ products, irregularity of flow being assessed in terms of avalanche scatter.

The bulk powder density of an active substance according to the mvention may be measured 1n
conventional manner, for example using a volumetric cylinder, and 1s preferably at least 20 7% lower,
more preferably at least 50 % lower, most preferably at least 60 % or 70 % or 80 % lower, than that of
the same active substance produced by a non-SEDS™ process. Its acrosolised powder bulk densityis
preferably at least 10 %, more preferably at least 20 %, lower. It has been found that active substances
according to the invention may, surprisingly, have both relatively low bulk powder densities yet also
good powder flow properties in particular lower cohesiveness and adhesiveness and/or a lower

tendency to accumulate static charge.
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Specific surface area of particles may be determined by conventional surface area measuring

techniques such as low temperature physical adsorption of nitrogen (eg, BET nitrogen adsorption
using a Surface Area Analyser Coulter™ SA 3100 (Coulter Corp., Miami, USA)). Preferably the
spectfic surface area of a particulate active substance according to the invention 1s at least 1.2 or 1.5
times, more preferably at least twice, still more preferably at least 3 times, most preferably at least 4 or
4.5 times, that of the same active substance produced by a non-SEDS™ process. Typically an active
substance according to the invention might have a specific surface area of at least 10 m*/g, preferably
at least 15 or 20 or 25 m*/g, and/or a surface-to-volumie ratio of at least twice, preferably at least 2.5

times, that of spherical particies of the same volume diameter.

The shape factor fmay suitably be calculated as £ = Sv/.Sv", where Sv is the experimentally
determined (eg, by BET nitrogen adsorption) specific surface area and Sv" the specific surface area
calculated from particle size measurements (eg, those obtained by laser diffraction) assuming spherical
particles. An active substance preferably has a shape factor f which 1s at least 20 %, more preferably
at least 30 %, larger than that of the same active substance (suitably having the same or a comparable
crystal shape and particle size) produced by a non-SEDS™ particle formation process. Thus, particles
of an active substance according to the invention preferably have a higher available surface area than
particles of the same active substance made by a non-SEDS™ process ~ where for instance the
particles are in the form of platelets or needles, those of the present invention may thus be thinner than

those produced by non-SEDS™ techniques.

]

A typical shape factor 7 for a particulate active substance according to the invention might for mstance

be 3 or greater, preferably 3.2 or greater, more preferably 3.5 or greater, most preferably 3.7 or greater.

A higher specific surface area and/or shape factor appears, m an active substance according to the

invention, to accompany improved dissolution performance as compared to the same active substance
produced by a non-SEDS™ particle formation process. In particular, a product according to the

invention may dissolve more rapidly in any given solvent and with greater efficiency, for instance with
at least 40 % higher dissolution, more preferably at least 50 % higher dissolution than the non-
SEDS™ product after a period of 150 or even 300 minutes, 1deally the SEDS™ product achieving

complete dissolution after a period of 50 minutes or less. Such improved dissolution is particularly

advantageous for poorly soluble (generally poorly aqueous soluble) materials.

Surface roughness may be assessed using AFM analysts; reduced roughness may be indicated for
instance by a reduced RMS roughness. Particles of an active substance according to the invention
preferably have a RMS roughness, measured using AFM, of 0.5 nm or less, preferably 0.3 or 0.2 nm
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or less. Their RMS roughness is preferably at least 70 % lower, more preferably at least 80 % or 90 %

lower, than that of the same active substance prepared by a non-SEDS™ particle formation process.

Deposition properties of an active substance, in particular fine particle fractions, may be measured
using the cascade impactor technique, for instance using an Andersen™-type cascade impactor
(Copley Scientific Ltd, Nottingham, UK). Such devices imitate particle deposition in the lungs from a
dry powder inhaler. High fine particle fractions are preferred, with respect to delivery to stages 1 to 5
of the impactor. Thus, fine particle fractions are preferably measured as the mass of particles having
an efficient cut-off diameter (ECD) of between 0.5 and 5 pm, for instance as described i the examples
below. From the cascade impactor data, an apparent volume mean diameter may also be calculated as

known 1n the art.

HPLC may be used for quantitative analysis of the active substance content in the material deposited

at each stage of the impactor and if applicable in associated apparatus such as pre-separator, throat or

mouthpiece.

For the purpose of assessing fine particle fraction, the active substance of the invention may be
blended with a suitable excipient, preferably a pharmaceutically acceptable excipient suitable for
delivery to the lung, a common example being lactose. Such a blend might typically contain from 1 to
10 % w/w of the active substance, preferably from 2 to 5 % w/w. Again because of the advantageous
properties of the active substance of the invention, for instance 1ts lower surface energy and
adhesiveness, it tends to be better able to detach from the excipient, under these conditions, than the
same active substance prepared by a non-SEDS™ process; in other words, it forms less strong

aggregates with the excipient.

The active substance of the invention is preferably in the form of solid (eg, as opposed to hollow,
porous or at least partially fluid-containing) particles. It is preferably in a crystalline or semi-

crystalline (as opposed to amorphous) form, more preferably crystalline.

In particular it preferably has a crystalline form which is significantly longer in one dimension than in
at least one other dimension (ie, it has a relatively high aspect ratio); this embraces for example
needle-like crystals and also, potentially, wafer-, blade- or plate-like crystals (which are longer m two
dimensions than in the third) and elongate prism-shaped crystals. These have been found to show
better DPI performance than correspondingly sized particles of other shapes. Needle-like (acicular) or
platelet-shaped crystals may be particularly preferred.
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In the above discussion, “significantly” longer means at least 5 %, preferably at least 10 % or 20 % or

30 %, greater than the length of the lower of the two parameters being compared.

As discussed above, particles according to the invention if in the form of platelets or needles are
typically thinner than those of the same active substance produced by a non-SEDS™ process (as
reflected by for instance a difference 1n shape factors, shape coefficients and specific surface areas).
When examined for example by SEM, the particles of the mnvention can often be seen to have less
rounded edges and corners and/or to be less fragmented than those of the non-SEDS™ substance in
particular a micronmsed substance ~ this may be reflected in a lower surface energy, lower particle

adhesion and/or lower tendency for aggregation in the product of the invention.

In general, the behaviour of an active substance according to the present invention on aerosolisation,
which in turn affects its suitability for respiratory dfug delivery and in particular for DPI delivery, may
be assessed and characterised using the techniques outlined in the examples below. These can involve
assessing the size, surface characteristics, acrodynamic properties, deagglomeration behaviour and/or
solid state properties of the active substance particles. Such techniques may be used for instance in the

selection method of the second aspect of the mnvention.

By “active substance” is meant a substance capable of performing some useful function in an end

product, whether pharmaceutical, pesticidal or whatever. The term 1s mtended to embrace substances

whose function may be as an excipient for another substance.

The active substance may be a single active substance or a mixture of two or more. It may be
monomeric, oligomeric or polymeric, organic (including organometallic) or inorganic, hydrophilic or
hydrophobic. It may be a small molecule, for mstance a synthetic drug like paracetamol, or a
macromolecule such as a protein or peptide (including enzymes, hormones, antibodies and antigens),
nucleotide, nucleoside or nucleic acid. Other potential active substances include vitamins, amino

acids, lipids including phospholipids and aminolipids, carbohydrates such as polysaccharides, cells

and viruses.

The active substance preferably comprises (more preferably 1s) a pharmaceutically or nutnceutically
active substance, or a pharmaceutically or nutriceutically acceptable excipient, or a mixture of two or
more thereof. More preferably it is a pharmaceutically active substance or mixture thereof which 1s
suitable for delivery by inhalation (which term includes nasal and/or oral inhalation), although n
general it may be any active substance which 1s deliverable as a dry powder, ideally using a passive
dry powder inhaler. Many other active substances, whatever their intended function (for instance,

herbicides, pesticides, foodstuffs, imaging agents, dyes, perfumes, cosmetics and toiletries, detergents,
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coatings, products for use in the ceramics, photographic or explosives industries, etc..) are embraced

by the present invention.

Of particular interest for delivery by inhalation are pharmaceutically active substances which need to
be delivered systemically and require rapid onset of action. According to a preferred embodiment,
formulations are provided which achieve a maximum concentration of a pharmaceutically active
substance, Cumax, Within 1 hour of administration, preferably within 30 minutes, and most preferably
within 15 minutes. This time to achieve maximum concentration of the active substance 1s referred to

herein as Toax.

Examples of pharmaceutically active substances which may be delivered by inhalation include f--
agonists, steroids such as glucocorticosteroids (preferably anti-inflammatories), anti-cholinergics,
leukotriene antagonists, leukotriene synthesis inhibitors, pain relief drugs generally such as analgesics
and anti-inflammatories (including both steroidal and non-steroidal anti-inflammatories),
cardiovascular agents such as cardiac glycosides, respiratory drugs, anti-asthma agents,
bronchodilators, anti-cancer agents, alkaloids (eg, ergot alkaloids) or triptans such as can be used in
the treatment of migraine, drugs (for instance sulphonyl ureas) useful in the treatment of diabetes and
related disorders, sleep inducing drugs including sedatives and hypnotics, psychic energizers, appetite
suppressants, anti-arthritics, anti-malarials, anti-epileptics, anti-thrombotics, anti-hypertensives, anti-
arrhythmics, anti-oxicants, anti-depressants, anti-psychotics, anxiolytics, anti-convulsants, anti-
emetics, anti-infectives, anti-histamines, anti-fungal and anti-viral agents, drugs for the treatment of
neurological disorders such as Parkinson’s disease (dopamine antagonists), drugs for the treatment of
alcoholism and other forms of addiction, drugs such as vasodilators for use in the treatment of erectile
dysfunction, muscle relaxants, muscle contractants, opioids, stimulants, tranquilizers, antibiotics such
as macrolides, aminoglycosides, fluoroquinolones and beta-lactams, , vaccines, cytokines, growth
factors, hormonal agents including contraceptives, sympathomimetics, diuretics, lipid regulating
agents, antiandrbgenic agents, anfiparasitics, anticoagulants, neol;lastics, antineoplastics,
hypoglycemics, nutritional agents and supplements, growth supplements, antienteritis agents,
vaccines, antibodies, diagnostic agents, and contrasting agents and mixtures of the above (for example

the asthma combination treatment containing both steroid and B-agonist). More particularly, the active

agent may fall into one of a number of structural classes, including but not limited to small molecules

(preferably insoluble small molecules), peptides, polypeptides, proteins, polysaccharides, steroids,

nucleotides, oligonucleotides, polynucleotides, fats, electrolytes, and the like.

Specific examples include the B,-agonists salbutamol (eg, salbutamol sulphate) and salmeterol (eg,
salmeterol xinafoate), the steroids budesonide and fluticasone (eg, fluticasone propionate), the cardiac
glycoside digoxin, the alkaloid anti-migraine drug dihydroergotamine mesylate and other alkaloid

ergotamines, the alkaloid bromocriptine used in the treatment of Parkinson’s disease, sumatriptan,
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rizatriptan, naratriptan, frovatriptan, almotriptan, zolmatriptan, morphine and the morphine analogue

fentanyl (eg, fentanyl citrate), glibenclamide (a sulphonyl urea), benzodiazepines such as vallium,
triazolam, alprazolam, midazolam and clonazepam (typically used as hypnotics, for example to treat
insommia or panic attacks), the anti-psychotic agent risperidone, apomorphine for use in the treatment
of erectile dysfunction, the anti-infective amphotericin B, the antibiotics tobramycin, ciprofloxacin and
moxifloxacin, nicotine, testosterone, the anti-cholenergic bronchodilator ipratropium bromide, the
bronchodilator formoterol, monoclonal antibodies and the pfoteins LHRH, insulin, human growth

hormone, calcitonin, interferon (eg, - or y-interferon), EPO and Factor VIII, as well as in each case

pharmaceutically acceptable salts, esters, analogues and derivatives (for instance prodrug forms)
thereof.

Additional examples of active agents suitable for practice with the present invention include
but are not limited to aspariginase, amdoxovir (DAPD), antide, becaplermin, calcitomns, cyanovirin,
denileukin diftitox, erythropoietin (EPO), EPQ agonists (e.g., peptides from about 10-40 amino acids
in length and comprising a particular core sequence as described 1n WO 96/40749), dornase alpha,
erythropoiesis stimulating protein (NESP), coagulation factors such as Factor V1la, Factor VIII, Factor
IX. von Willebrand factor; ceredase, cerezyme, alpha-glucosidase, collagen, cyclosporin, alpha
defensins, beta defensins, exedin-4, granulocyte colony stimulating factor (GCSF), thrombopoietin
(TPO), alpha-1 proteinase inhibitor, elcatonin, granulocyte macrophage colony stimulating factor
(GMCSF), fibrinogen, filgrastim, growth hormones, growth hormone releasing hormone (GHRH),
GRO-beta, GRO-beta antibody, bone morphogenic proteins such as bone morphogenic protein-2, bone
morphogenic protein-6, OP-1; acidic fibroblast growth factor, basic fibroblast growth factor, CD-40
ligand, heparin, human serum albumin, low molecular weight heparin (LMWH), interferons such as
interferon alpha, interferon beta, mterferon gamma, interferon omega, interferon tau; interleukins and
interleukin receptors such as interleukin-1 receptor, interleukin-2, interluekin-2 fusion proteins,
interleukin-1 receptor antagonist, interieukin-3, mterleukin-4, interleukin-4 receptor, interleukin-6,
interleukin-8, interleukin-12, interleukin-13 receptor, interleukin-17 receptor; lactoferrin and
lactoferrin fragments, luteinizing hormone releasing hormone (LHRH), insulin, pro-insulin, msulin
analogues (e.g., mono-acylated insulin as described in U.S. Patent No. 5,922 675), amylin, C-peptide,
somatostatin, somatostatin analogs including octreotide, vasopressin, follicle stimulating hormone
(FSH), influenza vaccine, insulin-like growth factor (IGF), insulintropin, macrophage colony
stimulating factor (M-CSF), plasminogen activators such as alteplase, urokinase, reteplase,
streptokinase, pamiteplase, lanoteplase, and teneteplase; nerve growth factor (NGF), osteoprotegerin,
platelet-derived growth factor, tissue growth factors, transforming growth factor-1, vascular
endothelial growth factor, leukemia inhibiting factor, keratinocyte growth factor (KGF), ghal growth
factor (GGF), T Cell receptors, CD molecules/antigens, tumor necrosis factor (TNF), monocyte
chemoattractant protein-1, endothelial growth factors, parathyroid hormone (PTH), glucagon-like
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peptide, somatotropin, thymosin alpha 1, thymosin alpha 1 IIb/Illa inhibitor, thymosin beta 10,

thymosin beta 9, thymosin beta 4, alpha-1 antitrypsin, phosphodiesterase (PDE) compounds, VLA-4
(very late antigen-4), VILA-4 inhibitors, bisphosponates, respiratory syncytial virus antibody, cystic
fibrosis transmembrane regulator (CFTR) gene, deoxyreibonuclease (Dnase), bactericidal/permeability
incréasing protein (BPI), and anti-CMV antibody. Exemplary monoclonal antibodies include
etanercept (a dimeric fusion protein consisting of the extracellular ligand-binding portion of the human
75 kD TNF receptor linked to the Fc portion of 1g(G1l), abciXimab, afeliomomab, basiliximab,
daclizumab, infliximab, ibritumomab tiuexetan, mitumomab, muromonab-CD3, iodine 131
tositumomab conjugate, olizumab, rituximab, and trastuzumab (herceptin), amifostine, amiodarone,
aminoglutethimide, amsacrine, anagrelide, anastrozole, asparaginase, anthracyclines, bexarotene,
bicalutamide, bleomycin, buserelin, busulfan, cabergoline, capecitabine, carboplatin, carmustine,
chlorambucin, cisplatin, cladribine, clodronate, cyclophosphamide, cyproterone, cytarabine,
camptothecins, 13-cis retinoic acid, all trans retinoic acid; dacarbazine, dactinomycin, daunorubicin,
dexamethasone, diclofenac, diethylstilbestrol, docetaxel, doxorubicin, epirubicin, estramustine,
etoposide, exemestane, fexofenadine, fludarabine, fludrocortisone, fluorouracil, ﬂuoxymestérone,
flutamide, gemcitabine, epmephrine, I.-Dopa, hydroxyurea, idarubicin, ifosfamide, imatinib,
irinotecan, itraconazole, goserelin, letrozole, leucovdrin, levamisole, lomustine, mechlorethamine,
medroxyprogesterone, megestrol, melphalan, mercaptopurine, methotrexate, metoclopramide,
mitomycin, mitotane, mitoxantrone, naloxone, nicotine, nilutamide, octreotide, oxaliplatin,
pamidronate, pentostatin, pilcamycin, porfimer, prednisone, procarbazine, prochlorperazine,
ondansetron, @titrexe¢ sirolimus, streptozocin, tacrolimus, tamoxifen, temozolomide, teniposide,
testosterone, tetrahydrocannabinol, thalidomide, thioguanine, thiotepa, topotecan, tretinoin, valrubicin,
vinblastine, vincristine, vindesine, vinorelbine, dolasetron, granisetron; formoterol, fluticasone,
leuprolide, midazolam, alprazolam, amphotericin B, podophylotoxins, nucleoside antivirals, aroyl
hydrazones, sumatriptan; macrolides such as erythromycin, oleandomycin, troleandomycin,
roxithromyecin, clarithromycin, davercin, azithromycin, flurithromycin, dirithromycin, josamycin,
spiromycin, midecamycin, leucomycin, miocamycin, rokitamycin, andazithromycin, and swinolide A
fluoroquinolones such as ciprofloxacin, ofloxacin, levofloxacin, trovafloxacin, alatrofloxacin,
moxitloxicin, norfloxacin, enoxacin, grepafloxacin, gatifloxacin, lomefloxacin, sparfloxacin, -
temafloxacin, pefloxacin, amifloxacin, fleroxacin, tosufloxacin, prulifioxacin, irloxacin, pazufloxacin,
clinafloxacin, and sitafloxacin; aminoglycosides such as gentamicin, netilmicin, paramecin,
tobramycin, amikacin, kanamycin, neomycin, and streptomycin, vancomyein, teicoplanin,
rampolanin, mideplanin, colistin, daptomycin, gramicidin, colistimethate; polymixins such as
polymixin B, capreomycin, bacitracin, penems; penicillins including penicllinase-sensitive agents like

penicillin G, penicillin V; penicllinase-resistant agents like methicillin, oxacillin, cloxacillin,

" dicloxacillin, floxacillin, nafcillin; gram negative microorganism active agents like ampicillin,

amoxicillin, and hetacillin, cillin, and galampicillin; antipseudomonal penicillins like carbenicillin,
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ticarcillin, azlocillin, mezlocillin, and piperacillin; cephalosporins like cefpodoxime, cefprozil,

ceftbuten, ceftizoxime, ceftriaxone, cephalothin, cephapirin, cephalexin, cephradrine, cefoxitin,
cefamandole, cefazolin, cephaloridine, cefaclor, cefadroxil, cephaloglycin, cefuroxime, ceforamde,
cefotaxime, cefatrizine, cephacetrile, cefepime, cefixime, cefonicid, cefoperazone, cefotetan,
cefmetazole, ceftazidime, loracarbef, and moxalactam, monobactams like aztreonam; and
carbapenems such as imipenem, meropenem, pentamidine isethiouate, albuterol sulfate, lidocaine,
metaproterenol sulfate, beclomethasone diprepionate, triamcinolone acetamide, budesonide acetonide,
fluticasone, ipratropium bromide, flunisolide, cromolyn sodium, and ergotamine tartrate; taxanes such
as paclitaxel; SN-38, and tyrphostines.

‘ The above exemplary biologically active agents are meant to encompass, where applicable,
analogues, agonists, antagonists, mhibitors, isomers, and pharmaceutically acceptable salt forms

thereof. In reference to peptides and proteins, the invention 1s intended to encompass synthetic,

recombinant, native, glycosylated, non-glycosylated, and biologically active fragments and analogs

thereof.

The active substance may comprise two or more active substances formulated together, such as one
coated with another, or one dispersed within a matrix of another, or a physical mixture (blend) of two
or more. Common examplies of such formulations include two or more coformulated pharmaceutical
actives, or pharmaceutically active substances coated with excipients, or physical mixtures of
pharmaceutically active substances with excipients such as m particular lactose, or solid dispersions of

pharmaceutically active substances with excipients, the excipient otten being present to modify the

release rate and/or to target delivery of the pharmaceutical. However, in general the active substances

- of the invention will exhibit improved dispersibility and DPI performance in the absence of excipients,

ie, in the form of the active substance alone (for example in the form of a drug or drugs without

excipients).

The improved dispersibility and DPI performance is preferably also exhibited m the absence of

dispersion-enhancing or stabilising additives, such as surfactants or lubricants.

Preferably a particulate active substance according to the invention will exhibit improved dispersibility
and DPI performance as compared to the same active substance, in particulate form, prepared by a
non-SEDS™ particle formation process, in particular micronisation or granulation. By
“micronisation” is meant a process involving mechanical means, for instance milling or grinding, to

reduce particle size to the micrometer range. The non-SEDS™ substance may comprise particles
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having the same or a smaller size (for instance, 90 % or less of the size of, or preferably 80 % or 70 %

or 60 % or less of the size) than those of the active substance of the invention.

In certain cases, an active substance according to the present invention m'ay be a pharmaceutically
active substance or a pharmaceutically acceptable excipient (preferably a substance suitable for and/or
intended for delivery by inhalation) other than salmeterol xinafoate (alone or coformulated with
hydroxypropyl cellulose); a-lactose monohydrate; R-TEM B-lactamase; maltose; trehalose; sucrose:
budesonide; salbutamol sulphate; nicotinic acid; paracetamol (alone or coformulated with salmeterol
xinafoate, L-poly(lactic acid), ethyl cellulose (EC), hydroxypropyl methyl cellulose (HPMC) or poly
vinyl pyrrolidone (PVP)); ibuprofen; ketoprofen (alone or coformulated with EC, HPMC or PVP);
salicylic acid; either indomethacin, carbamazepine, theophylline, ascorbic acid or a COX-2 selective
mhibitor coformulated with EC, HPMC or PVP; quinine sulphate coformulated with EC; fluticasone
propionate; omeprazole magnesium tetrahydrate; (Sa)-omeprazole magnesium trihydrate; formoterol
fumarate dihydrate; felodipine; candesartan cilexetil; lysozyme; albumin; insulin; terbutaline sulphate;
tenoterol hydrobromide; dihydroergotamine mesylate; and/or risperidone-(9-hydroxy)-palmitate.

It has been found that particulate active substances which exhibit the improved DPI performance and
other advantageous properties described above can be produced using the so-called SEDS™
(“Solution Enhanced Dispersion by Supercritical fluid”) process, which is a version of the GAS

process referred to above.

SEDS™ js a process for forming particles of a “target” substance. It involves contacting a solution or
suspension of the target substance in a fluid vehicle (the “target solution/suspension™) with an excess
of a compressed fluid (generally a supercritical or near-critical fluid) anti-solvent under conditions
which allow the anti-solvent to extract the vehicle from the target solution/suspension and to cause
particles of the target substance to precipitate from it. The conditions are such that the fluid mixture
thus formed between the anti-solvent and the extracted vehicle is still 1n a compressed or supercritical
or near-critical state. The anti-solvent fluid should be a nonsolvent for the target substance and be

miscible with the fluid vehicle.

Carrying out a SEDS™ process specifically involves using the anti-solvent fluid simultaneously both
to extract the vehicle from, and to disperse, the target solution/suspension. In other words, the fluids
are contacted with one another m such a manner that the mechanical (kinetic) energy of the anti-

solvent can act to disperse the target solution/suspension at the same time as it extracts the vehicle.

“Disperse” in this context refers generally to the transfer of kinetic energy from one fluid to another,

usually implying the formation of droplets, or of other analogous fluid elements, of the fluid to which

the kinetic energy is transferred.
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Suitable SEDS™ processes are described in W0-95/01221, W0-96/00610, W0-98/36825, WO-
99/44733 and WO-99/59710, WO-01/03821 and WO-01/15664, m-our co-pending PCT patent
application no. PCT/GB PCT/GB01/04873 and mn our co-pending UK patent application no.

0117696.5. Other suitable SEDS™ processes are described in W0-99/52507, W0-99/52550, WO-
00/30612, WO-00/30613 and WO-00/67892. | |

In SEDS™ the target solution/suspension and the anti-solvent are preferably contacted with one
another 1n the manner described m WQ-95/01221 and/or WO-96/00610, being co-ntroduced into a
particle formation vessel using a fluid inlet means which allows the mechanical energy (typically the
shearing action) of the anti-solvent flow to facilitate imntimate mixing and dispersion of the fluids at the
point where they meet. The target solution/suspension and the anti-solvent preferably meet and enter

the particle formation vessel at substantially the same point, for instance via separate passages of a

multi-passage coaxial nozzle.

A particulate active substance according to the first aspect of the present invention 1s preferably
prepared using a SEDS™ process, such as one or a combwnation of those described m the above
documents. Preferred features of the process may be as described below in connection with the fourth
aspect of the mvention. The active substance may thus be insoluble or only sparingly soluble 1n water.
It 1s preferably insoluble or only spanngly soluble in compressed (eg, supercritical or near-critical)

carbon dioxide. Such maternials lend themselves particularly well to SEDS™ processing and indeed

are often difficult to process using other particle formation techmques such as spray drying or freeze

drying.

Thus, a fourth aspect of the present invention provides the use of a SEDS™ process (as described
above) to produce an active substance in particulate form, for the purpose of improving the
dispersibility of the substance and/or 1ts performance m a passive dry powder delivery device, and/or

for the purpose of achieving one or more of the charactenstics (a) to (q), optionally in combination
with one or more of the other preferred properties, listed above 1n connection with the first aspect of

the mvention.

The process is preferably carried out using supercritical or near-critical, more preferably supercritical,
CQ, as the anti-solvent. The choice of operating conditions such as temperature, pressure and fluid

flow rates, and the choice of solvent and of anti-solvent modifier if necessary, will depend on the
nature of the active substance, for mstance its solubility in the fluids present and, if it can exist in
different polymorphic forms, which form is to be precipitated. Generally, the conditions should be

chosen to minimise or reduce particle sizes and/or size distributions — this will generally mean
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selecting a higher anti-solvent flow rate (eg, a target solution/suspension : anti-solvent flow rate ratio

(at or immediately prior to the two fluids coming into contact with one another) of 0.03 or less,
preferably 0.02 or less or even 0.01 or less), and/or a higher operating temperature (eg, from 50 to 100
C, preferably from 70 to 90 °C, especially for a CO, anti-solvent), and/or a higher operating pressure
(eg, from 80 to 210 bar, preferably from 90 to 200 bar, again especially for a CO, anti-solvent).

The process conditions are also ideally chosen to maximise or enhance the purity (which may be the
polymorphic or enantiomeric purity) of the product — this will involve the use of a vehicle, anti-
solvent, temperature and pressure suitable to maximise or enhance selectivity of precipitation of the

desired substance from those present in the target solution/suspension.

The operating conditions for the process (in particular the target solution/suspension concentration and
the relattive flow rates of the target solution/ suspension and anti-solvent) are preferably selected, for
any particular set of reagents (including the fluid vehicle and anti-solvent) and particle formation
vessel and fluid inlet geometry, so as to maximise or enhance the degree of supersaturation in the
target solution/suspension flow at its point of contact with the anti-solvent. This may be effected for

mstance in the manner described in the examples below, using solubility measurements to determine

the optimum operating conditions.

The product of the fourth aspect of the invention is preferably a particulate active substance according
to the first aspect. |

Improving the performance of a substance in a passive dry powder delivery device will typically mean
increasing the fine particle fraction in the emitted dose when the active substance is delivered using a
passive dry powder mhaler. The improvement may for instance be as compared to the performance of
the substance prior to the SEDS™ processing, and/or of the same substance (preferably having the
same particle size or a particle size no more than 10 % or 20 % or 30 % or 40 % different) when

produced using another particle formation process such as micronising, granulation or conventional

spray drying.

According to a fifth aspect of the present invention, there is provided an active substance for use in a
method of surgery, therapy or diagnosis practised on a human or animal body, in which method the

substance 1s delivered to a patient using a passive dry powder inhaler or analogous delivery device,
wherein the substance has one or more of the properties described above in connection with the first to

the fourth aspects of the invention.
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A sixth aspect of the invention provides the use of an active substance m the manufacture of a

medicament for use in a passive dry powder inhaler or analogous delivery device, wherein the
substance has one or more of the properties described above in connection with the first to the fourth

aspects of the invention.

For the fifth and sixth aspects of the invention, the active substance 1s preferably an active substance
according to the first aspect, and is preferably prepared using the method of the fourth aspect and/or
selected using the method of the second aspect. It is preferably a pharmaceutically or nutriceutically

active substance. Other preferred features of the fifth and sixth aspects of the invention may be as

described in connection with the first to the fourth aspects.

A seventh aspect of the present invention provides a dosage formulation or collection thereof, for use
in a drug delivery device such as in particular a dry bowder inhaler, the dosage formulation containing
a particulate active substance according to the first aspect of the invention. Preferably the formulation
consists essentially of the active substance, ie, it contains 95 % w/w, preferably 98 % w/w or 99 %

w/w, or more of the active substance. In particular, it may consist essentially of a pharmaceutically

active substance in the absence of excipients and/or of dispersion enhancing or stabilising additives.

An eighth aspect of the invention provides an active substance (eg, drug) delivery device, preferably
an inhaler, which contains one -or more dosage formulations of an active substance according to the
first aspect. The delivery device is preferably of the type designed to deliver a predetermined dose of

an active substance in a dry (ie, without a fluid carrier) particulate form, for instance a dry powder
inhaler and in particular a passive dry powder inbaler. It may contain one or more dosage

formulations according to the seventh aspect of the invention.

According to a ninth aspect, the invention provides a method for delivering an active substance, the

method involving charging a delivery device, in particular a device according to the eighth aspect of

the invention, with an active substance and/or a formulation according to the invention and/or an

active substance selected in accordance with the second aspect of the invention.

A tenth aspect provides a method of treatment of a human or ammal patient, which method involves
administering to the patient, preferably using the method of the ninth aspect of the invention, an active
substance and/or a formulation according to the invention and/or an active substance selected in

accordance with the second aspect of the invention.
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Both of these methods preferably involve the use of a delivery device such as an mhaler, more

preferably a delivery device according to the eighth aspect of the invention. The active substance

preferably comprises a pharmaceutically active substance suitable for inhalation therapy.

The present invention will now be illustrated with reference to the following examples, which show

how a SEDST™ process may be used to prepare particulate active substances with advantageous

properties for use in passive dry powder inhalers.

Examples

The system used to carry out the SEDS™ particle formation processes was of the general type shown
schematically in the figures of WO-95/01221.

Example 1

The SEDS™ method described in WO 95/01221 was employed to prepare powders of salmeterol
xinafoate (SX, GlaxoSmithKline), terbutaline sulphate (TBS, AstraZeneca) and fenoterol
hydrobromide (FHBTr, Boehrinéer Ingelheim). The particle formation vessell of 0.5 L volume was used
in all cases. Several solvents including methanol. Ethanol, acetone and tetrahydrofurane were tested.
Typical flow rate of CO; was 5 kg/hour.

Anatytical Methods

PSD measurements were performed using firstly, AeroSizer time-of-flight instrument equipped with

AeroDisperser™ (TSI Inc., Minneapolis. USA) and secondly, laser diffraction sensor Helos with dry-
powder air-dispersion system Rodos (Sympatec GmbH. Germany). The volume mean particle

diameter, VMD, was obtained for both instruments using software options. In the general case of non-
spherical particles, these instruments cannot provide the exact value of VMD, however, the time-of-
flight technique gives an aerodynamic-equivalent particle diameter, whereas the laser diffraction
method provides the geometric projection-equivalent diameter. These diameters afford the

complementary information on PSD and therefore can be used for comparative size analysis.

For SX powders, inverse gas chromatography (IGC) was performed using a Hewlett Packard Series
5890 Gas Chromatograph equipped with an integrator and flame ionization detector. For TBS and

FHBr powders, IGC was done using a Hewlett Packard Series 6890 instrument which was specifically
238 ‘
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modified for IGC measurements by Surface Measurement Systems Ltd (Manchester, UK). The IGC

method is described in detail by Tong et al. 2001. (Tong H. H. Y., B. Y. Shekunov, P. York, A. H. L.

Chow, 2001. I;hann. Res. 18, 852.) Triplicate measurements in separate packed columns were made.

Differences in surface energetics were reflected in the calculated dispersive component of the surface

free energy, vs- , specific component of surface free energies of adsorption. AG,;, the acid-base
parameters, K; and K,. and the total (Hildebrand) solubility parometer, &, which reflects the adhesion
work between particles. The ysD and AG, values were obtamed at 303K.

The deposition behaviour of micronised and supercritically-produced powders were evaluated using an

Andersen-type cascade impactor (Copley Scientific Limited, Nottingham. UK). Thus device 1s
designed to imitate particle deposition in the lungs; the control criterion 1s that the high fine particle

fraction (FPE) of a respirable drug to be delivered to the defined stages (from 1 to 5) of the cascade
impactor. The drugs were blended with inhalation grade, DMV Pharmatose® 325M a - lactose

monohydiate, with 3.8% w/w of drug typical for such formulation. The airflow through the apparatus
measured at the inlet to the throat, was adjusted to produce a pressure drop of 4 kPa over the inhaler
under test (Clickhaler™) according to compendial guidelines, consistent with the flow rate 49 L/min.

Several batches of particulate material of respirable size with cumulative PSD for all batches Xgo < 10
um were consistently prepared, with batch quantities between 1 and 10 g. VAD of powders obtained

20

using different techniques are shown in Table 1.

Table 1

Compound VMD (pm) VMD (pm) FPF (%)

(Time of flight) (laser diffraction)
SX 12 1.69 25.1
Micronmised
SX 1.6 | 3.56 57.8
SEDS
TSB 2.7 3.04 30.7
Micronised |
TSB 3.4 343 38.6
SEDS
FHBr 1.7 234 17.4
Micronised
FHBr YA 355 417
SEDS
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These data indicate that although both the aerodynamic (time of flight) and geometric (laser
diffraction) diameters for the micronised panicles are smaller than the correspondent VMD for
supercritically- produced matenials, the ZPF deposited in the cascade impactor is significantly larger
for the supercritically-produced powders. Therefore the powder dispersion rather than the particle size
distribution defines the deposition profile of the drug particles in this aerosol test. Dispersability of
powders in the air flow 1s defined by the balance of forces generated by the aerodynamic stresses and
the inter-particulate torces. The theoretical tensile strength of the particle aggregate, required to

separate prunary particles, 1s proportional to the work of particle adhesion (Kendell and Stainton,
Powder Technology,121,223-229, 2001) and can be associated with the specific surface energy

defined by the IGC method. Table 2 represents the surface-energy related parameters which reflect the

interaction of the non- polar ¥, and polar AG, nature.

Table 2
Substance Voo A AGy (k)/mol) )
(mJ/m®) | Diethyl toluene acetone me_:thﬁl chloroform dioxane
ether | acetate
SX 4049 | 14.20 1524 | 1746 | 14.78
Micronised |
SX 3455 | 12.65 (0.08) | (0.06) | (0.24)
SEDS
TSB 1 58.61 342 |1257 |16.01 [1.79 15.96
Micronised
TSB 55.05 - 128 1042 [13.76 |1.21 14.20
SEDS
FHBr | 48.53 4.77 0.69
Micronised
FHBr | 49.87 386 | 13.15 | 1748 |063 | 1532
SEDS

The reduced magnitude of y,~ for the supercritically-produced powders implies that the surfaces of
these particles are less energetic for non-polar, dispersive surface interactions than the micronised
materials. The largest changes are however observed for the polar interactions AG, which are

significantly smaller, by a factor of 1.5 on average, for the supercritically-produced powders. In
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general, the enhanced powder dispersion always correlated well with the reduced surface energy of

these materials.

Example 2

Salmeterol xinafoate (SX) (GlaxoWellcome, Ware UK) in the form of granulated material (G-SX)

used for micronisation and micronised powder (M-SX). HPLC gi‘ade solvent was purchased from

BDH Chemicals, Leicester, UK. All analytical grade liquid probes used in IGC studies were purchased

- from Labscan. Dublin, Ireland. Industrial grade (>99.95% pure) CO, was supplied by Air Products

(l\/fanchester, UK).

The SEDS™ method was employed to prepare powders of SX form I (S-SX). This technique 1s based

on mixing between supercritical CO2 antisolvent and a drug solution using a twin-fluid nozzle as more

fully described in WO 95/01221 cited above. Methanol, acetone and tetrahydrofurane were tested in
this work. The particle formation vessel (500 ml volume) with the nozzle was placed in an air- heated
oven. The temperature in the vessel was monitored by a thermocouple with accuracy * 0.1 °C and was
kept constant at 40°C. Pressure in the vessel was controlled by an air-actuated back-pressure regulator
(26-1761 with ER3000 electronic controller, Tescom. Elk River, MN, USA) and kept constant at 250
+ 1 bar. The difference in the inlet and outlet pressure was typically within 1% of its absolute value.
The CO2 flow rate, supplied by a water-cooled diaphragm pump Milton Roy B (Dosapro Milton Roy,

Pont-Saint-Pierre, France) was typically between 25 and 50 NL/min as monitored after expansion
using a gas flow meter (SHO-Meter 1355, Brooks Instruments B.V., Veenendal, Holland) and also

controlled before expansion using high-pressure liquid flow meter (DK34, Krohme Messtechnik
GmbH., Duisburg, Germany). Solution concentration of SX varied between 1 and 10% w/v. Solution

flow rate was provided by a metering pump PU-980 (Jasco Co, Tokyo, Japan) and varied from 0.5 to

10 ml/mun.

Several batches were prepared with batch quantities between 1 and 10g. The obtamed cumulative

PSD for all batches had X, =~ 10 pm and volume-moment mean particle diameter, ds3~ 5 pm, as
determined using the laser diffraction (LD) method.

Inverse gas chromatography (IGC) was performed on a Hewlett Packard Series I 5890 Gas)
Chromatograph (Hewlett Packard, Wilmington, DE, USA) equipped with an integrator and flame

ionization detector. Injector and detector temperatures were maintained at 100 and 150°C respectively.
Glass columns (60 cm long and 3.5 mm i.d.) were deactivated with 5% solution of

dimethyldichlorosilane in toluene before being packed with SX powder. The columns were plugged

with silanised glass wool at both ends and maintained at 40°C. Data were obtained for a known
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weight and surface area of the sample using a nitrogen gas (purity > 99.995%) flow at 20.0 ml/min.

The column was weighed before and after the experiment to ensure no loss of materials during the run.
Trace amount of vapour from non-polar and polar probes was injected. The retention times and
volumes of the mjected probes were measured at infinite dilution and thus were independent of the
quantity of probes injected. The non-polar probes employed were pentane, hexane, héptane, octane
and nonane: the polar probes were dichloromethane, chloroform, acetone, ethyl acetate,
tetrahydrofuran and diethyl ether. Triplicate measurements in separate columns were made for G-SX.

M- SX and S-SX powders. Differences in surface energetics were reflected in the calculated
dispersive component of the surface free energy, y.- ; specific component of surface free energies of

adsorption, -AG47, and the acid-base parameters, K., and Kp..

Data on specific surface areas required for IGC studies were determined by BET nitrogen

adsorption using a Surface Area Analyzer Coulter SA 3100 (Coulter Corp., Miami, FL, USA).
Samples were placed in glass sample holders and out-gassed with helium (purity > 99.999%) at 40°C
tor 16 hours before analysis. Nitrogen (purity> 99.999%) was used as adsorbate and BET surface area
was recorded as specific surface area of the samples. All measurements were performed in triplicate

using the same batch of each material.

Electric charge and adhesion measurements

TImboelectrification was undertaken against a stainless steel contact surface using either a turbula

mixer or a cyclone separator. Triboelectrification in a turbula mixer (Glen Creston, UK) was camed
out by agitating a powder sample for 5 minutes at 30 rpm in a 100 ml stainless steel vessel at ambient

temperature and relative humidity. A sample was poured in a reproducible manner into a Faraday well

connected to an electrometer (Keithley 610, Keithley Instruments, Reading, UK). Charge and mass of

sample was then recorded to give specific charge before and after triboelectrification. %w/w adhesion
to the inner surface of the mixing vessel was calculated from the original mass of sample and the mass
of sample poured into the Faraday well. During triboelectrification in a cyclone separator, a powder
was fed from a steel vibratory table into a venturi funnel. Compressed air (velocity 8 m/s. relative
humidity below 10%, ambient temperature) was used to convey the powder from the venturi along a
horizontal pipe into the cyclone separator. The Faraday well and force compensation load cell was

fitted at the base of the cyclone and used to collect charged particles. Final specific charge was

recorded for non-adhered powder residing in the Faraday well and, where possible, powder adhering
to the cyclone wall was dislodged by a stream of air and its charge and mass recorded. In both cases,

the results were obtained from triplicate measurements.
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Particle size analysis

The nstrument consisted of laser diffraction sensor HELOS and dry-powder air-dispersion system
RODOS (Sympatec GmbH. Germany) with WINDOX OS computer interface. The dispersion process
was controlled by means of adjusting pressure of the compressed air flow between 0.5 and 5 bar. The
preséure of 2 bar was found to be sufficient to disperse most of the agglomerates avoiding, at the same

time, attrition of the primary particles. All measurements were performed in triplicate. The particle
shape factor, f, was calculated asf= Sv/Sv". where SV is the experimental specific surface area and Sv"
1s the specific surface area determined using the LD instrument assuming the particle sphericity.

Results and discussion : Surface free energy and specific surface area

The fundamental quantity of inverse gas chromato gfaphy is the net retention volume, Vy,

determined from the retention time of a given solvent. Adsorption of the probe molecules on solid
surfaces can be considered in terms of botﬁ dispersive and specific components of surfacé free energy,
corresponding to non-polar and polar properties of the surface. By virtue of their chemical nature, non-
polar probes of the alkane series only have dispersive component of surface free energy, which can be

determined from the slope of the plot based the following equation:

5
RTWVy =2aN 44 §) 2 )2 + const

where R is the gas constant. 7' is the column's absolute temperature, a is the probe's surface area. Ny is
the Avogadro's number, v;" is the dispersive component of surface free energy of a SX powder and
v.” is the dispersive component of surface free energy of the solvent probes. Polar probes have both
dispersive and specific components of surface free energy of adsorption. The specific component of
surface free energy of adsorption (4G, ) can be estimated from the vertical distance between the

alkane reference line and the polar probes of interest. This free energy term can be related to the donor

number (DN) and acceptor number (AN*) of the polar solvent by the following equation:

AGY =K DN +KpAN*

DN describes the basicity or electron donor ability of a probe whilst AN* defines the acidity or

electron acceptor ability. Here, AN* denotes a correction for the contribution of the dispersive

component and the entropy contribution into the surface energy is assumed negligible. Thus plotting -
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AGS/ AN* versus DN / AN* yields a straight line where K, and Kp correspond to the slope and

intercept respectively.

The IGC data for the various SX samples analysed by the above approach are summarized in Tables 3
and 4. Comparison between different materials shows that the magnitude of ys° is 15% smaller for S-
SX compounds than for both M-SX and G-SX compounds. In addition, AG.> for all polar probes used
reduced by at least half for S-SX compound compared to the other two materials. Comparison between

M-SX and G-SX materials indicates that, although the y.~ are almost equal within the experimental

error, AG,” for all the polar probes is larger for the granulated material. The specific surtace area, a,
is twice as small for the S-SX compound compared with both M-SX and G-SX materials indicating

that the mean surface -equivalent particle diameter for these compounds is smaller than for S-5X

compound.

The reduced magnitude of v;° for S-SX compound implies that the surfaces of these panicles are

less energetic for non-polar, dispersive surface interactions than the other two compounds. The overall

strength of the polar interactions AG T is also the smallest for S-SX compound. Comparison between
the K. and K values of the three samples indicate that the acidity constant has the following trend:
KA(S-SX) < Kx(M-SX) < KA(G-SX). The basicity constants follows the reverse order with Kp(i5-3X)
being the largest. Thus S-SX sample which has the weakest acidic property exhibits the strongest basic
interactions with respect to its éxposed polar groups at the interface. This suggests that S-SX crystal
surfaces have, in relative terms, more exposed basic groups but fewer exposed acidic groups than both
G-SX and M-SX compounds. Particles of all three compounds have a similar platelet shape with the
dominant {001} crystal faces. However, S-SX particles have the largest shape factor, f (see Table 3),

which means that platelets of G-SX and M-SX are thicker. The other materials have more energetic
lateral crystal surfaces as a result of the solution crystallisation procedure (G-SX) and particle
breakage on micronisation (M- SX). Therefore the observed differences in K4 and Kp, combined with
the smallest magnitude of AG7 and y;° for S-SX compound, suggests a combination of three
different factors affecting the specific surface energy: (a) difference in the crystal habit. 7.e. the {001}

crystal faces have stronger basic and weaker acidic interactions than the lateral crystal faces, (b)

smaller overall specific surface energy of the {001} crystal planes as compared fo any other

crystallographic planes and (c) disturbances of the crystal structure which also contribute to the higher
surface energy of G-SX and M -SX compounds.

It is clear that solvent adsorption progress more rapidly with the M-SX and G-SX samples than

with S-SX material. This fact indicates that supercritical fluid process of the invention produces

particles with lower surface activity (and greater surface stability) than powders produced by solution
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crystallisation and micronisation.
Table 3
[Compound Ty mij)  [Kn K I8 |/ ]
S-SX_ 132476  [0.110 0356 | 7.040 3.78
M-SX 38285 10172 0298 . 19243 1280
G-SX 36.972 0.233 0.157 | 10.699 =
Table 4
_ AT Mmo)
Dichloromethane | Chloroform | Acetone Ethyl | Diethyl tetrahydrofuran
S ) | ~ Jacetate  |ether | ~
| S-5X 2.8308 . 0.153 3.797 2.705 1,438 2.446
M-SX - L 0.810 4560 13995 @ 12774 | 3.609
G-SX ~ 1.885 5.454 4.739 2.958 4.854

Table 5 presents results on the charge, Q, and fraction of adhered material, AD. S-SX particles

exhibited significantly less (between one and two orders of magnitude) accumulated charge than the

micronised powder before and after turbula mixing and also for the non-adhered drug 1n cyclone

separator. Correspondingly, the fraction of adhered material is several times smaller for S-SX powder

than for M-SX powder in both the turbula mixing and cyclone separator tests.

These results are consistent with the superior powder flow properties of S-SX material. Although

the bulk powder density of S-SX material is very low (about 0.1 g/cm3 vs. 0.5 g/cm’ for M-SX) it

flows well and does not adhere to the container walls.

Table 5
Turbula Mixer Cyclone Separator :
QCg’) [Q@Cg’) |AD Q@Cg") |Q@Cg”) |AD
Before After (% w/w) Before After (Y% w/w)
mixing mixing mixing mixing B .
S-SX ]-0.52 -0.17 {15 - 149 | -346 5.3
M-SX -12.1 | -42.6 27 -48.4 | -49.7 | 16.7

Particle size and powder dispersability

The difference in PSD of S-SX and M-SX powders is reflected in the magnitude of the mean

particle sizes d43 = 3.5 pm (S-SX) and 1.8 um (M-SX) and as measured using the LD technique. For

both materials the cumulative PSD >98% within respirable particle size range 0.5<x<10 pm.

However, a significant difference was observed between the dispersion behavior of micronised and

supercritically- processed powders. At high dispersing pressures above = 2 bar, dqs 1s smaller for M-
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SX powder, as indicated by the primary PSD for this compound. This situation changes dramatically

at dispersing pressures below 2 bar. At low pressures, S-SX powders consistently produce a large

fraction of primary particles in the respiratory size range, whereas M-SX powders form stable

aggloinerates outside the 5 um range which cannot be dispersed at such pressures.

The enhanced dispersability of S-SX powders means a decrease of the infer-particulate contact area

and/or reduction of the cohesive forces leading to better performance of S-SX compound in the

inhalation devices. Despite a larger geometric (and volume) diameter for S-SX particles, the Andersen
cascade impactor measurements indicated a greater than two-fold increase (from 25.15 to 57.80%) of

FPF for S-SX powder compared with FPF of M-SX powder.
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Example 3

This example measured the surface charge and adhesiveness of particles of the drug salbutamol
sulphate produced using a SEDS™ process as compared to that of both the unprocessed starting

material and a micronised sample of the drug.

Surface charge was examined by placing weighed portions of the samples in a Faraday well to

measure their electrostatic charge.

A simple adhesion test was devised to examine the observation that the ultra-fine powders prepared by

the SEDS™ process exhibited low adhesion to containers and vessel walls, and low adhesive
teraction with surfaces in general. In this test, a small quantity of powder was weighed into a screw
topped glass jar and the jar rotated for 5 minutes. The non-adhering powder was then tipped from the
jar and weighed and the percentage powder adhering to the walls of the jar calculated.

The results of both the charge and the adhesion tests are shown in Table 6 below. It can be seen that

both the unprocessed and the micronised materials exhibited relatively high surface charge, whilst the
figure for the SEDS™ sample was dramatically reduced. Further, in the adhesion tests, there was

minmal adhesion of the SEDS™-processed material, whilst significant amounts of the micronised

torm of the same material adhered to the surfaces of the jar.

These findings are consistent with the surprisingly observed casy flowing nature of SEDS™ products,

being different from the generally observed highly charged, cohesive and non-free flowing nature of

micronised materials of a similar particle size.

Table 6
Sample Electrostatic Charge (nC/g) Relative Powder Adhesion
B ‘ | (to container walls)
Unprocessed | -23.1 _ 8.6
Micronised -42.6 18.6
| SEDS i ' 02 1.0 3
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Example 4 ,
This example measured the specific surface area (by low temperature physical adsorption of nitrogen)

of a poorly aqueous soluble drug produced using a SEDS™ process, as compared to a micromsed

sample of the same drug.

The specific surface area of the micronised sample was 5.6 m?/g, whereas that of the SEDS™

sample was 27.8 m*/g.

Example 5

These examples assessed the dissolution performance of an aqueous soluble compound produced
using a SEDS™ process and also in a micronised form. A conventional test method was used, as
described in the current pharmacopoeia and compendia (eg, BP and USP). Three SED ST. produced

samples were tested.

The results are shown in Fig. 1, which plots the percentage dissolution against time. The ultra-fine

particulate products of the invention clearly dissolves much more rapidly and efficiently than the

micronised version of the same substance, exhibiting much faster dissolution profiles to compiete

dissolution. A further advantage of the SEDS™ products is the consistency of their dissolution profiles

between repeat batches.

Examples 6

These examples assessed the surface roughness of a SEDS™-produced material as compared to that of
(a) the crystallised starting material and (b) the same compound in a micronised form. Conventional

AFM analysis was used for the assessments.

The results are shown in Figs. 2 (AFM analysis of the SEDS™-processed material) and 3 (graph
showing RMS surface roughness data for the three samples) below. The SEDS™ sample clearly had a

smoother topographical character.

Example 7

The properties of a micronised sample of salbutamol sulphate were compared with those of a SEDSTM.
processed sample of the same drug. The SEDS™ sample was prepared from a 10 % w/v solution of
salbutamol sulphate in acetone, using a 568 ml particle formation vessel, a two-passage concentric

nozzle with a 0.1 mm internal diameter orifice, a processing temperature of 50 °C and pressure of 150
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bar, a drug solution flow rate of 0.04 ml/min and a supercritical carbon dioxide anti-solvent flowing at

18 mi/min.

The mean amorphous content of the micromsed sample, determined by the dynamic moisture sorption

method, was 6.92 % w/w (standard deviation 1.10). That of the SEDS™ sample in contrast was only
5  0.13 % w/w (SD 0.05).

The mean value for v~ (the dispersive component of surface free energy, determined by IGC) was

58.57 mJm™ (SD 2.19) for the micronised sample but only 38.45 mJm™ (SD 1.50) for the SEDS™

sample.

The mean specific charge of both samples was + 4.00 nCg™ before mixing. After triboelectrification

10 by Turbula™ mixing this value had increased to -+ 259 nCg™ for the micronised sample but only -+
16.4 nCg™ for the SEDS™-produced sample.

Further, blends of salbutamol sulphate with lactose (both a micronised and a SEDS™-produced

sample) were tested in an Andersen-type cascade impactor with a Clickhaler™ DPI device. The fine

particle fraction of the emitted dose was measured as 11.86 % for the micronised sample and 33.57 %
15  for the SEDS™ one.

Example &

The respiratory drug terbutaline suplphate (TBS) was prepared by SEDS™ process and its
properties and DPI performance compared to those of a micronised sample of the same drug.

20 The DPI performance of blends of TBS with the carrier alpha-lactose monohydrate was also

investigated, since the drug-carrier adhesion and hence the particulate (especially surface) properties

of the drug and carrier, can significantly influence their dispersibilty in DPI systems.

¢

PRODUCTION OF POWDERS
25  Materials
The material studied was supplied as micronised powder of terbutaline sulphate (AstraZeneca R &
D. Lund, Sweden), a-lactose monohydrate (Pharmatose 325 M inhalation grade DMV International,

Veghel, The Netherlands) was used as a carrier for the cascade impaction studies. Carbon dioxide

(BOC Lid, UK) was 99.9 % pure and methanol, ethanol and water were of HPLC grade (Fischer
30 Scientific Limited, Loughborough, UK). Chioroform, toluene, ethyl acetate, acetone and 1,4-

dioxane, of HPLC erade (99+% purity) were used as polar probes whereas a series of n-alkanes from
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hexane (n=6) to decane (n=10) of HPLC grade (99+ % purity) were used as non-lﬁglg(;})?ggég 112)41‘"7

IGC analysis.

Solution Enhanced Dispersion by Supercritical Fluids (SEDS ™) Process
For experiments that used ethanol as a solvent, the SEDS™ process was modified in such a way that
an additional extraction vessel packed with TBS powder was placed in an oven and pure ethanol was
pumped through the vessel. This enhanced extraction of TBS and resulted in product yield > 85
%w/w (see Figure 4, vessel position indicated by dOtted lines). All other experiments were
conducted in a SEDST™ apparatus as disclosed in WO 95/01221 consisting of a stainless steel
particle formation vessel (50 ml) positioned in an air assisted heated oven with a specially designed
two flow coaxial nozzle capable of withstanding a pressure of 500 bar. Pressure in the system was
maintained within + 1 bar bys an automated back-pressure regulator (Tescom, Japan). Drug solution
(2 % wiv) was delivered by a separate reciprocatiﬁg HPLC pump (Jasco PU-980, Japan) and varied
between 0.1 and 4.8 ml/min. Liquid CO, (-10 °C) was pumped by a water-cooled Dosapro Milton
Roy pump (Type: MB 1128 (L) 10M 480/ VV2, Pont-Samt-Pierre, France) and flow was varied
between 4.5 and 80 ml/min. The CO; passed through a heat exchanger to ensure that it was

supercritical before entering the nozzle, which consisted of two concentric tubes and a small

premixing chamber. Two nozzle diameters, 0.1 and 0.2 mm were used in the study. The powder
(typically about 200 mg a batch) was collected from the vessel and analysed. A range of operating
temperatures (35 — 80 °C) and pressures (80 — 250 bar) were applied to produce drug powder using

the SEDS™ process.

PHYSICAL CHARACTERISATION OF POWDERS

Particle Size Analysis

Laser Diffraction
A small amount of TBS powder was analysed using a laser diffraction RODOS/VIBRI dispersing
system (HELOS/RODOS, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The instrument
consisfed of a laser sensor HELOS and a RODOS dry-powder air-dispersion system (Sympatec
GmbH., Clausthal-Zellerfeld, Germany). Different measurement ranges of the laser sensor were
provided by interchangeable objectives R1 (0.1 — 35 pm) and R2 (0.25 - 87.5 um). The rate of
powder dispersion was controlled by adjusting the pressure of the compressed air flow. A pressure

of 2 bar was sufficient to achieve deagglomeration of primary particles without attrition.
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The TBS samples were also analysed using an AeroSizer™ (Ambherst Process Instruments, Amherst,

MA, USA), provided with pulse jet disperser, the AeroDisperser™, to introduce the powders to the
instrument. The measurement range of the AeroSizer™ is nominally from 0.2 to 200 um of
5 acrodynamic diameter with the standard 750 pm diameter tapered nozzle. The micronised and

SEDS™ TBS samples were analysed for 300 seconds in triplicate using normal deagglomeration

conditions, feed rate (5000 particles per second ) and medium shear force (0.3 pSL).

Scanning Electron Microscopy (SEM)

10 A small amount of powder was manually dispersed onto a carbon tab adhered to an aluminium stub,
(Agar Scientific, UK). The sample stubs were coated with a thin layer (200 A) of gold by
employing an Emitech K550 sputter coater (1exas, USA). The samples were examined by SEM
(Hitachi S-520, Tokyo, Japan) and photographed under various magnifications with direct data
capture of the images onto a personal computer.

15

Solid State Analysis
X-Ray Powder Diffraction (XRPD)
Structural analysis of the samples was performed using an X-ray powder diffractometer (Siemens,
20 D5000, Karlsruhe, Germany), fitted with a rotating sample holder, a scintillation counter detector
and a divergent beam utilising a CuKa source of X-rays (A= 1.5418 A). Each sample was placed in
the cavity of an aluminium sample holder flattened with a olass slide to present a good surface
texcture and inserted into the sample holder. In order to measure the powder pattern, the sample

holder and detector were moved in a circular path to determine the angles of scattered radiation and

25 to reduce preferred sample orientation. All samples were measured in the 20 angle range between
15 ° and 45 © with a scan rate of 3 seconds/step and a step size of 0.05 °. Samples were analysed 1n
duplicate.

Differential Scanning Calorimetry (DSC)

30 Prior to sample analysis, a baseline was obtained which was used as a background. DSC analyses of

terbutaline sulphate samples were carried out on a Perkin Elmer 7 Series differential scanning

calorimeter thermal analysis system (Perkin Elmer Ltd., Beaconsfield, UK). Temperature and
enthalpy were calibrated with the standard materials indium (melting point = 156.6 °C) and zinc
(melting point = 419.5 °C). Samples (1-10 mg) were accurately weighed into pierced, crimped

35 aluminium pans and heated at 10 °C min” over a heating range of 25-290 °C under a mtrogen purge.

A chiller unit was used in conjunction with the calorimeter to attain the lower temperatures.
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The moisture sorption isotherm of each powder at 25 °C was measured using a dynamic vapour
sorption (DVS) instrument made by Surface Measurement Systems, UK. This mstrument
gravimetrically measures uptake and loss of water vapour on a substrate by means of a recording

microbalance with a resolution of +0.1 ng. In the first step of the experimental run, the sample was

dried at 25 °C and 0 % relative humidity (RH) for at least 600 minutes to bring the sample to near
zero wt % H,O. Then, the instrument was programmed to increase the RH in steps of 5 % RH from
0 % to 90 % RH and decrease the RH in steps of 10 % RH from 90 % to 0 % RH. A criterion of
dm/dt = 0.005 %/min was chosen for the system to hold at each RH step before proceeding to the

next RH step. Sample masses between 30 and 100 mg were used in this study. The change n mass
(%) is expressed in terms of g H,O per 100 g of dry substance.

Isothermal Microcalorimetry

A Thermal Activity Monitor (TAM, model 2277; Thermometric AB, Jarfilla, Sweden) was used to
measure the calorimetric heat flow (W) vs. % RH profile of each sample. A RH-perfusion cell
(Model 2255-120) accessory for the TAM was used to control RH within the sample vessel. The

carrier gas, dry N,, was flowed at a constant rate (1.48 cm/min). All experiments were performed
at 25 °C. About 100 to 105 mg accurately weighed of each powder were placed in a stainless steel
ampoule, attached to the RH perfusion cell, and then dried under 0 % RH until a stable heat flow

signal was reached (e.g., a signal within the range of — 1 to +1 uW). The RH was then increased in a
linear ramp from 0 to 90 % over the following 30 hours (i.e., 3 % RE/hr). The heat flow arising

from interactions of water vapour with the solid sample was measured as a function of time. Since

RH changed with time in a linear fashion, the heat flow was also known as a function of RH.

The TAM measures the total heat flow in power, P, produced from either a physical or chemical
reaction. In this study the calorimetric power is proportional to the rate of moisture sorption or
desorption, crystallization, and/or other processes. Exothermic events are measured as a deflection
in the positive y-axis direction. Although crystallization is an exothermic process, it can be
observed as a net endothermic process. During.crystallization, there is an exotherm due to
crystallization and a simultaneous endotherm due to desorption of previously sorbed moisture. The
TAM profile gives the resultant of these processes. Hence, for crystallization, the TAM profile can

be an exothermic peak only, an endothermic peak only or a sequential combinatton of both

exothermic and endothermic peaks.

Inverse Gas Chromatography (IGC)
An empty GC column was uniformly packed with the powder of interest (TBS). Pre-silanised

commercially available straight glass columns of 30 cm length with a 3 mm internal diameter were
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used in this mvestigation. The silanation procedure was necessary to minimize active SItes on the

inner glass surfaces, which strongly interact with polar probes. Each column was packed at the
detector end with a small amount of silanised glass wool, was clipped to a stand and powder was
added through a glass funnel with the aid of a mebhanical column packer (tapping) to improve
powder flow and remove any air gaps. Once the column had been filled, the injector end of the
column was also packed with silanised glass wool and attached to a separate, purpose built column
oven that controls the sample (column) temperature between room temperature and 90 °C. A.
Hewlett Packard 6890 Series Gas Chromatograph (GC) (Hewlett Packard, Penna, USA) oven
equipped with an autosampler was used to control the solvent temperature. The 6890 GC data
acquisition system was used to record data from a thermal conductivity detector (TCD) and flame
ionisation detector (FID) with the instrument modified for IGC by Surface Measurement Systems
(SMS), Manchester, UK. The combination of detectors allowed sensitive analysis of both organic

vapour elution and water (although RH was not raised above 0 % for these expeniments).

The whole system was fully automated by control software (SMS 1GC Controller v1.3) and the data
analysed using SMS iGC Analysis macros. Prior to analysis, each column was equilibrated at 30 °C
and 0 % relative humidity (RH) for 5 hours by passing dry helium gas through the column. Helium
gas was also used as the carrier gas. Hydrogen and compressed air flow rates were set at 40 and 450
ml min respectively for the FID. The chromatograph injection port was maintained at 80 °C, TCD
detector at 150 °C and the FID detector at 150 °C. Column temperature was set at 30 °C throughout
analysis. Data were obtained by flowing helium gas at 10 ml min~ mrough the sinalised glass
column packed with a known weight of powdered material and injecting small amounts
(concentration P/Po = 0.05) of a range of probe vapours with different polarities. The retention
times of the probes were measured using SMS iGC Controller v1.3 software, at mfinite dilution or

near zero surface coverage (equivalent to 107 - 10°" ul of liquid) where retention is independent of

the quantity of probe injected. For each sample, two columns were prepared and analysed by
employing a method based on standard settings, which allows the precise control and measurement
of experimental variables. This is essential in producing meaningful results. The data were used to
calculate the dispersive and non-dispersive forces acting at TBS particle surfaces using the method
developed by Schultz and co-workers (J. Schultz, L. Lavielle and C. Martin. The role of the
interface in carbon fibre-epoxy composites, J. Adhesion, 23, 45-60 (1987)).

‘Powder Analysis

Aeroflow Method
An Aeroflow™ powder avalanching apparatus (Amherst Process Instruments, AP, Amherst, USA)

was employed to analyse the dynamic avalanching behaviour of micronised and SC processed TBS
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samples. 1he Aeroflow apparatus consists of a transparent rotating drum with a port at the front. A

white light source is positioned in front of the drum and a masked array of photocells is behind the
drum. To measure avalanching, 50ml of the drug powder was added to the drum, which is about 15

% of its total volume to ensure good powder mixing during the operation. As the drum rotates, the

powder bed is carried upwards unti] an unstable state is reached and an avalanche occurs.

The time between successive avalanches was recorded by the projection of the light beam through
the drum onto the photocell array. The photocells generated a voltage dependent on the amount of
light falling on the cells and the area of unmasked photocells shielded from the light source by the

powder. The voltage output (transmitted light mtensity) was recorded by a computer, which

translates the output as powder movement using a technique disclosed in B.H. Kaye. Characterising

the flowability of a powder using the concepts of fractal geometry and chaos theory, Part. Part.
Charact. 14: 53-66 (1997). Each TBS sample was tested in duplicate and mean avalanche time and

irregularity (scatter) of avalanches were recorded.

Powder Dispersion by Cascade Impaction
An Andersen Cascade Impactor (1 ACFM Eight Stage Non Viable Andersen Cascade Impactor,
Copley Ltd, Nottingham, UK) was used to determine the dispersability and fine particle fraction
(FPF) of each powder/carrier blend and pure drug alone through a dry powder inhaler device
(Clickhaler®, Innovata Biomed, St. Albans, UK). To prevent particles from bouncing off the plates
and becoming re-entrained in the air stream prior to cach analysis, the eight metal plates of the

impactor were coated with a thin layer of silicone spray and left to dry for 30 minutes. A pre-

separator was attached to the top of the impactor to prevent large particles or aggregates from
reaching the stages. The air flow through the apparatus, measured at the inlet to the throat, was
adjusted to generate a pressure drop of 4 kPa over the inhaler under test and a duration consistent

with the flow of 4 litres min™ according to compendial guidelines (Pharm Forum, 22: 3049-3095

(1996). These conditions are consistent with a flow rate of 49 1 min™ and 4.9 s duration. A blend

containing 3.8 % w/w of compound, hand-filled nto the reservoir of a Clickhaler® device, which 1s
capable of delivering 200 ng of drug per actuation, was used. Ten doses were discharged into the

apparatus and each determination was carried out at least twice. After each determination, the

powder on each impaction stage was collected by rinsing with mobile phase and the resulting

solutions were analysed by HPLC. The amount of drug deposited in the throat piece and the pre-

separator was also determined.

The Andersen cascade impactor is traditionally calibrated at 28.3 1 min™ but may be operated at
higher flow rates, which are thought to more closely approximate a patient's capabulities (F.

Podczeck. Optimisation of the operation conditions of an Andersen-Cascade impactor and the
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relatonsnip 1o centrifugal adhesion measurements to aid the development of dry powder mhalations,

Int. J. Pharm,, 149: 51-61 (1997)). Using a variation of the Stokes’ equation, effective cut-off
diameters (ECDs) at the higher flow rate can be calculated from the equation given below (M.M.

Van Qort, B. Downey, and W. Roberts. Verification of operating the Andersen Cascade Impactor at
difterent flow rates, Pharm. Forum, 22: 2211-2215 (1996).

ECDz=ECD.;s 3 (28.3/F2)"

where ECDpg; 15 the ECD at the alternative flow rate, ECDs 5 is the manufacturer’s flow rate (28.3 1
min"') and F2 is the alternative flow rate in 1 min!. The alternative flow rate used in this study was
49 1 min™. Particles collected on the filter were smaller than 0.32 um. The percentage of the total
dose collected on the stages 1 through 5 representgd particles with the aerodynamic diameters less
than 4.36 um, and was considered as the fine particle fraction (FPF).

RESULTS AND DISCUSSION

Powder Preparation and Optimisation

TBS was produced using the SEDS™ process. Different solvents such as pure methanol,
methanol/water, pure water and pure ethanol were used to dissolve drug material between 1-10 %
w/v in concentration. To optimise the particle properties (crystallinity, shape, size, size distribution)
a number of parameters such as concentration of the drug, drug solution flow rate, CO, flow rate,

temperature and pressure of the system were manipulated. A wide range of SEDS™ products such

as a hydrated crystal, amorphous material, and two previously reported polymorphs A and B were
produced using different solvents and experimental conditions, as seen in Figures 5 a-f. For
example, the clear difference m morphology and crystallinity (determined by XRPD which was
based on diffraction peaks area and DSC by measuring change in enthalpy of fusion) of TBS1
(127.12 J/g) and TBS2 (88.63 J/g) may be attributed primarily to the different residence time for
particle formation and mixing in vessels which is defined as © = V/f, where V is the volume of the
vessel and f 1s the volumetric flow rates of ethanol and CO; at given temperature and pressure
respectively. Particles 1n the smaller 50 ml vessel were exposed to partially mixed ethanol-rich
phase which exist in the core of high velocity jet (B.Y. Shekunov, J. Baldyga, and P. York. Particle
formation by mixing with supercritical antisolvent at high Reynolds numbers, Chem. Eng. Sci., 56:
2421-2433 (2001)), whereas the particles in the largé 500 ml vessel were accumulated in well mixed
CO, -rich phase.

SEM photomicrographs of a typical micronised and SCF processed batches of TBS are shown in

Figures 5 a-f. The use of different solvents such as pure methanol and methanol/water resulted in
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needle-like as well as spherical amorphous particles respectively. FarucCies ODLUISU usiuy puiy

methanol, pure ethanol and pure water have revealed well-defined crystal edges compared to

micronised particles.

Parficle Size

The average particle size by volume determined by laser diffraction for a typical batch of TBS1 and

TBS2 was between 3.2 and 3.4 um with 90 % less than 7 um in comparison to 3.0 pm

microparticles of micronised terbutaline sulphate with 90 % less than 5> pum. This method showed

good reproducibility and therefore, was used for the quality control assessment.

The samples were also analysed with the AeroSizer™. Micronised, TBS1 and TBS2 samples have

similar aerodynamic diameters to those obtained by the Sympatec™ laser diffraction mstrument.

However, TBS3, TBS4 and TBS5 showed larger mean diameters by AeroSizer™ m comparison {o

laser diffraction analysis. These results are depicted in Table 7 below. The AeroSizer™ gives an

acrodynamic equivalent diameter, which is smaller than geometric volume diameter for non-

spherical primary particles. Therefore, the results here likely indicate insufficient dispersion by
AeroDisperser™ of the agglomerated particles of both batches TBS4 and TBS5 (Figure 5 ¢,f). In

addition, the sampling procedures in the AeroSizer™ nozzle may produce discrepancies in time-of-

flight measurements at large particle number densitics, which 1s the case of small amorphous

particles in Figure 5e. Therefore, the reproducibility of results for this technique was lower than for

the laser diffraction method.
TABLE 7
Sample i Sympate; | Aerosizer
D3 (Mm) Dy (um)

Micronised 3.04 - 269

TBS 1 3.22 ] 1331 )
“TBS 2 YR BEY
"TBS 3 1.99 6.69 -

TBS 4 4.75 ’ 11553

TBS5 4.84 o 11.44

X-Ray Diffraction and DSC Profiles
The X-ray powder patterns in Figures 6 a - ¢ illustrate the crystallinity of micronised and TBS1 and

TBS2 samples, which is assessed on the basis of the sharpness of the major diffraction peaks. From

the results it can be seen that there is no significant difference in the XRPD profiles of micronised
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and TBS1 samples. However, based on XRPD data, theTBS2 sample has shown lower bulk
crystallinity in comparison to the micronised sample. The DSC profiles (Table 8) confirm this
conclusion; the fusion enthalpy for TBS2 batch is considerably lower than for both micronised and
TBS1 batches, thus the crystallinity for TBS1 being higher than that for the micronised matenal.

Table 8

“Sample | Melting Point (°C) | Enthalpy of Fusion | Identification

| | (Ig)
Micronised 266.3 S | 121.76 ) Fofm_B B
™si1 | 2671 | 12712 | FomB -
Tms2 12663 - [868 | FormB .
TBS 3 266.3 | 31.35 : Amorphous
TBS 4 f 274.5 40.98 Hydrate
'TBS5 272.7 5769 | FormA B

Interactions of Water with Micronised and SEDS™ Powders

The sorption and desorption isotherms of micronised and SC processed TBS show that at 25 °C, the
equilibrium moisture content ("moisture ﬁptake") of all TBS samples in this study 1s very low (< 0.4
%) at any RH value. The low moisture uptake indicates that each powder is crystalline. However,
TBS2 sample showed slightly higher moisture uptake than the micronised sample, which 1s
consistent with its lower bulk crystallinity indicated by DSC and X-ray diffraction (see Figure 6 and
Table 8). Typically, an amorphous or partially crystalline material will take up more moisture than a
highly crystalline material. TBS2 also takes up more moisture at relative humidities beyond 90 %
RH. Under these conditions, the sample may be deliquescing at high RH.

In Figure 7, the heat flow (uW) for both micronised and SEDS™ powders of TBS are normalised to
1 mg for comparison. The endothermic peak for micronised TBS 1s most likely due to
crystallisation of the azﬁorphous fraction that was previously induced by micronisation. The TAM
profile for TBS2 sample of TBS has an incomplete exothermic peak between 385 and 90 % RH
because the RH ramping experiment (3 % RH/hbr from 0 % to 90 % RH) ended before the event was
completed. No exothermic or endothermic peaks were observed in the TAM profile of TBSI
sample of TBS, which is typical for a highly crystalline material. The TAM results show that the
micronised TBS has an event at about 79% RH, probably due to crystallisation. The results also
show that TBS2 sample has an exothermic event at about 85 % RH.
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Surface Energetics Properties
Micronised and supercritically processed TBS1 materials show very similar surface energetics with
marginally lower non-polar, dispersive surface interaction (y.*) and slightly higher specific
interaction (-AG,"") for polar, amphoteric and basic probes. In contrast, the TBS2 sample indicated
5 significantly less energetic, both dispersive and specific, interactions (Table 9). In addition,
comparnison of the K, and Kp values of TBS2 and micronised samples (Table 10) indicates the
weakest, both acidic and basic interactions for this supercritically processed material. Thus, the
SEDS™ material has less exposed energetic acidic and basic groups. This also indicates that the
surface of TBS2 particles may have a more ordered structure than that for micronised material,

10 despite the fact that the bulk structure determined using X-ray diffraction and DSC techniques
appeared more ordered for the micronised particles. Micronised material is sometimes conditioned
betore being used for a DPI formulation, by passing a saturated ethanol vapour through the powder
bed. Similarly, TBS1 material was produced with an excess of ethanol solvent. Therefore, it 1S
possible that the surface structure was modified after particle formation for micronised and TBS1

15 maternials and disorganised compared to the crystal structure in the bulk.

Table 9
Saxnple | Voo mJm? T o - - “AG S (kJ/mE)l) - -
| Toluene Acetone Ethyl Chloroform | Dioxane
| ‘ acetate
mcfoﬁseTW_ﬁ 1 1.79 1596
TBS1  |5737 | 3.66 1341 | 16.65 1.68 -
BT TN By Iy o BT 1376 121 | 1420
Table 10
Sample BRENEE %
Micronised 0.892 0.051
TBS1 - 0761 0.020 T
'TBS2 o718 0032
20 - B - ) - o o - -
Powder Flow Properties
For data obtained using the Aeroflow™ powder avalanching analyser, interval times between
avalanches were plotted as discrete phase maps known as strange attractor plots (B.H. Kaye, J.
Gratton-Liimatamen, and N. Faddis. Studying the avalanching behaviour of a powder m a rotating
25 disc, Part. Part. Charact. 12: 197-201 (1995). Free-flowing powders produce strange attractor plots

close to the origin with small spread, whilst, in contrast, cohesive powders give plots with a larger
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spread and a centroid positioned further from the origin. The strange attractor plots for TBS

analysed at high (100 seconds per revolution) and medium (145 seconds per revolution) rotation

speed are shown 1n Figure 8 and Figure 9, respectively.

Examination of the strange attractor plots provides a clear, visual display of the difference in flow

behaviour between the micronised and TBS2. The SEDS™ sample has a lower irregulanty and a

lower mean avalanche time (see Table 11 and Figures 8 and 9) compared to micronised TBS.

Therefore, micronised TBS exhibits poorer flow behaviour than TBS2 material. Since a relatively

large quantity (~10 g) of powder 1s required to perform powder flow behaviour study, no

comparison was made between TBS1 and micromised samplies.

e~ e el

Table 11
Sample = | Mean time to avalanche (s) Trregularity of flow(s)
“Micronised (100 sec/rev) | 3.62 - 128
| Micronised (145 sec/rev) 572 - 2.39
TBS 2 (100 sec/rev) | 330 ) 1117 - '
“TBS 2 (145 sec/rev) 4.91 )  l212 o

Enhanced flow properties of TBS2 sample are consistent with lower energetics and lower

cohesiveness of this material as indicated by the IGC measurements and the following ACI studies.

Aerosol Performance of Micronised vs SEDS™ Powders

Figures 10 and 11 compare the in vitro performance of micronised and SEDS™ processed TBS

analysed 1n a lactose blend as well as pure drug alone. The ACI measurements demonstrated that

the TBS2 batch 1n both cases produced a significantly higher FPF in comparison to both micromsed

and TBS1 matenial. For this material, a high proportion of fine particle mass with a narrow

distribution was collected on stage 1-3 in contrast to the broad distribution across stages 1-5 for the

micronised material. The SC processed TBS2 material also demonstrated an increased fine particle

fraction (FPF) m both lactose blend and drug alone compared to micronised powders (38.6 % vs
30.7 %, and 29.6 % vs 17.7 %) and increased emitted dose (see Table 12). Since the lactose
particles are large and cannot penetrate beyond the pre-separator stage, this indicates that dispersion

between pure drug particles and formation of loose aggregates plays a major role in defining the

~deposition profile.
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Table 12 .

Sample Total Emitted Dose (ug / dose) | ' Fine Particle Fraction (Vo)
__ﬁragﬁ Lactose | Drug Alone *ngm Drug Alone:
 Blend Blend B

Micronised | 806 842 307 |07

TBS 1 71.6 83.7 | 11.4 | 9.4

TBSE_ 104.8 98.8 O 38.6 29.6

The main factor responsible for better performance of supercritically processed TBS powder in the

ACl 1s possibly related to the dispersibility of this powder at low air flow rates. The enhanced

dispersibility is particularly significant for DPI devices where the performance strongly depends on

powder deaggregation at relatively low dispersion forces. Clearly, high turbulence is favourable for

dispersion but it inevitably leads to high pressure differentials which may be unacceptable for

correct functioning of many devices.

Example 10

The example assessed the force of adhesion of particles of salbutamol sulphate produced using a

SEDS™ processes compared to the same<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>