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Particle Formation
Technical Field
The present invention relates to a method for forming small particles.
Background of the Invention

The benefits of decreasing the particle sizes of pharmaceutical compounds are well
known. Commonly referred to as micronizing, the reduction in the particle sizes of
pharmaceutical compounds has brought about improvements in dissolution profiles as
well as more convenient methods of delivery. The more common techniques for the
micronization of pharmaceutical compounds with Dense Gas (DG) technology include
the Rapid Expansion of Supercritical Solutions (RESS) process, the Gas Anti-solvent
(GAS) process, the Aerosol Solvent Extraction System (ASES) process and, more
recently, the Depressurization of an Expanded Liquid Organic Solvent (DELOS) process.
Carbon dioxide (CO,) is a commonly used DG, due in part to its vast abundance and ease
of applicability. While the RESS and DELOS processes utilize dense or supercritical
CO; as a solvent and/or co-solvent for pharmaceutical compound processing, the GAS
and ASES processes exploit the anti-solvent effect of condensed CO; in organic solutions
containing pharmaceutical compounds.

Key features of these processes are outlined below.
GAS: A volume of solution containing dissolved pharmaceutical compound(s) or working
solution is introduced into a sealed vessel at atmospheric pressure. Antisolvent is then
introduced into the vessel from the bottom through a sparger. The working solution is
expanded and precipitation of previously dissolved compounds occurs. The precipitate is
rinsed by passing carbon dioxide (CO,) from the top of the vessel.
ASES: The ASES process is also known as the Supercritical Anti-solvent System (SAS).
Another process that is technically similar to the ASES process is the Solution Enhanced
Dispersion by Supercritical Fluids (SEDS). In ASES, working solution is physically
pumped at constant flowrate into a vessel containing antisolvent through a capillary
nozzle (micron size range). The flowrate of the working solution is typically in the region
of 0.1 to 4 ml/min. Different nozzle configurations exist where the working solution is
introduced cocurrent to antisolvent, the nozzle is energized with ultrasound etc. With
SEDS, the working solution is introduced coaxially with anti-solvent to effect better
mixing between the two. After delivery, e.g. spraying, of the working solution, the

precipitate is rinsed with CO, to remove residual solvent.
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DELOS: Working solution is introduced into a sealed vessel and is next partially
expanded with CO,, similar to the GAS process but without precipitation occurring,
Expanded solution is then slowly depressurized over a valve into another vessel under
isobaric conditions. Precipitation occurs following depressurization as a result of critical
cooling of the expanded working solution as CO, flashes. The precipitate is rinsed by
passing CO, or nitrogen at low pressure.

RESS: RESS is technically different to the processes described above. RESS uses
supercritical fluids as the primary solvent to dissolve the pharmaceutical compound.
Organic solvents are added (if any) in very small amounts to modify/increase the
solubility of the pharmaceutical compound in supercritical carbon dioxide. Thus
pharmaceutical compounds are loaded into a sealed vessel mounted with a frit at the exit
to prevent entrainment of solid pharmaceutical compounds out of the vessel. The vessel
is pressurized with supercritical fluid to operating conditions capable of dissolving the
pharmaceutical compound. When necessary, organic solutions (co-solvents) may be
added to modify and increase the solubility of the pharmaceutical compound into the
supercritical phase. After saturating the supercritical carbon dioxide with the
pharmaceutical compound, the supercritical fluid is depressurized into another vessel
through a capillary nozzle to a much lower pressure. Depressurization of the supercritical
fluid causes a dramatic decrease in its solvating power and the precipitation of previously
dissolved pharmaceutical compounds is effected. Precipitate is retained in the second
vessel typically with a filter.

Several crystallization techniques, such as SEDS and SAS use capillary nozzles and
low flowrates (0.1 to 4 ml/min) to atomize working solutions for precipitation. Such low
delivery rates of working solutions make for very long and tedious processing. Existing
SCF (supercritical fluid) recrystallization techniques introduce antisolvent to a working
solution or vice versa gradually in eluted amounts, leading to the formation of
concentration gradients. As a result, secondary nucleation and crystal growth occur at
different rates depending on localized concentrations. This may lead to broad particle size
distributions and inconsistent results.

Prior art processes are often difficult to scale up from laboratory scale to production
scale, due to scaling factors with nozzles, flow rates etc. Exact working solution/anti-
solvent ratios are also often difficult, if not impossible to establish. Some of the above
processes require quite complex equipment, resulting in additional equipment expense.

Existing processes commonly prove difficult to scale-up because capillary nozzle spray
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patterns as a function of increased working solution flowrates are difficult to predict
(ASES/SAS). Also, these processes require complicated design of critical equipment, for
example geometrical extrapolation of nozzle design with SEDS. Capillary nozzles used in
existing processes are prone to clogging and the formation of a precipitate at the nozzle
tip interferes with working solution atomization. Additionally, existing processes operate
with concentration gradients existing in the precipitation chamber. Scaling up equipment
of these processes would alter the position and nature of these concentration gradients.
Object of the Invention

It is the object of the present invention to substantially overcome or at least

ameliorate one or more of the above disadvantages.
’ Summary of the Invention

In a first aspect of the invention there is provided a process for producing particles
of a substance comprising:

e delivering a solution of the substance in a solvent in at least one shot into a
supercritical fluid, said supercritical fluid being a non-solvent for the substance
and being miscible with the solvent, and

« forming particles of the substance, said particles being distributed in a mixture of
the solvent and the supercritical fluid.

The process may be conducted without the use of capillary nozzles or orifices to effect
atomization.

The step of delivering may be conducted as a single bolus delivery of the solution.
It may comprise delivering (e.g. injecting) the solution in a single shot into the
supercritical fluid. It may be conducted with a flow rate of the solution into the
supercritical fluid of at least about 1L/s, or with a flow rate of between about 0.5 and
about 100L/s. The delivering may be instantaneous or nearly instantaneous or rapid. It
may occur within the space of about 0.1 and 500ms. The step of delivering the solution
may be sufficiently rapid that the time for said delivering is shorter than the time for
formation of the particles. The rate of delivering may be sufficiently rapid that droplets of
the solution are distributed throughout the supercritical fluid before formation of the
particles. The rate of delivering may be sufficiently energised that droplets of the solution
are distributed throughout the supercritical fluid before formation of the particles. It may
be sufficiently rapid and/or energized that the solution is distributed throughout the

supercritical fluid following said delivering. It may be sufficiently rapid and/or energized
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that droplets of the solution are distributed substantially homogeneously or
homogeneously throughout the supercritical fluid following said delivering.

If more than one shot is used, the shots may be into the same or different
precipitation chambers. If more than one single shot is used, and if the shots are into the
same precipitation chamber, they should be substantially simultaneous or simultaneously.
If the shots are into different precipitation chambers, they may or may not be
simultaneous.

In this context, the term substantially simultaneous may refer to events that are
sufficiently closely spaced that the particle size of the particles formed by the process is
the same as, or smaller than, that obtained from a single shot. The shots may be separated
by less than about 500ms, or less than about 100 or 10ms, or between about 0 and about
500ms, between about 0 and about 100ms or between about 0 and 10ms.

In the step of delivering, the ratio of the amounts of the solvent and the supercritical
fluid may be such that the substance has low solubility in a mixture of the solvent and the
supercritical fluid in said ratio. The ratio may be for example less than about 1:10 on a
volume basis, a weight basis or a mole basis. This ratio may relate to the amount of
solvent in a single shot, or to the total amount of solvent in the shots in said step of
delivering. During and immediately after the step of forming the particles, the conditions
(temperature and pressure) in the precipitation chamber should be such that the mixture of
supercritical fluid and solvent is in its supercritical state. Commonly during this step the
temperature of the mixture will be about the same (e.g. within about 5 Celsius degrees) as
that of the supercritical fluid prior to the step of delivering, and the pressure of the
mixture will be slightly higher (e.g. about 1 to 20 bar higher) than that of the supercritical
fluid prior to the step of delivering.

The process may additionally comprise the step of pressurising the solution with a
gas to a pressure greater than that of the supercritical fluid before delivering the solution
into the supercritical fluid, said gas having low solubility in the solution, or being
substantially insoluble in the solution.

The process may additionally comprise pressurising the solution to a pressure at
least about 20 bar greater than the pressure of the supercritical fluid before delivering the
solution into the supercritical fluid.

The step of delivering may comprise opening an injection valve so as to permit the
solution to combine with the supercritical fluid. The injection valve may be for example a

ball valve, or some other valve that is capable of being opened rapidly.
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The step of forming may consist of forming the particles throughout the mixture of
the solvent and the supercritical fluid. The step of forming may consist of forming the
particles homogeneously, or substantially homogeneously, throughout the mixture of the
solvent and the supercritical fluid.

The process may additionally comprise separating the particles from the mixture of
the solvent and the supercritical fluid. The step of separating may be conducted while
maintaining the mixture in its supercritical state. The process may additionally comprise
washing the particles with the supercritical fluid.

The process may additionally comprise depressurising the particles to ambient
pressure after said separating.

The supercritical fluid may comprise supercritical carbon dioxide. The solvent may
be a polar solvent. It may be a non-aqueous solvent or an aqueous solvent. The substance
may be, or may comprise, a pharmaceutically active substance. The substance may be
therapeutically active. The substance may be for example insulin, hydroxypropylated beta.
cyclodextrin, Budesonide or Eudragit S100 or any combination thereof. The insulin may
be a natural insulin, synthetic insulin, an insulin analogue, an insulin derivative or any
combination thereof. The substance may be a carrier or it may be a pharmaceutically or
veterinarily acceptable carrier in combination with a pharmaceutically or veterinarily
active substance. The substance may be a peptide, a protein or analogue thereof, a nucleic
acid, an organic chemical or an antibiotic (e.g. gentamycin). The substance may be, or
may comprise, a dry powder vaccine, a bronchodilator, human growth hormone, human
growth hormone analogue, human growth hormone derivative, heparin, erythropoietin,
epoietin, Factor VIII, G-CSF, Interferon Alpha, Interferon Beta, Interferon Gamma,
Interleukin-2, Actimmune (If y), Activase (TPA), BeneFix (F IX), Betaseron (If B),
Humulin, Novolin, Lispro, Insulin Aspart, Glargine, Pegademase (AD), Epogen,
Regranex (PDGF), Novoseven (F VIIa), Intron-A, Neupogen, Pulmozyme, Infergen, an
antibody, a monoclonal antibody, an enzyme or a carbohydrate, or Generally Regarded
As Safe (GRAS) excipients, polyethylene glycol (PEG) or polyethylene oxide (PEO), a
polyethylene glycol oligomer, a polyethylene oxide oligomer or any combination thereof,
for example, or may comprise a combination of any one or more of the above with a
pharmaceutically or veterinarily acceptable carrier.

The solution may comprise suspended particles. In this case, the process may be a
process for at least partially coating the suspended particles with the substance. It may be

a process for producing particles each of which comprises a core particle at least partially
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coated with the substance. Thus the solution may comprise core particles, whereby the

particles of the substance produced by the process comprise the core particles at least

partially coated with the substance.

The process may additionally comprise the steps of:

delivering a solution of a second substance in a second solvent in at least one shot
into the supercritical fluid, said supercritical fluid being a non-solvent for the
second substance and being miscible with the second solvent, and

forming at least partially coated particles comprising the particles of the substance
at least partially coated by the second substance, said at least partially coated
particles being distributed in a mixture of the solvent, the second solvent and the

supercritical fluid.

Any one or more of the above options may, where appropriate, be combined in a

particular embodiment of the invention.

In an embodiment of the invention there is provided a process for producing

particles of a substance comprising:

delivering a solution of the substance in a solvent in a single shot into a
supercritical fluid, said supercritical fluid being a non-solvent for the substance
and being miscible with the solvent, and

forming particles of the substance, said particles being distributed in a mixture of

the solvent and the supercritical fluid.

In another embodiment of the invention there is provided a process for producing

particles of a substance comprising:

pressurising a solution of the substance in a polar solvent with a gas, said gas
having low, optionally negligible, solubility in the solution;

delivering the solution in a single shot into a supercritical fluid, said supercritical
fluid being a non-solvent for the substance and being miscible with the solvent
and said supercritical fluid being at a pressure of at least about 20 bar less than
that of the solution after the step of pressurising and before the step of delivering,
forming particles of the substance, said particles being distributed in a mixture of
the solvent and the supercritical fluid,

separating the particles from the mixture of the solvent and the supercritical fluid
while maintaining the mixture in its supercritical state, and

washing the particles with the supercritical fluid,
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wherein the ratio of the amounts of the solvent and the supercritical fluid is such that the
substance has low solubility in a mixture of the solvent and the supercritical fluid in said
ratio.

In another embodiment of the invention there is provided a process for producing
particles of a substance comprising:

e pressurising a solution of the substance in a polar solvent with nitrogen to between
about 140 and about 200 bar;

e delivering the solution within a time period of between about 1 and about 500ms,
or between about 1 and 100ms, into supercritical carbon dioxide, said supercritical
carbon dioxide being at a pressure in the range of about 20 bar to about 100 bar
less than that of the solution after the step of pressurising and before the step of
delivering,

o forming particles of the substance, said particles being distributed in a mixture of
the solvent and the supercritical fluid, ,

e separating the particles from the mixture of the solvent and the supercritical
carbon dioxide while maintaining the mixture in its supercritical state, and

+ washing the particles with the supercritical fivid;

wherein the ratio (volume:volume, mole:mole or weight:weight) of the amounts of the
solvent and supercritical carbon dioxide is between about 1:10 and about 1:50.

In another embodiment of the invention there is provided a process for producing
particles of a substance comprising:

e pressurising a solution of the substance in a polar solvent with nitrogen to between
about 140 and about 200 bar;

e delivering the solution into supercritical carbon dioxide, said supercritical carbon
dioxide being at a pressure in the range of about 20 bar to about 100 bar less than
that of the solution after the step of pressurising and before the step of delivering,

o forming particles of the substance, said particles being distributed in a mixture of
the solvent and the supercritical fluid,

e separating the particles from the mixture of the solvent and the supercritical
carbon dioxide while maintaining the mixture in its supercritical state, and

e washing the particles with the supercritical fluid;

wherein the ratio (volume:volume, mole:mole or weight:weight) of the amounts of the
solvent and supercritical carbon dioxide is between about 1:10 and about 1:50 and

wherein the delivering is at a rate sufficient that the particles are formed with a mean
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particle diameter of between about 10 about 200nm or between about 10 and 100nm,
and/or with a bulk density of greater than about 1 and 50mg/ml, and/or with a specific
surface area of greater than about 10m%/g.

The rate may be between about 0.01 and 100L/s, or between about 1 and 100L/s or
between about 10 and 100L/s.

In another embodiment there is provided a process for producing encapsulated
particles of a substance comprising:

a)  delivering a first solution, comprising the substance dissolved in a first solvent,
in a single shot into a supercritical fluid, said supercritical fluid being a non-
solvent for the substance and being miscible with the first solvent,

b)  forming particles of the substance, said particles being distributed in a mixture
of the solvent and the supercritical fluid,

c)  delivering a second solution, comprising an encapsulant dissolved in a second
solvent, in a single shot into the supercritical fluid having the particles
distributed therethrough, said supercritical fluid being a non-solvent for the
encapsulant and being miscible with the second solvent, and

d) forming a coating of the encapsulant on at least some of the particles of the
substance.

Step c) should be conducted after step a), preferably after step b). The encapsulant
may be a protective material in order to protect the substance from an environment in
which the encapsulated particles are placed, or it may be a taste-masking material in order
to mask the taste of the substance during oral ingestion of the encapsulated particles. The
encapsulant may be biocompatible and/or biodegradable in the human body. During the
delayed degradation of encapsulant in-vivo, sustained or delayed release of coated
material into the body may be achieved. The encapsulant may comprise one or more types
of lipid, polyethylene glycol or other Generally Regarded As Safe excipients or a
combination of any two or all or these. The first solvent may be the same as the second
solvent or it may be different. It will be understood that using a modification of this
embodiment, additional layers may also be formed on the particles by repeating steps ¢)
and d) one or more times (e.g. 1, 2, 3, 4 or more than 4 times). If these steps are repeated,
the solvent and the encapsulant at each repetition may be the same as or different to the
solvent and the encapsulant respectively of another repetition. The present invention
provides layered particles when made by the process described herein. The particles may

have 1, 2, 3, 4, 5 or more than 5 layers. Each time step ¢) is conducted the amount and
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nature of the solvent should be such that the mixture of supercritical fluid and solvents is
a single phase, preferably a single supercritical phase, and is a non-solvent for the
particles and the encapsulated particles. Therefore each coating formed at step d) may be
a complete coating on the particles or may be a partial (e.g. at least about 50, 60, 70, 80,
90 or 95% coating) on the particles.

Solid particles to be coated may be prepared as a suspension in a solvent, wherein
the solvent contains a dissolved encapsulant. This suspension may then be delivered into
the supercritical fluid. After said delivery, the encapsulant may form a coating on at least
some of the solid particles. Solid particles suitable for such a coating technique include,
but are not limited to, magnetic iron oxide particles, solid pharmaceutical ingredients and
their derivatives, implantable microcapsules and biodevices, therapeutic agents such as
erythropoietin, epoietin, human stem cells, nucleotides and other cofactors, agents used
for in-vivo imaging and biological agents requiring protection from environmental
damage.

Thus in another embodiment there is provided a process for producing particles,
said particles comprising core particles at least partially encapsulated by an encapsulant,
said process comprising;

e delivering a dispersion of the core particles in a solvent, said dispersion
comprising the encapsulant in solution, in at least one shot into a supercritical
fluid, said supercritical fluid being a non-solvent for the core particles and for the
encapsulant and being miscible with the solvent, and

o forming the particles, said particles being distributed in a mixture of the solvent
and the superecritical fluid.

In another embodiment of the invention the substance comprises more than one
compound, for example 2, 3, 4, 5 or more than 5 compounds. These may all be in solution
in the solvent during the step of delivering the solution into the supercritical fluid, or one
or more of them may be in suspension or otherwise dispersed in the solvent. Compounds
that are not in solution should be sufficiently finely divided and in sufficiently low
concentration in the solvent that they do not substantially impede the delivery of the
solution into the supercritical fluid. In this embodiment, the more than one compound
may be coprecipitated in the supercritical fluid. The process may form particles each of
which, or the majority of which, comprise each of said compounds. In an example, one of

the compounds may be a carrier for one or more active substances (e.g. pharmaceutically
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or veterinarily active substances). In another example the compounds comprise two or
more pharmaceutical compounds which act synergistically.

There is also provided a process for producing particles of a substance comprising:

e delivering a solution of the substance in a solvent in more than one single shot into
a supercritical fluid, said supercritical fluid being a non-solvent for the substance
and being miscible with the solvent, and

o forming particles of the substance, said particles being distributed in a mixture of
the solvent and the supercritical fluid.

The supercritical fluid may be located in one or more precipitation chambers. The
shots may be into the same or different precipitation chambers. If the shots are into the
same precipitation chamber, they should be delivered simultaneously or substantially
simultaneously (e.g. within about 0 and about 500ms). In this case, it may be preferable to
use a precipitation that is sufficiently large, and have delivery points for delivering the
solution to the supercritical fluid in the precipitation chamber sufficiently spaced, so that
the particle size of the particles formed by the process is the same as, or smaller than, that
obtained from a single shot. If the shots are into different precipitation chambers, they
may or may not be simultaneous.

In a second aspect of the invention there is provided an apparatus for producing
particles of a substance, said apparatus comprising: '

e a pressurisable injection chamber capable of receiving a solution of the

substance in a solvent;

e a precipitation chamber capable of maintaining supercritical conditions for a
supercritical fluid, said supercritical fluid being a non-solvent for the substance
and being miscible with the solvent, said precipitation chamber being fitted with
an inlet port for admitting the supercritical fluid thereto;

e a conduit connecting the injection chamber and the precipitation chamber, said
conduit comprising an injection valve disposed such that when the injection
valve is in an open condition the injection chamber communicates with the
precipitation chamber and when the injection valve is in a closed condition the
injection chamber is isolated from the precipitation chamber; and

e an outlet port communicating with the precipitation chamber for allowing a
mixture of the supercritical fluid and the solvent to exit the precipitation

chamber.
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In use, the injection chamber should be pressurised to a pressure greater than the
pressure in the precipitation chamber. The pressure difference between the injection
chamber and the precipitation chamber may be of a magnitude so as to cause rapid
delivery of a shot of the solution of the substance in the injection chamber into the
precipitation chamber when the injection valve is in an open condition.

The apparatus may have no capillary nozzles or orifices to effect atomization. The
apparatus may additionally comprise a separation device for separating the particles from
the mixture of the solvent and the supercritical fluid while maintaining the mixture in its
supercritical state. The separation device may comprise a filter, e.g. a frit. It may be
located at an outlet from the precipitation chamber, or may be located in line separate
from the precipitation chamber.

The apparatus may comprise a pressuriser for pressurising the injection chamber.
The pressuriser may be capable of pressurising the injection chamber to a pressure greater
than the pressure required to maintain supercritical conditions for the supercritical fluid.

The conduit may extend into the precipitation chamber. The minimum internal
diameter of the conduit may be sufficiently large to allow single shot delivery of the
solution into the supercritical fluid. It may be sufficiently large to allow single shot, e.g.
rapid, instantaneous or near instantaneous, delivery of the solution into the supercritical
fluid. The conduit may terminate in a nozzle, said nozzle being located within the
precipitation chamber. The nozzle may be a non-capillary nozzle. It may have sufficiently
large diameter that delivery of the solution through the nozzle can occur without choked
flow. The conduit may be such that it does not comprise a capillary nozzle or orifice.

The volume of the precipitation chamber may be at least about 10 times the volume
of the injection chamber.

Any one or more of the above options may, where appropriate, be combined in a
particular embodiment of the invention.

In a third aspect of the invention there is provided a particulate substance, the
particles of said particulate substance being made by a process comprising:

e delivering a solution of the substance in a solvent in a single shot into a
supercritical fluid, said supercritical fluid being a non-solvent for the substance
and being miscible with the solvent, and

e forming particles of the substance, said particles being distributed in a mixture of

the solvent and the supercritical fluid.
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The ratio of the amounts of the solvent and the supercritical fluid should be such that the
substance has low solubility in a mixture of the solvent and the supercritical fluid in said
ratio.

The particulate substance may be made by the process of the first aspect of the
invention, optionally with any one or more of the optional features thereof described
above.

The particles of the particulate substance may have a mean particle size of less than
about 100nm. The particulate substance may have a specific surface area of at least about
10m*/g or at least about 20m%/g, and may be in the range of about 10m?g to about
100m%/g. The particles may be aggregated into loosely bound aggregates. The loose
aggregates may have a mean diameter of less than about 20 microns in mean diameter, or
between about 1 and about 20 microns.

In a fourth aspect of the invention there is provided a particulate substance having a
mean particle size of between about 10 and about 200nm, said particulate substance
comprising a drug for pulmonary delivery. The particulate substance may have a bulk
density between about 1 and about 50mg/ml or between about 5 and about 20mg/ml. The
particulate substance may have a specific surface area of greater than about 10m*/g, or-
between about 10 and about 100m?*g. It may be in the form of loose aggregates having a
mean diameter of less than about 20 microns, or between about 1 and about 20 microns.

In a fifth aspect of the invention there is provided a method for treating a condition
in a patient, said method comprising administering a particulate substance according to
the third or fourth aspect of the invention to the patient, said substance being indicated for
treatment of the condition. The administration may be pulmonary administration. It may
be by inhalation. It may be by nasal inhalation or by oral inhalation. The particulate
substance may be administered in a therapeutically or veterinarily effective amount. The
administration may be self-administration.

In a sixth aspect of the invention there is provided a particulate substance wherein
the bulk density of the particulate substance is sufficiently low that its aerodynamic
properties are more dependent on its bulk density than on particulate size (i.e. than on the
size of particles of the particulate substance). This may be evidenced by the different
particle size distributions obtained from laser diffraction and cascade impaction. The bulk
density of the particulate substance may be sufficiently low that its aerodynamic
properties are less dependent on the mean geometric particle diameter of the particles of

the particulate substance than on the bulk density of the particulate substance. The
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particulate substance may have a mean geometric particle size of between about 10 and
about 200nm. The particulate substance may comprise a drug for pulmonary delivery.
The particulate substance may have a bulk density between about 1 and about 50mg/ml or
between about 5 and about 20mg/ml. The particulate substance may have a specific
surface area of greater than about 10m?/g, or between about 10 and about 100m?/g. It may
be in the form of loose aggregates having a mean diameter of less than about 20 microns,
or between about 1 and about 20 microns. The particulate substance may be engineered
to a bulk density that enables site specific deposition of the particulate substance in the
lungs of a patient using a simple inhaler device. The particulate substance may be made
by the process of the present invention. There is also provided an inhaler device loaded
with a drug for pulmonary delivery, said drug being in the form of a particulate substance
as described in the third, fourth or sixth aspect of the invention.

The process of the present invention may be used to generate a particulate substance
with properties (e.g. bulk density, mean particle size, particle size distribution) that enable
the particulate substance to be delivered following inhalation thereof specifically to
laryngeal, tracheal, bronchial or peripheral deposition, or any combination thereof. This
may be useful for therapeutic treatment of either localized disorders such as laryngeal
damage and vocal cord rehabilitation, Chronic Obstructive Pulmonary Disease (COPD)
management, allograft anti-rejection, or for treatment of disorders via introducing
pharmaceutical agents into the systemic circulation.

There is also provided the use of a particulate substance according to the third,
fourth or sixth aspect of the invention for the manufacture of a medicament for the
treatment of a condition for which the substance is indicated.

Brief Description of the Drawings

A preferred embodiment of the present invention will now be described, by way of
an example only, with reference to the accompanying drawings wherein:

Figure 1 is a diagrammatic representation of an apparatus for conducting the process of
the present invention;

Figure 2 shows SEM (scanning electron microscope) photographs of insulin particles
produced using the process of the present invention;

Figure 3 Schematic of 1.0 mm L.D. Nozzle;

Figure 4 Schematic of 0.762 mm L.D. Nozzle

Figure 5 shows a schematic diagram of the injection chamber used in the example;

Figure 6 shows a schematic diagram of the precipitation chamber used in the example;
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Figure 7 shows photographs of insulin (left) and of insulin particles prepared by the

present invention (right);

Figure 8 shows electron micrographs of particulate substances produced by the process of

the present invention;

Figure 9 shows a particle size analysis report of insulin particles produced by the process

of the present invention;

Figure 10 shows numerical results of in-vitro inhalability testing of insulin particles

produced by the process of the present invention;

Figure 11 shows a graph showing results of in-vitro inhalability testing of insulin particles

produced by the process of the present invention;

Figure 12 shows photographs of hydroxypropylated beta-cyclodextrin (HP BCD) before

and after formation into particles by the process of the present invention;

Figure 13 shows photographs of Eudragit S100 before and after formation into particles

by the process of the present invention;

Figure 14 shows photographs of: (before) mixed iron oxide (Fe;O4) and

hydroxypropylated beta-cyclodextrin (HP BCD); and (after) iron oxide encapsulated with

HP BCD; and

Figure 15 shows photographs of the encapsulated iron particles of Fig. 14 a magnet

applied to the top of the bottle to illustrate the magnetic properties of the particles.
Detailed Description of the Preferred Embodiments

The present invention relates to a method for forming small particles of extremely
low bulk density and enhanced aerodynamic performance. The process of the invention
may be used to produce particles of a single substance, or particles comprising a
homogeneous mixture of two or more substances. The method may also be used to
process suspensions and perform coating applications. The absence of capillary nozzles in
the present process enables the injection of suspensions into the precipitation chamber,
and subsequent formation of coated particles. Prior art processes have had difficulty in
achieving this, as the use of capillary nozzles can lead to clogging of the nozzle with
particles in the suspension.

The present invention relates to a process for producing particles of a substance
comprising delivering a solution of the substance in a solvent (i.e. a working solution) in a
single shot into a supercritical fluid. The delivery may take the form of a single bolus
injection. The delivery may be such that the entire volume of the working solution is

delivered into the supercritical fluid within a very short time, or at about the same time, or
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in a single bolus. The supercritical fluid is a non-solvent for the substance and is miscible
with the solvent. Following the delivering, particles of the substance are formed, said
particles being distributed in a mixture of the solvent and the supercritical fluid. This
process is referred to as ARISE (Atomised Rapid Injection for Solvent Extraction).

It is thought that since, in the present invention, the entire volume of working
solution is introduced into antisolvent (supercritical fluid) at about the same time in order
to achieve a homogeneous mixture of working solution with antisolvent, the bulk of
precipitate should experience similar rates of formation, leading to a more homogeneous
product than is obtained using prior art processes. In the context of the present invention,
the terms ‘“‘antisolvent” and “non-solvent” may be considered interchangeable. Since
excess volume is made available for recrystallization to occur, nucleation density may be
lowered, leading to precipitate formation occurring over a large spatial volume. The low
nucleation density may allow the formation of product with lower bulk densities than
those previouély obtained. The present invention is preferably operated such that
atomization is not a function of nozzle (conduit) aperture, or at least the effect of nozzle
aperture on atomisation is minor relative to other factors. This may be achieved by using
nozzle sizes in a range in which the nozzle size is not a controlling factor for the rate of
delivery of the working fluid into the supercritical fluid. This enables the simplification of
the design of the equipment, and obviates the use of capillary nozzles. The injection may
occur through a single nozzle (conduit) or through multiple nozzles (conduits), each of
which conforms to the above description.

If more than one single shot is used, and if the shots are into the same precipitation
chamber, they should be substantially simultaneous or simultaneously. They may occur
sufficiently close together that no shot is made following particle formation from solution
delivered in a preceding shot. The shots may occur within a time period of less than about
500ms, or less than about 400, 300, 200, 100, 50, 20 or 10ms, or between about 5 and
about 500ms, or between about 10 and 500, 20 and 500, 50 and 500, 100 and 500, 200
and 500, 5 and 200, 5 and 100, 5 and 50, 5 and 20, 20 and 50, 50 and 100, 100 and 200,
200 and 300, 300 and 400, 10 and 100, 10 and 50 or 20 and 50ms, e.g. about 5, 10, 15, 20,
25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450 or 500ms.
The rate of delivering of the, or each, shot may be sufficiently rapid that droplets of the
solution are distributed throughout the supercritical fluid before formation of the particles.
The rate of delivering of the, or each, shot may be sufficiently energised that droplets of

the solution are distributed throughout the supercritical fluid before formation of the
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particles. The rate of delivering of the, or each, shot may be sufficiently rapid and/or
energized that the solution is distributed throughout the supercritical fluid following said
delivering. The rate of delivering of the, or each, shot may be sufficiently rapid and/or
energized that droplets of the solution are distributed substantially homogeneously or
homogeneously throughout the supercritical fluid following said delivering. If more than
one shot is delivered, the shots may be delivered from the same injection chamber or
different injection chambers. They may be made through the same conduit or different
conduits. They may enter the precipitation chamber(s) through the same nozzle or through
different nozzles. The apparatus for producing the particles may comprise a controller for
controlling the timing of the delivery of the solution. The controller may be a
programmable controller and should be coupled electronically with one or more of the
valves of the apparatus which control delivery of the solution to the precipitation
chamber(s). The controller may also control other valves in the apparatus, e.g. those
through which supercritical fluid, optionally together with the particles, exits the
precipitation chamber.

The present invention aims to minimise the occurrence of concentration gradients in
precipitation chamber by using an oversized precipitation chamber. Oversizing the
precipitation chamber also allows for increasing process throughput simply by increasing
the volume of working solution introduced. This may additionally be achieved without
operating too near to the limit of non-ideality (i.e. the point at which the saturation level
of the working solution in antisolvent is exceeded).

In one aspect, the present invention provides a method for preparing a substance in
particulate form, comprising introducing a solution of the substance in a solvent into a
precipitation chamber containing an anti-solvent supercritical fluid, and allowing the
supercritical fluid to extract the solvent from the solution to form particles of the
substance. The pressure and temperature in the precipitation chamber should be above the
critical pressure and critical temperature respectively of the supercritical fluid. The
solution should be introduced in a single shot, or in more than one shot, or in a single
bolus delivery or in more than one bolus delivery.

A shot, as used herein, may refer to delivery of the solution in a single bolus
delivery or to the delivery of the solutionin 2, 3, 4, 5,6, 7, 8, 9, 10, 11, 12 or more shots
or bolus deliveries into a single volume. The single volume may be between 3 and 100
times the volume of a single shot. Thus delivery of a shot of the solution may deliver the

solution sufficiently rapidly that the entire shot is delivered prior to formation of particles
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from droplets of the solution. A single shot may comprise between about 0.2 and about
20cm?® volume, or between about 0.2 and 10, 0.2 and 5, 0.2 and 2, 0.2 and 1, 0.5 and 20,
0.5 and 10, 0.5 and 5, 1 and 20, 50 and 20, 10 and 20, 1 and 5, 5 and 10, 5 and 20, 10 and
20, 5and 150or 8 and 12 cm3, e.g. about 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2, 2.5,
3,3.5,4,45,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20cm’. Where there is
more than one bolus delivery, the volume of each shot or bolus delivery may be between
about [(0.2 and about 20cm®)/total number of shots], into a single volume.

The delivering should preferably be sufficiently rapid that the solution is delivered,
e.g. sprayed, into the supercritical fluid, and droplets of the solution are dispersed
therethrough before formation of the particles. Thus particle formation preferably occurs
throughout the precipitation chamber and as such, throughout the supercritical fluid. It is
thought that this occurs by a process in which the solvent of the solution is diluted by the
supercritical fluid to the extent that the combination is a poor solvent for the particles.

The delivering may be under conditions in the precipitation chamber that avoid or
minimise agglomeration of droplets in the precipitation chamber. It may be under
conditions (pressures, rate) that promote nucleation within droplets of the fluid in the
precipitation chamber. The delivery may be under conditions in the precipitation chamber
whereby the particles are not formed from aggregated droplets. The solution prior to
delivery from the injection chamber to the precipitation chamber may have no particles
therein. Alternatively it may have particles therein, provided the particles are suspended
in the solvent and are sufficiently small diameter and in sufficiently low concentration
that they do not clog or partially clog the conduit or nozzle. The delivering should be such
that at least some of the substance precipitates, i.e. is formed into particles. It may be such
that at least about 80, 85, 90, 95, 96, 97, 98, 99 or 100% of the substance precipitates, or
between about 80 and 100, 80 and 99, 80 and 98, 80 and 97, 80 and 96, 80 and 95, 80 and
90, 85 and 100, 90 and 100, 95 and 100, 96 and 100, 97 and 100, 98 and 100 or 99 and
100%. The delivering may be such as to form a particulate substance having a bimodal
distribution when measured using a laser light scattering apparatus. The bimodal
distribution may be such that the smaller of the two modes has a peak at about 10 and
200nm, or between about 20 and 200, 50 and 200, 100 and 200, 10 and 150, 10 and 100,
10 and 50, 10 and 40, 20 and 100, 20 and 50 or 20 and 40nm, e.g. about 10, 15, 20, 25,
30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 or
200nm and the larger of the two modes has a peak at less than about 20 microns or less

than about 10, 5, 2 or 1 microns, or between about 1 and about 20 microns or between
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about 1 and 10, 1 and 5, 5 and 20, 10 and 20, 2 and 10 or 2 and 5 microns, e.g. about 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 microns. The bimodality may
be due to some aggregation of particles of the substance to form loose aggregates.

The delivering may be at a rate of at least about 0.01L/s, or at least about 0.05, 0.1,
05,1,2,3,4,5,6,7,8,9, 10, 15 or 20L/s, or between about 0.01 and 100, 0.1 and 100,
0.01 and 50, 0.01 and 10, 0.01 and 5, 0.01 and 1, 0.01 and 0.1, 0.1 and 10, 0.1 and 1, 1
and 100, 1 and 50, 1 and 25, 1 and 10, 1 and 5, 5 and 100, 20 and 100, 50 and 100, 5 and
50, 10 and 50, 25 and 50, 5 and 20 or 5 and 15L/s, for example about 0.01, 0.05, 0.1, 0.2,
0.3,04,0.5,0.6,0.7,08,09,1,1.5,2,3,4, 5,6, 7,8, 9, 10, 15, 20, 25, 30, 35, 40, 45,
50, 60, 70, 80, 90 or 100L/s. In some circumstances the flow rate may be higher than this,
for example about 150, 200, 250, 300, 350, 400, 450 or S00L/s. The delivering may be
under a pressure drop of at least about 20 bar, or at least about 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75, 80, 85, 90, 95 or 100 bar, or between about 20 and 100 bar or between
about 20 and 60, 20 and 50, 20 and 30, 30 and 100, 50 and 100, 30 and 70 or 40 and 60
bar greater, e.g. about 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100
bar. The flow rate may be such that the pressure drop along the nozzle is less than about
10 bar, or less than about 5, 2, 1, 0.5 or 0.1 bar or between about 0.01 and about 10 bar, or
between about 0.01 and 5, 0.01 and 2, 0.01 and 1, 0.01 and 0.5, 0.1 and 10, 0.1 and 5, 0.1
and 2,0.1 and 1, 1 and 10, 1 and 5 or 5 and 10 bar, e.g. about 0.01, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7,0.8,09, 1, 1.5, 2, 2.5, 3, 3.5,4, 4.5, 5,6, 7, 8, 9 or 10 bar. The delivering
may be rapid, instantaneous or nearly instantaneous. It may occur within the space of
about 0.1 and 500ms, or between about 0.1 and 200, 0.1 and 100, 0.1 and 50, 0.1 and 10,
0.1 and 5, 0.1 and 2, 0.1 and 1, 1 and 100, 10 and 100, 50 and 100, 0.5 and 10, 0.5 and 5,
0.5 and 2, 1 and 50, 100 and 500, 200 and 500, 50 and 200, 10 and 200 or 1 and 10m:s,
e.g. about 0.1, 0.2,0.3, 0.4, 0.5, 0.6, 0.7,0.8,0.9, 1, 1.5, 2, 2.5,3,3.5,4,4.5,5,6,7, 8, 9,
10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450 or
500ms. The time for delivery of the solution into the supercritical fluid will depend on the
nature (particularly the viscosity) of the solution, the nature (particularly the viscosity) of
the supercritical fluid, the pressure difference between the solution and the supercritical
fluid immediately prior to delivery and on other factors. The delivering may be
sufficiently rapid for the solution to be distributed throughout the supercritical fluid
following said delivering. The linear flow rate of the solution through the nozzle may be
between about 10 and 500m/s, or between about 10 and 200, 10 and 100, 10 and 50, 50
and 500, 100 and 500, 200 and 500, 50 and 200 or 100 and 200m/s, e.g. about 10, 20, 30,
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40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450 or 500m/s or may be less
than about 10 or greater than about 100m/s.

During the delivering, each shot of the solution may expand into a volume of the
supercritical fluid of at least about 10 times the volume of the solution, or at least about
15, 20, 25, 30, 35 or 40 times the volume, or about 10, 15, 20, 25, 30, 35, 40, 45 or 50
times the volume of the solution, or between about 10 and 50, 20 and 50, 30 and 50, 10
and 40, 10 and 30, 20 and 40 or 25 and 35 times the volume of the solution.

The present invention aims in particular embodiments to achieve delivery of entire
volume of working solution in a single rapid action. This enables the shortening of
processing time by eliminating need to deliver working solution at low flowrates, as is
common in existing processes. The release of working solution should be as highly
energized as possible. Thus delivery of the working solution at very high flowrates
through nozzles of relatively large apertures, as practiced in the present invention,
develops atomized sprays. It is thought that concentration gradients are likely to be small,
negligible or absent if the working solution is sufficiently energetically distributed
throughout the entire precipitation chamber. The rapid delivery techniques of the present
invention commonly use compressed gas to introduce the working solution into the
precipitation chamber in a single energetic step, i.e. in a single shot.

The ratio of the amounts of the solvent and the supercritical fluid may be such that
the substance has low solubility in a mixture of the solvent and the supercritical fluid in
said ratio. The ratio may be such that, under the conditions pertaining in the precipitation
chamber following delivery of the solution into the supercritical fluid, the mixture of the
solvent and the supercritical fluid in said ratio is in a supercritical state. Thus the mixture
of the solvent and the supercritical fluid may following formation thereof, be both above
the critical temperature and above the critical pressure for the mixture. Prior to the step of
delivering, therefore, the supercritical fluid is preferably sufficiently far from its critical
state that the mixture, which is formed during and immediately following the delivering,
is in its supercritical state. The mixture should initially be a homogeneous or single phase
mixture. The solubility of the substance in the mixture may be sufficiently low that at
least about 80% of the substance present in the solution is precipitated, or at least about
85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 99.5 or 99.9% is precipitated, or in the range of
between about 80 and 100% is precipitated, or between about 80 and 95, 80 and 90, 80
and 85, 85 and 100, 90 and 100, 95 and 100, 96 and 100, 97 and 100, 98 and 100, 99 and
100, 85 and 95 or 90 and 95% is precipitated. The solubility of the substance in the
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mixture, at the temperature and pressure following delivery, may be less than about
200mg/1, or less than about 150, 100, 80, 60, 50, 40, 30, 20, 10, 5, 2 or Img/L, or between
about 0.1 and about 200mg/L, or between about 0.1 and 100, 0.1 and 50, 0.1 and 20, 0.1
and 10, 0.1 and 5, 0.1 and 2, 0.1 and 1, 1 and 200, 10 and 200, 50 and 200, 100 and 200, 1
and 50, 1 and 20, 1 and 10, 1 and 5 or 5 and 50mg/L, and may be about 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8,09,1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 440, 45, 50, 60, 70, 80,
90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 or 200mg/L. The solubility may be
less than about 1mM, or less than about 0.5, 0.1, 0.05, 0.01, 0.005 or 0.001mM, or may be
between about 0.001 and 1mM, or between about 0.001 and 0.1, 0.001 and 0.01, 0.01 and
1, 0.1 and 1, 0.01 and 0.1 or 0.005 and 0.05, e.g. about 0.001, 0.005, 0.01, 0.05, 0.1, 0.5
or ImM. The substance may be of low, negligible or zero solubility in the supercritical
fluid. It may have a solubility of less than about 200mg/1, or less than about 150, 100, 80,
60, 50, 40, 30, 20, 10, 5, 2 or Img/L, or between about 0.1 and about 200mg/L, or
between about 0.1 and 100, 0.1 and 50, 0.1 and 20, 0.1 and 10, 0.1 and 5, 0.1 and 2, 0.1
and 1, 1 and 200, 10 and 200, 50 and 200, 100 and 200, 1 and 50, 1 and 20, 1 and 10, 1
and 5 or 5 and 50mg/L, and may be about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3,
4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 440, 45, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140,
150, 160, 170, 180, 190 or 200mg/L. The solubility may be less than about ImM, or less
than about 0.5, 0.1, 0.05, 0.01, 0.005 or 0.001mM, or may be between about 0.001 and
1mM, or between about 0.001 and 0.1, 0.001 and 0.01, 0.01 and 1, 0.1 and 1, 0.01 and 0.1
or 0.005 and 0.05, e.g. about 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 or ImM. If the substance is
a mixture of components, each of the components may, independently, have a solubility
as described above. The ratio of the solvent to the supercritical fluid may be for example
less than about 1:10 on a volume basis, a weight basis or a mole basis, or less than about
1:15, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 or 1:50 e.g. about 1:10, 1:15, 1:20, 1:25, 1:30,
1:35, 1:40, 1:45 or 1:50 or between about 1:10 and about 1:50 or between about 1:10 and
1:40, 1:10 and 1:30, 1:10 and 1:20, 1:20 and 1:50, 1:30 and 1:50, 1:20 and 1:40 or 1:10
and 1:30, e.g. about 1:10, 1:15, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 or 1:50 e.g. about 1:10,

- 1:15, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 or 1:50. The supercritical fluid may be present in

excess over the solvent on a volume basis, a weight or a mole basis. In this context the
ratio should be determined by determining the volume of solvent in the solution prior to
delivery into the supercritical fluid and comparing it with the volume of the supercritical

fluid before delivery.
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The process may additionally comprise the step of pressurising the solution with a
gas to a pressure greater than that of the supercritical fluid before delivering the solution
into the supercritical fluid. The gas should have low or negligible solubility in the solution
or may be substantially insoluble therein, so that the solution does not undergo substantial
expansion during pressurisation due to the gas. Suitable gases for pressurising a solution
comprising a polar solvent include nitrogen, helium, neon or argon. “Substantially
insoluble” in this context may involve less than about 10% v/v solubility, or less than
about 5, 2, 1, 0.5 or 0.1% solubility, or between about 10 and 0.01%, 5 and 0.01, 1 and
0.01, 0.5 and 0.01, 0.1 and 0.01, 0.05 and 0.01 or 1 and 0.1%, e.g. about 0.01, 0.05, 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10% v/v solubility. The
expansion of the solution may be less than about 10% volume expansion, or less than
about 5, 2, 1, 0.5 or 0.1%. Under some circumstances the expansion may be greater than
this, for example between about 10 and 50% or between about 10 and 20%. The
expansion may be between about 0 and about 20%, or between about 0 and 10, 0 and 5, 0
and 2,0 and 1, 0 and 0.5 or 0 and 0.2%, e.g. about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20%. The gas used for
pressurising may be contained in a back-pressure chamber, said back-pressure chamber
communicating with the injection chamber. The back-pressure chamber may be
connected to a source of the gas, e.g. a gas cylinder. Alternatively the pressurising may
employ some other means. For example the solution may be pressurised by means of a
piston. Thus the injection chamber may be in the form of a cylinder having a piston fitted
thereto. The solution may then be pressurised by application of a pressure (for example a
hydraulic or mechanical pressure) to the piston. There may be a seal between the piston
and the cylinder, said seal being capable of withstanding the maximum pressure used in
the injection chamber without leakage. The seal should be resistant to the solution to be
used in the injection chamber.

The pressurising may be to a pressure at least about 20 bar greater than the pressure
of the supercritical fluid before delivering the solution into the supercritical fluid, or at
least about 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100 bar greater, or
between about 20 and 100 bar greater or between about 20 and 60, 20 and 50, 20 and 30,
30 and 100, 50 and 100, 30 and 70 or 40 and 60 bar greater, e.g. about 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100 bar greater. The pressurising may be to a
pressure of between about 100 and about 250 bar, or between about 120 and 250, 150 and
250, 200 and 250, 100 and 200, 100 and 150, 100 and 130, 120 and 200, 150 and 200 120
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and 150 or 140 and 170 bar, e.g. about 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,

200, 210, 220, 230, 240 or 250 bar. The pressure of the supercritical fluid before the

delivering may be between about 50 and 200 bar, or between about 50 and 150, 50 and

100, 100 and 200, 150 and 200 or 100 and 150 bar, e.g. about 50, 60, 70, 80, 90, 100, 110,

120, 130, 140, 150, 160, 170, 180, 190 or 200 bar. Commonly the pressures in the

injection chamber and the precipitation chamber during the process are controlled to a

tolerance of about £10 bar, or +9, 8, 7, 6, 5, 4, 3, 2 or 1 bar. The temperature of the

supercritical fluid may be such that the substance is not degraded, and such that the fluid

is supercritical. It will therefore depend on the nature of the substance, the pressure and

the nature of the supercritical fluid. Commonly the temperature will be between about 10

and about 60°C, or between about 20 and 60, 40 and 60, 10 and 40, 10 and 20, 20 and 50

or 30 and 50°C, e.g. about 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 or 60°C. The apparatus of
the invention may comprise a device for maintaining the desired temperature. This may

be for example a bath, e.g. a water bath, and the bath should be provided with a-
temperature controller. The bath (or other device for maintaining temperature) may

maintain its temperature within about 2 Celsius degrees, or about 1.5, 1, 0.5, 0.2 or 0.1

Celsius degrees.

Conveniently, the step of delivering may comprise opening an injection valve so as
to permit the solution to combine with the supercritical fluid. The injection valve should
be capable of being opened rapidly in order to facilitate rapid delivery of the solution. It
may for example be a ball valve, a solenoid valve or some other valve capable of rapid
actuation. Thus under the pressure gradient between the solution and the supercritical
fluid, the solution is rapidly propelled into the supercritical fluid, such that fine droplets
are dispersed throughout the supercritical fluid. As the particles are formed from these
droplets, the particles are formed throughout the mixture of the solvent and the
supercritical fluid. This may lead to formation of very fine particles, with a relatively
narrow particle size distribution. The particles may be less than about 100nm mean
diameter, or less than about 90, 80, 70, 60, 50, 40, 30 or 20nm, or between about 20 and
100, 40 and 100, 60 and 100, 20 and 80, 20 and 60, 20 and 40, 20 and 60 or 30 and 50nm
or may be about 20, 30, 40, 50, 60, 60, 80, 90 or 100nm mean diameter. They may have
polydispersity (defined by weight average particle size divided by number average
particle size) of less than about 5, or less than about 4, 3, 2.5, 2, 1.5, 1.4, 1.3 or 1.2. The
particles may come together to form aggregates. The aggregates may be loosely bound

aggregates. The aggregates may be less than about 20 microns in mean diameter, or less
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than about 15, 10, 5, 2 or 1 micron, or between about 1 and 20, 1 and 10, 1 and 5, 5 and
20, 10 and 20, 1 and 2, 2 and 5 or 5 and 10 microns, and may be about 1, 2, 3, 4, 5, 6, 7,
8,9,10, 11, 12, 13, 14, 1,5 16, 17, 18, 19 or 20 microns in diameter. They may have a
ratio of d(0.9) to d(0.5), as measured by light scattering of between about 1.1 and 10, or
between about 1.5 and 10, 2 and 10, 5 and 10, 1.1 and 2, 1.1 and 1.5 or 1.2 and 1.5, e.g.
about 1.1, 1.2, 1.3, 1.4,1.5,1.6,1.7,1.8, 1.9, 2,25, 3, 3.5, 4,4.5,5,6,7, 8,9 or 10, or
optionally more than 10. _

During the delivering the pressure in the injecting chamber will increase, since the
solution is initially at a higher pressure than the supercritical fluid. The pressure increase
will depend on the pressure difference and relative volumes between the injection
chamber and the precipitation chamber. The increase may be between about 1 and 10 bar,
or between about 1 and 5, 1 and 2, 2 and 10, 5 and 10, 2 and 8 or 2 and 5 bar, e.g. about 1,
2,3,4,5,6,7,8,9 or 10 bar.

The process may additionally comprise separating the particles from the mixture of
the solvent and the supercritical fluid. The separating may comprise settling, centrifuging,
filtering or some other process for separating. The step of separating is preferably
conducted while maintaining the supercritical fluid in its supercritical state. This
promotes separation of the solvent from the particles, so that when the particles are
depressurised to ambient pressures, the particles may be substantially free of solvent. This
prevents redissolution of the particles, and avoids any toxic effects that may be associated
with the presence of the solvent on the particles. The process may additionally comprise
washing the particles with the supercritical fluid before depressurising the particles. Thus
after separating the particles from the supercritical fluid, additional supercritical fluid may
be passed into the precipitation chamber and contacted with the particles. It may then be
separated from the particles, as described above. This process may serve to remove traces
of solvent remaining on the particles. The step of separation preferably involves filtration.
This may be achieved using a frit or similar filter fitted to the outlet port of the
precipitation chamber or fitted to a line leading from the outlet port of the precipitation
chamber. Thus the frit or filter may be an in-line filter. The frit or filter should be inert to
and insoluble in the supercritical fluid, and preferably to the solvent. It may for example
comprise a sintered glass or metal frit. It may have a particle size cutoff of less than about
5 microns, or less than about 4, 3, 2, 1, 0.5 or 0.1 microns, or between about 0.1 and 5, 0.5
and 5,1 and 5,2 and 5, 0.5 and 5, 1 and 5 or 2 and 5, e.g. about 0.1, 0.2, 0.45, 0.5, 0.7. 1.

2, 3, 4 or 5 microns, depending on the size of the aggregates formed. There may be a
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valve, e.g. a needle valve, downstream from the filter or frit in order to allow flow
through the filter or frit while maintaining supercritical conditions in the filter or frit.

The process may additionally comprise depressurising the particles to ambient
pressure after said separating.

The term “supercritical fluid” as used herein refers to a fluid at or above its critical
pressure P, and critical temperature T, simultaneously. The supercritical fluid will be
maintained at a pressure of between about 1.01 to 10 times P, or 1.1 to 10, 1.2 to 10, 1.3
to 10, 1.4 to 10, 1.5 to 10, 1.6 to 10, 1.7 to 10, 1.8 to 10, 1.9 to 10, 2 to 10, 3 to 10, 4 to
10,5t010,1.01t05,1.01t02,1.01t01.5,1.01t0 1.1, 1.01 to 1.05,1.1to 1 or 1.1 to 1.5
times P, e.g. about 1.01, 1.02, 1.03, 1.04, 1.05, 1.06, 1.07, 1.08, 1.09, 1.1, 1.15, 1.2, 1.25,
1.3,1.35,1.4,1.45,15,16,1.7,1.8,1.9, 2,3,4,5,6,7, 8,9 or 10 times P.. It may be
maintained at a temperature of between about 1.01 and 4 times T, (where T, is measured
in Kelvin), or between about 1.1 to 4,2 to 4, 3 to 4, 1.01 to 3, 1.01 to 2, 1.01 to 1.5, 1.01,
to 1.1, 1.01 to 1.05, 1.1 to 1 or 1.1 to 1.5 times T, e.g. about 1.01, 1.02, 1.03, 1.04, 1.05,
1.06, 1.07, 1.08, 1.09, 1.1, 1.15, 1.2, 1.25, 1.3, 1.35, 1.4, 1.45, 1.5, 1.6, 1.7, 1.8, 1.9, 2, 3
or 4 times T.. The supercritical fluid may comprise supercritical carbon dioxide or a
mixture of supercritical carbon dioxide with an alcohol (e.g. methanol, ethanol, propanol,
isopropanol, butanol or more than one of these.). If a mixture is used, it should be in a
proportion such that the mixture forms a supercritical mixture. The mole fraction of the
alcohol (or other modifier) in the carbon dioxide may be less than about 0.4, or less than
about 0.3, 0.2, 0.1 or 0.05, or between about 0 and about 0.4 or between about 0 and 0.3,
0 and 0.2, 0 and 0.1, 0.1 and 0.4, 0.2 and 0.4 or 0.1 and 0.3 and may be about 0, 0.01,
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 or 0.4. Other supercritical fluids that may be used
include supercritical nitrogen, nitrous oxide, sulfur hexafluoride, xenon, ethane, ethylene,
chlorotrifluoromethane, chlorodifluoromethane, dichloromethane, trifluoromethane,
helium, neon or a supercritical mixture of any two or more of these, or a supercritical
mixture of any of these with carbon dioxide. The supercritical fluid may comprise a
modifier in a suitable proportion that the fluid is supercritical under the conditions used in
the present invention. The modifier may be for example an organic liquid, e.g. an alcohol,
and ether, an ester or some other organic liquid. Advantages of the use of supercritical
fluids in the invention include the fact that they have low viscosity. This allows for the
very rapid mixing of the solvent and the supercritical fluid during particle formation. It is
thought that this reduces the possibility of droplet coalescence, leading to small and

relatively uniform particle sizes. The viscosity of the supercritical fluid may be less than



15

20

25

30

WO 2008/040094 PCT/AU2007/001515
25

about 0.1cP, or less than about 0.05, 0.02, 0.01 or 0.005cP, or between about 0.001 and
about 0.1cP or between about 0.001 and 0.01, 0.01 and 0.1, 0.005 and 0.05, 0.05 and 0.01
or 0.01 and 0.05, and may be about 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008,
0.009, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.06, 0.07, 0.08, 0.09 or
0.1cP. For example the viscosity of supercritical carbon dioxide may be about 0.004cP,
and of supercritical carbon dioxide having about 0.3 mole fraction ethanol about 0.04cP.
A further advantage of the use of supercritical fluids is that, on reducing the pressure to
ambient pressure, they may be converted to the gaseous state and thereby readily
separated from the solid particles. The supercritical fluid should be a non-solvent for the
substance from which the particles are made. It will be understood that most substances
have a finite solubility in a solvent. In this context, the term “non-solvent” should be
understood to mean that the solubility of the substance in the supercritical fluid is very
low. It may be for example less than about 10 mg/L, or less than about 9, 8, 7, 6, 5, 4, 3,
2,1, 0.5 or 0.1mg/L and may be between about 0.1 and about 1<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>