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AEROSOL GENERATORS AND METHODS
FOR PRODUCING AEROSOLS

RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional
Application Serial No. 60/564,591 filed on April 23, 2004, which is hereby

incorporated by reference.
FIELD OF THE INVENTION

[0002] The present invention relates generally to aerosol generators and

methods for producing aerosols.
BACKGROUND

[0003] Aerosols can be used in a wide variety of applications. For example, it is
known to use aerosols for medical applications including the treatment of
respiratory ailments, such as by delivering drugs via aerosol sprays including
finely divided particles of liquids and/or solids, for example, powders,
medicaments, etc., which are inhaled into a patient’s lungs. Aerosols can also be
used in other applications, such as introducing scents into rooms, distributing
insecticides, injecting fuels into engines of vehicles, and delivering paints,
lubricants and other substances. -

[0004] Aerosol generators and methods of producing aerosols with the aerosol
generators are disclosed, for example, in commonly-owned U.S. Patent Nos.
5,743,251, 6,234,167 and 6,491,233, each of which is hereby incorporated by
reference in its entirety.

[0005] For many applications, the effectiveness of aerosol generators can, at
least in part, be related to the particle size distribution of the aerosols that they
produce. Aerosol particle size distribution can affect where aerosol particles are
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deposited, as well as how well the particles are utilized once they are deposited. For
example, in the treatment of medical ailments, it may be desirable to deposit a fluid
formulation within a patient's lungs using an aerosol. In such cases, the aerosol particle
size distribution can affect whether significant quantities of the formulation are deposited
in the patient's throat or mouth instead of in the patient's lungs where the formulation
would be more effective. Additionally, less favorable particle size distributions may take
longer for the formulation to be absorbed once deposited.

[0005a)] In some applications, aerosol generators may be designed to deliver formulations
that can, for example, be made up of excipients such as water, ethanol and mixtures of
both that are combined with various medicaments. Some aerosol generators operate by
passing the formulations through a tube to produce an aerosol. Clogging in such
formulation delivery tubes can affect the aerosol generators' ability to accurately and
repeatedly meter out appropriate quantities of the formulations, to generate an aerosol
having a desired particle size distribution and can otherwise hamper the effectiveness of
the generator. Thus, a need exists in the art to address deficiencies in known aerosol
generators.

[0005b] It is the object of the present invention to substantially overcome or at least

ameliorate one or more of the above disadvantages.

SUMMARY

[0006] The present invention provides an aerosol generator, comprising:

a flow passage including an inlet end, an outlet end and a first flow section;

a constriction at the outlet end of the flow passage, the constriction defining a
second flow section of the flow passage downstream from the first flow section; and

a heater arranged along the flow passage which is adapted to heat liquid in the
first flow section to produce vapor which is expelled from the outlet end into ambient air

wherein the constriction is adapted to create sufficiently high shear forces to
break up large droplets into small droplets.
[0006a] The present invention also provides a method of producing an aerosol,
comprising:

supplying a liquid to the inlet end of a flow passage including an outlet end, a
first flow section and a constriction at the outlet end, wherein the constriction defines a
second flow section of the flow passage downstream from the first flow section and is
adapted to create sufficiently high shear forces to break up large droplets into small

droplets; and
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heating the liquid in the first flow section to produce vapor which is expelled
from the outlet end into ambient air.
[0006b] Other preferred aspects and preferred embodiments of the present invention will

now be described.
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[0006¢] One embodiment of the aerosol generator comprises a flow passage including an

inlet end, an outlet end, a first flow section, and a constriction at the outlet end, which

A heater is arranged along the flow passage and is operable to heat fluid in the first
flowsection to produce vapor. The heated fluid is expelled from the outlet end to form an

aerosol.
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defines a second flow section of the flow passage downstream from the first flow section.
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[0007]Another embodiment of the aerosol generator is a handheld device, which
comprises a flow passage including an inlet end, an outlet end, a first flow
section, and a constriction at the outlet end, which defines a second flow section
of the flow passage downstream from the first flow section. A heater is arranged
along the flow passage and adapted to heat liquid in the first flow section to
produce vapor. The heated fluid is expelled from the outlet end. A mouthpiece
through which a user can draw aerosol from the aerosol generator is arranged in
fluid communication with the outlet end of the flow passage so as to form an
aerosol.

[0008] Yet another embodiment of the aerosol generator comprises a flow
passage including an inlet end, an outlet end, a first flow section, and a
constriction at the outlet end of the flow passage, which defines a second flow
section of the flow passage downstream from the first flow section. A liquid
source is in flow communication with the inlet end of the flow passage, and
contains a liquid formulation including a medicament. A heater is arranged along
the flow passage and is adapted to heat the liquid formulation in the first flow
section to produce vapor. This fluid is expelled from the outlet end so as to form
an aerosol.

[0009] A further embodiment of the aerosol generator comprises a flow passage
including an inlet end, an outlet end, a first flow section, and a constriction at the
outlet end, which defines a second flow section of the flow passage downstream
from the first flow section. The aerosol generator includes a power supply
adapted to supply power to a heater arranged along the flow passage, and a
controller adapted to control operation of the power supply to supply an effective
amount of power to the heater to heat liquid in the first flow section to produce a
desired quantity of vapor. The vapor and any entrained liquid is expelled from the
outlet end so as to form an aerosol.

[0010]In another embodiment, the aerosol generator comprises a flow passage
including an inlet end, an outlet end, a first flow section, and a constriction at the
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outlet end, which defines a second flow section of the flow passage downstream
from the first flow section. A heater is arranged along the flow passage and is
operable to heat liquid in the first flow section to produce vapor which is expelled
together with any entrained liquid from the outlet end so as to form an aerosol.
The aerosol generator includes a first electrode attached to the heater and a
second electrode attached to the heater downstream of the first electrode. The
second electrode is of a material having a smaller resistance than a material of
the heater.

[0011] Any of these embodiments may optionally further include a device for
cooling the heated fluid, or vapor together with any entrained liquids, as it flows
near the outlet end of the flow passage.

[0012] The constriction can have various forms, such as an insert in the flow
passage, or a formed end of the flow passage. The flow passage can be of
various materials and can have monolithic or multi-piece constructions.

[0013] The aerosol generator can produce aerosols from liquid formulations
including a carrier and various medicaments. For example, the carrier can be a
volatile carrier, such as water, ethanol or mixtures thereof, or a non-volatile
carrier. Various medicaments can be used including, for example, analgesics,
anginal preparations, anti-allergics, antibiotics, antihistamines, antitussives,
bronchodilators, diuretics, anticholinergics, hormones and anti-flammatory
agents.

[0014] An embodiment of a method of producing an aerosol, comprises supplying
a liquid to the inlet end of a flow passage including an outlet end, a first flow
section, and a constriction at the outlet end which defines a second flow section
of the flow passage downstream from the first flow section; and heating the liquid
in the first flow section to produce vapor which is expelled from the outlet end into

ambient air so as to form an aerosol.
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[0015] In an alternative embodiment of the above method, the fluid passes
through a third flow section of the flow passage where the fluid is cooled as it

passes through and is expelled.
DRAWINGS

[0016]FIG. 1 illustrates an exemplary embodiment of an aerosol generator.
[0017]FIG. 2 is a schematic illustration of a heated capillary flow passage
according to an exemplary embodiment.

[0018]FIG. 3 shows a preferred embodiment of an aerosol generator.
[0019]FIG. 4 is a cross-sectional view of a preferred embodiment of a flow
passage including a constriction in the form of an insert having a reduced cross-
section at the outlet end.

[0020]FIG. 5 is a cross-sectional view of another preferred embodiment of a flow
passage including a constriction in the form of a formed tip having a reduced
cross-section at the outlet end.

[0021]FIG. 6 is a front elevation view of the flow passage shown in FIG. 5.
[0022]FIG. 7 illustrates a heated flow passage including the flow passage shown
in FIG. 5.

[0023]FIG. 8 is a cross-sectional view of another preferred embodiment of a flow
passage including a two-piece constriction having a reduced cross-section at the
outlet end.

[0024]FIG. 9 is a front elevation view of the flow passage shown in FIG. 8.
[0025]FIG. 10 shows the relationship between % recovery of albuterol sulfate
aerosol particles and power applied to the heater of an aerosol generator for an
aerosol produced from a liquid formulation containing 1% albuterol sulfate in 80%
ethanol/20% water.

[0026]FIG. 11 shows the relationship between % recovery of albuterol sulfate
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having an insert at the outlet end for an aerosol
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produced from a liquid formulation containing 1% albuterol sulfate in 80%
ethanol/20% water.

[0027]FIG. 12 shows the relationship between % recovery of cromolyn sodium
aerosol particles and power applied to the heater of an aerosol generator for an
aerosol produced from a liquid formulation containing 1% cromolyn sodium in
80% ethanol/20% water.

[0028]FIG. 13 shows the relationship between % recovery of cromolyn sodium
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a constriction in the form of an insert at the
outlet end for an aerosol produced from a liquid formulation containing 1%
cromolyn sodium in 80% ethanol/20% water.

[0029] FIG. 14 shows the relationship between % recovery of buprenorphine
hydrochloride aerosol particles and power applied to the heater of an aerosol
generator for an aerosol produced from a liquid formulation containing 1.5%
buprenorphine hydrochloride (HCI) in an ethanol/water mixture.

[0030]FIG. 15 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having an insert constriction at the outlet end for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCl in
an ethanol/water mixture.

[0031]FIG. 16 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having an insert constriction at the outlet end for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in
an 95% ethanol/5% water for capillary tube lengths of 25 mm, 30 mm and 35
mm.

[0032]FIG. 17 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having an insert constriction at the outlet end for an
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aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in
an 95% ethanol/5% water for different insert lengths of 3 mm, 4 mm, 5 mm and
6mm.

[0033]FIG. 18 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a constriction in the form of a formed tip for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in
an 95% ethanol/5% water for formed tips having different open cross-sectional
areas of 894 um?, 2013 pm?, 3257 um>, 4967 pm? and 6798 pm?>.

[0034]FIG. 19 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a formed tip constriction with an open cross-
sectional area of 6798 um? for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCI in an 95% ethanol/5% water for a liquid flow
rate of 10 pL/sec

[0035]FIG. 20 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a formed tip constriction with an open cross-
sectional area of 6798 um2 for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCI in an 95% ethanol/5% water for a liquid flow
rate of 20 plL/sec.

[0036]FIG. 21 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a formed tip constriction with an open cross-
sectional area of 4968 um? for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCL in an 95% ethanol/5% water for a liquid flow
rate of 10 pL/sec.

[0037]FIG. 22 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
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including a flow passage having a formed tip constriction with an open cross-
sectional area of 4968 pm? for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCI in an 95% ethanol/5% water for a liquid flow
rate of 20 uL/sec

[0038]FIG. 23 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a formed tip constriction with an open cross-
sectional area of 3257 um? for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCL in an 95% ethanol/5% water for a liquid flow
rate of 10 yuL/sec.

[0039]FIG. 24 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a formed tip constriction with an open cross-
sectional area of 3257 pm? for an aerosol produced from a liquid formulation
containing 1.5% buprenorphine HCI in an 95% ethanol/5% water for a liquid flow
rate of 20 uL/sec.

[0040]FIG. 2.5 shows the relationship between % recovery of cromolyn sodium
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage without a constriction, a flow passage having a formed
tip constriction with an open cross-sectional area of 903 um? and a flow passage
having a formed tip with an open cross-sectional area of 3280um? for aerosol
produced from a liquid formulation containing 3% cromolyn sodium in 100%
water.

[0041]FIG. 26 is a scanning electron microscope (SEM) micrograph (7,000 X) of
aerosolized insulin particles produced from a HUMULIN R formulation.
[0042]FIG. 27 is an SEM micrograph (15,000 X) of aerosolized insulin particles
produced from a HUMULIN R formulation

[0043]FIG. 28 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
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including a flow passage having a length of 25 mm with a formed tip for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in
95% ethanol/5% water.

[0044]FIG. 29 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a length of 35 mm with a formed tip for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in
95% ethanol/5% water.

[0045]FIG. 30 shows the relationship between % recovery of buprenorphine HCI
aerosol particles and power applied to the heater of an aerosol generator
including a flow passage having a length of 25 mm with a formed tip for an
aerosol produced from a liquid formulation containing 1.5% buprenorphine HCI in

95% ethanol/5% water at a flow rate of 20 plL/sec.
DETAILED DESCRIPTION

[0046] Aerosol generators that are useful for producing aerosols from liquids are
provided. The aerosol generators include a flow passage into which a liquid is
introduced. Aerosols can be produced by heating the liquid in the flow passage
to transform a portion of the liquid to a vapor, and expelling the fluid from the flow
passage. The expelled fluid can be mixed with air to produce an aerosol.
[0047]Preferred embodiments of the aerosol generators can be operated to
produce aerosols from liquids that contain a highly-volatile liquid and a second
component, which is aerosolized. For example, the highly-volatile liquid can be a
highly-volatile liquid excipient for delivering a medicament. Advantageously, the
excipient is readily volatilized with a minimum energy input. By way of non-
limiting example highly-volatile liquids can include water, as well as other liquids
having a boiling point similar to that of water. Another preferred high-volatility
carrier is ethyl alcohol (ethanol), which has a boiling point of about 78°C at a
pressure of 1 atmosphere. Ethanol is a Federal Drug Administration (FDA)
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accepted excipient in drug products administered via inhalation. Ethanol can be
used in combination with other liquids, for example, in ethanol/water solutions. In
an exemplary embodiment, the excipient can comprise about 20% to 80% by
volume of water and about 80% to 20% by volume ethanol. In another
exemplary embodiment, the excipient can comprise about 80% to 100% by
volume water and up to about 20 % by volume of ethanol. The formulations can
include additions, such as surfactants, low volatility liquids and other
pharmaceutically acceptable ingredients, e.g., glycerol, propylene glycol (PG) in
amounts up to 80% by volume.

[0048] Various substances can be included in the liquid formulation to produce
aerosols, depending on the desired application of the liquid formulation. For
example, liquid formulation can comprise a medicament that can be delivered to
a patient by an aerosol. Exemplary types of medicaments that can be used
include, but are not limited to, analgesics, anginal preparations, anti-allergics,

. antibiotics, antihistamines, antitussives, bronchodilators, diuretics,
anticholinergics, hormones and anti-flammatory agents, such as those described
in U.S. Patent No. 6,153,173, which is hereby incorporated by reference in its
entirety. The liquid formulation can be selected to provide a desired dose of the
medicament via aerosol inhalation. The formulation can be in the form of a
solution, suspension, dispersion or emulsion.

[0049] Exemplary medicaments that can be used include, but are not limited to,
insulin, buprenorphine hydrochloride, cromolyn sodium, albuterol suifate,
isoproterenol sulfate, metaproterenol sulfate, terbutaline sulfate, pirbuterol
acetate, salmeterol xinotoate, formotorol, beclomethasone dipropionate,
flunisolide, fluticasone, budesonide, triamcinolone acetonide, beclomethasone
dipropionate, triamcinolone acetonide, flunisolide and fluticasone.

[0050] However, in some embodiments the liquid formulation may not include a
medicament. For example, the liquid formulation may contain another type of
substance, such as a paint, scent or fuel for research, commercial, or industrial
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applications. Those skilled in the art will appreciate that can be important for
many formulations to retain their chemical, physical and activity integrity after the
process of aerosol particle formation. For example, maintaining the chemical,
physical and activity integrity of polypeptide formulation such as insulin
formulation can be important in many applications. Accordingly, conditions that
would degrade these characteristics of the formulation should be avoided where
appropriate.

[0051]FIG. 1 depicts a preferred embodiment of a handheld aerosol generator
10 comprising a housing 11 and components inside the housing including a flow
passage 20 and optional components including a liquid source 12, a valve 14
arranged along supply passage 80 in flow communication with the liquid source
12 and the flow passage 20, a pressure sensor 15 and a controller 16. The liquid
source 12 can be removably attached to the aerosol generator 10 to allow the
liquid source 12 to be replaced with another liquid source containing the same or
a different liquid formulation. A mouthpiece 18 can be arranged in fluid
communication with the flow passage 20. The controller 16 can include suitable
electrical connections and ancillary equipment, such as a power supply (e.g.,
rechargeable or replaceable battery), that cooperate with the controller 16 to
operate the valve 14 and sensor 15, and supply electricity to effect heating of the
capillary passage 20.

[0052] To operate the aerosol generator 10, the valve 14 is opened to allow liquid
to be supplied from the liquid source 12 to the flow passage 20. For example, in
one preferred embodiment, liquid can be supplied to the flow passage 20 when
the sensor 15 detects that a predetermined vacuum pressure has been applied
to the mouthpiece 18 by a user trying to inhale aerosol from the aerosol
generator 10. As liquid comprising a suspension, solution or emulsion containing
a medicament or other substance is supplied from the liquid source 12 to the flow
passage 20, the controller 16 controls the amount of power applied to the liquid
in the flow passage 20 such that the liquid is heated to a sufficiently high
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temperature to volatilize at least a portion of the liquid, i.e., form a vapor. For
instance, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or more of
the liquid can be heated to a vapor state by the heater while in the flow passage.
In another preferred embodiment, the aerosol generator 10 can be operated
manually without the sensor 15 by way of a user activating a mechanical switch,
electrical switch, or the like. Vapor produced by heating the liquid and entrained
liquids are expelled from the outlet end 29 of the flow passage 20. The expelled
vapor admixes with ambient air to form an aerosol inhaled by a user drawing
upon the mouthpiece 18.

[0053] The aerosol generator shown in FIG. 1 can be modified to utilize different
liquid source arrangements. In one preferred embodiment, the liquid source 12
includes a valve that is operable to deliver a predetermined volume of liquid to
the flow passage 20 to produce an aerosol. In another preferred embodiment,
the liquid source 12 is sized to contain a desired volume of liquid, for example, a
predetermined single dose of liquid or multiple doses of the liquid. The dose is
the volume of liquid that is supplied to the flow passage 20 and converted to an
aerosol during one inhalation cycle. In other embodiments, the valve(s) can be
omitted and the liquid source 12 can include a syringe pump, or the like, which
supplies liquid to the flow passage 20.

[0054] The heater of the aerosol generator 10 is located to heat a volatilization
section of the flow passage 20. The heater can include, for example, one or
more walls of the flow passage 20. Such wall(s) can be made from an
electrically conductive material, so that applied voltage heats the flow passage
20 and liquid contained in the flow passage. In other preferred embodiments, the
flow passage can include a non-conductive or semiconductive material, such as
glass or silicon, and a heater made of a resistive material, such as platinum or
the like, deposited in or on a layer of material along the flow passage. Examples
of heater constructions and techniques for manufacturing heater arrangements
can be found in U.S. Patent No. 6,701,922, issued March 9, 2004 and U.S.
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Patent Application No. 10/648,282, filed August 27, 2003, the subject matter of
each being hereby incorporated by reference.

[0055] The flow passage 20 can be made of various materials, including metals,
ceramics, glasses, plastics, polymers and combinations thereof. In a preferred
embodiment, the flow passage 20 is defined by a capillary-sized tube of an
electrically-conductive metal, for example, stainless steel or the like.
Alternatively, the flow passage 20 can be of a non-conductive material (for
example, a ceramic, such as alumina, a glass, or a polymer, such as KAPTON,
which is a polyimide material available from E.I. du Pont de Nemours and Co.,
located in Wilmington, Delaware) or a semi-conductive material (for example,
silicon) and include a heater of an electrically conductive material, such as
platinum or the like, to heat liquid in the flow passage. Ceramic materials can be
formed, for example, by slip casting. Glass materials can be formed by molding.
Regarding polymer materials, the flow passage can be formed by any suitable
technique, such as laser ablation.

[0056]FIG. 2 depicts an embodiment of a capillary aerosol generator 30
including a capillary-sized tube 25 defining a flow passage 20 having an inlet end
21 through which liquid is supplied into the flow passage, and an outlet end 29
through which vapor and liquid are expelled. In the embodiment, the flow
passage 20 is unconstricted. The capillary aerosol generator 30 includes a
heater having a first electrode 32 and a second electrode 34 connected to the
capillary tube 25 at respective longitudinally-spaced locations 23 and 26. The
electrodes 32, 34 divide the flow passage 20 into an upstream feed section 22
between the inlet end 21 and the first electrode 32, a heated section 24 between
the first electrode 32 and the second electrode 34, and a downstream tip 28
between the second electrode 34 and the outlet end 29 of the capillary tube 25.
Optionally, the heated section between the first electrode 32 and the second
electrode 34 can include a cooling device 31 attached to the capillary tube 25.
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Preferably, the cooling device 31 is located in a portion of the heated section
adjacent to or near the second electrode 34.

[0057]In the capillary aerosol generator 30, liquid is supplied from a liquid source
50 into the flow passage 20 of the capillary tube 25 through the inlet end 21. As
the liquid is flowed through the capillary tube 25 from the feed section 22 into the
heated section 24, heat is generated by applying a voltage and passing an
electrical current between the first electrode 32 and second electrode 34. The
applied heat is conducted to the liquid in the heated section 24. At least some of
the liquid reaches a sulfficiently high temperature to transform to vapor, which
passes from the heated section 24 to the tip 28 and exits from the outlet end 29
of the capillary tube 25.

[0058] As liquid flows through the capillary tube 25, heat conduction to the liquid
is high due to the relatively high coefficient of heat transfer between the liquid
and the wall of the capillary tube 25. Heated liquid that is converted to vapor
continues to move downstream along the heated section 24. Phase transition
boiling occurs in the capillary tube 25 when liquid is converted to vapor,
generating a pressure oscillation in the flow passage. It has been observed that
when certain liquid formulations including a highly-volatile liquid, such as a
highly-volatile excipient (for example, water, ethanol and mixtures thereof) and
another substance (for example, a medicament), are heated in the flow passage
to produce a vapor, it can be difficult to achieve reproducible delivery of an
aerosol containing the medicament. Particularly, significant pressure oscillations
can occur in the flow passage when such liquid formulations including a highly-
volatile liquid are vaporized with the result that the desired mass median
aerodynamic diameter (“MMAD") for the aerosol is not achieved. The MMAD for
an aerosol is the geometric mean aerodynamic diameter of the aerosol's '
particles. In an aerosol, 50% of the particles by weight will be smaller than the
MMAD and 50% will be larger.
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[0059] Large pressure oscillations that occur in the capillary tube 25 when highly-
volatile liquids are vaporized have been found to relate to shifts in the position of
the liguid meniscus within the capillary tube 25. The location of the “meniscus” is
defined herein as the furthest downstream location of liquid in contact with an
inner surface of the wall defining the capillary tube 25. Because the heat transfer
coefficient between the wall of the flow passage and vapor is low, the
temperature of the wall downstream of the meniscus position can become higher
than a desired maximum temperature to produce a good-quality aerosol. It has
been determined that when aerosols are produced using highly-volatile liquids,
such as a highly-volatile excipient, the meniscus position constantly changes
within the flow passage in response to pressure changes that occur when such
liquids are vaporized.

[0060] The significant pressure changes that have been determined to occur in
the flow passage of the aerosol generator during the vaporization of highly-
volatile liquids may produce undesirable instabilities in the performance of the
aerosol generator. Namely, such pressure fluctuations cause the boiling point of
highly-volatile liquids in the flow passage to change. Also, as the meniscus
moves within the flow passage, fluid that originally moved toward the outlet end
of the flow passage can, due to pressure fluctuations, reverse direction and move
toward the inlet end of the flow passage, thereby being heated a second time in
the flow passage. The reverse movement of the meniscus can create a large
vapor section within the flow passage. Consequently, the buildup of solids and
associated clogging within the flow passage are more likely to occur.

[0061] It has unexpectedly been determined that high-quality aerosols can be
produced from liquid formulations that contain a highly-volatile liquid by providing
a constriction at the outlet end of the flow passage. The constriction is
configured to partially occlude the outlet end of the flow passage and decrease
the cross-sectional area of the flow passage at the outlet end. The constriction
defines a downstream flow section of the flow passage that has a transverse
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cross-sectional area that is smaller than the transverse cross-sectional area of
the heated section 24, or “volatilization section,” of the flow passage upstream of
the constriction.

[0062] While not wishing to be held to any particular theory, the constricted flow
passage is believed to produce aerosols by a fluid shearing mechanism.
Particularly, during operation of the aerosol generator, vapor is produced in the
heated section 24. The vapor creates high pressure and provides a driving force
to expel liquid from the flow passage. Reducing the cross-sectional area at the
outlet end of the flow passage increases the velocity of vapor traversing the tip
and is believed to create sufficiently high shear forces to break up coarse
droplets into smaller ones, which increases the efficiency of conversion of the
liquid formulation to a respirable aerosol. A high vapor velocity can be achieved
by either increasing the liquid flow rate in the flow passage or the amount of
power that is applied to the flow passage by the heater, which increases the
vapor fraction of the formulation. Liquid droplets entrained from the liquid film at
the inner surface of the flow passage are suddenly exposed to a high-velocity
vapor flow, resulting in a high relative velocity between the droplet and the vapor.
It is hypothesized that the shear created by this velocity differential creates a
Kelvin-Helmholtz instability that causes the break up of the droplets. The droplet
size above which such break up can be expected to occur is a function of the
dynamic pressure, surface tension and viscous forces. For liquids of low
viscosity, such as 100% water formulations, the deformation of a droplet is
determined primarily by the ratio of the aerodynamic force to the surface tension
force, which is given by the dimensionless Weber number = (pvap UQR,vap D)/o,
where pygp is the vapor density, Ur vqp is the relative velocity between the droplet
and the vapor, D is the droplet diameter, and o is the surface tension of the
liquid. It is generally accepted that, for low viscosity liquid droplets suddenly
exposed to a high velocity air stream, the critical value of the Weber number is
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about 13. Using this value, the smallest or critical droplet diameter that can be
broken up in a high-speed, compressible gas flow can be calculated.

[0063]As shown in FIG. 3, a preferred embodiment of an aerosol generator 120
includes a capillary-sized capillary tube 25, such as a capillary tube having an
inlet end 21, an outlet end 29, and a constriction 60 at the outlet end 29. The
aerosol generator 120 also includes a heater having a first electrode 32 and a
second electrode 34 connected to the capillary tube 25 and to a power supply 33.
The electrodes 32, 34 define a heated section 24 between the first electrode 32
and the second electrode 34, and a downstream tip between the second
electrode 34 and the outlet end 29 of the capillary tube 25. In a preferred
embodiment, the capillary tube 25 has an inner diameter of about 0.025 mm to
about 0.5 mm, more preferably about 0.025 mm to about 0.25 mm, or about 0.1
mm to about 0.2 mm, and the heated section 24 preferably has a length of about
5 mm to about 40 mm, more preferably about 15 mm to about 25 mm, for
preferred liquid flow rates of about 5 pL/sec to about 30 pL/sec.

[0064] The aerosol generator 120 can optionally include a sleeve 70 surrounding
the capillary tube 25 to control heat transfer to and from the capillary tube, and
an end cap 72 at the outlet end 29 to prevent material expelled from the flow
passage from flowing back into the space surrounding the capillary tube 25.
[0065]In a preferred embodiment, the constriction is an insert 160 in the flow
passage at the outlet end 29, as depicted in FIG. 4. The capillary tube 25 and
the insert 160 can be of the same material or a different material. The material
can be selected from metals, ceramics, glasses, plastics, polymers and
combinations thereof. The insert 160 can have a length of, for example, about 1
mm to about 10 mm, more preferably about 3 mm to about 6 mm. In
embodiments of the insert 160 having a circular open cross-section, the inner
diameter of the insert 160 is preferably about 0.001 in (about 25 ym) to about
0.01 in (about 250 pm), more preferably from about 0.001 in (about 25 pm) to
about 0.003 in (about 75 ym). The ratio of the cross-section of the flow passage
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to the open cross-section of the constriction can be, for example, about 2:1 to up
to about 30:1. This ratio can also be provided for other configurations of the
constriction, such as those configurations described below. For inserts 160
having a circular or a non-circular open cross-section, the open cross-sectional
area of the insert 160 is preferably about 500 pm? to about 51,000 um2, more
preferably about 500 pm? to about 8,000 um?, still more preferably about 500
pm? to about 3,000 pm? or about 500 pm? to about 1,000 um2. These insert
dimensions are preferably for liquid flow rates of about 5 pL/sec to about 30
uL/sec. At higher flow rates, the cross-sectional area of the inner diameter of the
insert can be increased.

[0066]As shown in FIG. 4, the insert 160 can be bonded to the flow passage 20
by a joint 63 formed by any suitable technique depending on the materials of the
capillary tube 25 and insert 160. |In a preferred embodiment, the flow passage 20
and insert 160 are of the same or a different metallic material, and can be joined,
for example, by welding, soldering or brazing.

[0067]As shown in FIGs. 5-7, in another preferred embodiment of the aerosol
generator, the capillary tube 225 can include a constriction in the form of a
formed tip 260 at the outlet end of the flow passage 20. The formed tip 260
includes a flow section 66. The formed tip 260 can be formed by any suitable
technique. For example, the formed tip 260 can be formed by inserting a
mandrel, such as a cylindrical wire, a desired distance into the flow passage 20,
and then deforming the capillary tube 225 around the mandrel, such as by
crimping. The mandrel can have a desired cross-sectional shape and cross-
sectional area that define the desired size and shape of the flow section 66. In a
preferred embodiment, the mandrel is a solid cylindrical wire and the flow section
66 has a circular or substantially circular cross-section. As shown in FIG. 5, the
inner surface of the capillary tube 225 includes a tapered surface 65 between the
inner surface defining the heated section 24 and the formed tip 260. The tapered

surface 65 can have any suitable contour.
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[0068] In one embodiment, a tipped capillary tube 225 can be made from a 35
mm length of K32EG tubing (304 stainless steel tubing with an internal diameter
of about 0.0075 inches and outside diameter of about 0.0009 inches - available
from K Tube Corporation, Poway, CA). In this embodiment, electrode 34 is a
0.012 inch or 0.013 inch stainless steel wire of about 9mm in length. By altering
the material and geometry of electrode 34, the temperature of the capillary can
be changed. The tip 260 is fabricated by forming the capillary tube 225 around a
0.002 inch diameter tungsten wire giving a finished open area of about 2600 pmz.
[0069]In yet another embodiment, the tip 260 of the capillary tube 225 can be
formed by welding closed an end of the ca‘pillary tube to form a domed closure.
An opening is then made in the domed closure by drilling or laser cutting a hole
of desired smaller diameter. Alternatively, a tipped capillary can be formed by
attaching a metal cap to one end of a capillary by press fitting the cap to the
capillary or by welding the cap in place. Either before or after attaching the cap
to the capillary, a laser can be used to drill an orifice in the metal cap of a
diameter that is less than the capillary’s inner diameter. The orifice size can be
controlled by adjusting the laser spot diameter, the laser mask diameter and the
laser’s energy density. A benefit of this method of manufacture is the ability to
accurately control the exit dimensions of the resulting tipped capillary through
which the expelled vapors and liquids flow. These dimensions can affect the
resulting particle size, velocity and spray angle of aerosol. This method is also
reliable and commercially scalable.

[0070] Another method for forming a tipped capillary by electrolytic deposition of
layers of metal within a capillary tube. Preferably, the capillary tube is stainless
steel. This method involves dipping a desired length the capillary tube into an
appropriate electrolyte solution and electroplating the dipped length with metal.
Optionally, the outer dipped surfaces of the capillary tube can be coated or

masked to prevent deposition on the outer surfaces of the tube. Alternatively, the
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outer surfaces can be abraded or machined to remove unwanted deposited
metal.

[0071] The formed tip 260 of the flow passage 20 can have a length of, for
example, about 0.5 mm to about 3 mm. In embodiments of the capillary tube 225
in which the formed tip 260 includes a flow section 66 having a circular open
cross-section, the diameter of the flow section 66 is preferably about 0.001 in to
about 0.01 in, more preferably about 0.001 in to about 0.003 in. For flow
sections 66 having a circular or a non-circular cross-section, the cross-sectional
area of the flow section 66 is preferably about 500 um? to about 51,000 pmz,
more preferably about 500 um? to about 8,000 um?. These formed tip
dimensions are preferably for liquid flow rates of about 5 yL/sec to about 30
pl/sec.

[0072]FIGs. 8 and 9 depict another preferred embodiment of the aerosol
generator. In this embodiment, the capillary flow passage can be a one-piece
monolithic body 325 including a constriction 360 defining a flow section 366 at
the outlet end 29 of the flow passage 20. In such embodiments, the monolithic
body can be formed, for example by a molding process. The flow section 366
can have a circular or non-circular shape.

[0073]In another preferred embodiment, the capillary flow passage can be a
laminated structure. For example, the laminated structure can include a piece
having a surface in which a groove or channel is formed, and another piece that
is adapted to cover the groove or channel to define the flow passage. The flow
passage in the laminated structure includes a constriction at the outlet end. The
constriction can be formed by reducing the depth of the groove or channel at the
outlet end, as compared to the portion of the groove or channel upstream of the
outlet end. '

[0074]During operation of the aerosol generator 120, liquid is supplied to the
inlet end 21 of the capillary tube 25 from a liquid source. Electrical current is
passed through the tube 25, such that the heater is activated to heat the liquid in
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the heated section 24 of the flow passage 20 such that at least some of the liquid
is converted into vapor. The vapor, as well as liquid that may not be volatilized in
the heated section 24, are expelled from the flow passage via the flow section
defined by the constriction 60.

[0075] The aerosol produced by the aerosol generator can be characterized in
different ways. Particularly, the aerosol quality can be characterized by the
particle size distribution of the aerosol, and/or the recovery of one or more
components of the aerosol. Regarding the particle size distribution, the mass of
aerosol particles having a size less than some selected size can be the basis for
characterization of the aerosol. The selected particle size can be, for example, a
certain size that facilitates deep lung penetration. For example, the aerosol can
have an MMAD of less than 10 um, preferably about 0.01 pm to about 1 um, or
about 1 um to about 3 yum or about 1 um to about 5 um.

[0076] Aerosol delivery can alternatively be characterized by the emitted dose,
and/or the respirable dose, of one or more component(s) of an aerosol. The
component(s) can be one or more medicaments, for example. The emitted dose
is the ratio of the mass of the component(s) emitted by the fluid vaporizing device
to a metered dose of the component(s) supplied to the capillary passage (i.e.,
emitted dose = [mass of component(s) emitted/metered dose] x 100). The
respirable dose is the ratio of the mass of aerosol particles smaller than a
selected size, x, to the emitted dose (i.e., respirable dose = [mass of aerosol
particles < x/emitted dose] x 100).

[0077] Comparative tests were conducted to determine capillary aerosol
generator heater (CAG heater) performance characteristics for exemplary
capillary-sized flow passage heaters. The CAG heaters were used to aerosolize
a liquid.

[0078] Capillary aerosol generators can suffer from clogging during operation.
Certain formulations used in capillary aerosol generators, for example, insulin

formulations, can be particularly prone to clogging. Unexpectedly, it has been
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found that cooling areas of a capillary tube near the outlet of an aerosol
generator, such as the capillary aerosol generator 30 depicted in Fig. 2, can
alleviate clogging. Cooling can be achieved by attaching any one or more of a
variety of cooling devices 31 at or near the outlet 29 of the capillary tube 25 to
avoid overheating or excessively drying out the heated formulation. Overheating
or excessive drying of the formulation may occur causing deposition of solids in
the portions of the capillary tube at the downstream end of the heated section 24
and near the tip 28. Although cooling devices can be located downstream of the
heated section 24 and electrode 34, as depicted in Fig. 2, a cooling device 31

~ can advantageously be located upstream of electrode 34. In particular, the
cooling device 31 is preferably located along the downstream half of heated
section 24, but upstream of and near or adjacent to electrode 34. The cooling
device preferably reduces the temperature of the section of the capillary tube 25
to which it is attached by about 10° C to about 100° C when compared to a
capillary aerosol generator 30 operating without the cooling device. More
preferably, the cooling device reduces the temperature of the cooled section by
about 30° C to about 85° C and even more preferably by about 50° C to about
70°C.

[0079] According to one alternative, cooling is achieved by locating a heat sink at
or near the tip 28 of the capillary tube 25, attached to a downstream portion of
the heated section 24 adjacent to electrode 34. Suitable heat sinks can be in the
form of a mass of conductive material in contact with the capillary tube 25, and
shaped and sized to achieve a desired rate of heat dissipation from the contacted
portion of the capillary tube 25 as heated fluid is expelled. Factors that may
affect the mass and shape of the heat sink or, indeed, the desired performance
of cooling devices in general can include: the temperature and quantity of heat
stored in the fluid being expelled through flow passage 20, the rate of fluid flow
through the flow passage 20, the time between uses of the capillary aerosol
generator 30 when no fluid is being ejected, and the ambient temperature.
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[0080]In an exemplary capillary aerosol generator 30, the cooling device is a
heat sink attached to a section of capillary tube 25 upstream and adjacent to
electrode 34. In this embodiment, the heat sink is made from a brass disk having
an outer diameter of about 0.4 inches and thickness of about .009 inches and a
metallic washer having an outer diameter of about 0.25 inches an internal
diameter of about 0.1 inches and a thickness of about 0.035 inches. The metallic
washer can be made from steel. The two disks are joined to one another,
preferably by brazing. In this case, electrode 34 can be brazed to the
downstream face of the brass disk and a hole drilled through the electrode and
brass disk through which capillary tubing 25 extends.

[0081] Example 1

[0082] Tests were conducted to evaluate the influence on aerosol production of
installing an insert in the flow passage of a CAG heater for producing aerosols
from different liquid formulations including a high-volatility carrier, i.e.,
ethanol/water. The evaluation was conducted by comparing the performance of
a CAG heater with no constriction untipped CAG) to that of a CAG heater having
a constriction (tipped CAG). The CAG heater included a flow passage of K32EG
tubing with an inner diameter of about 0.006 in (about 150 microns), a cross-
sectional flow area of about 18,000 micron? and a length of 35 mm. The CAG
heater did not include a sleeve or cap.

[0083]In a test, a liquid formulation containing 1% albuterol sulfate in 80%
ethanol/20% water was supplied to the flow passage at a flow rate of 5 pL/sec.
The % of actual metered dose of the albuterol sulfate recovered versus the
applied power to the CAG heater was determined. The aerosol particles were
collected using a particle collector including an L-shaped tube (elbow) in fluid
communication with the outlet end of the flow passage, and a filter at the outlet
end of the elbow. The “total” recovery” represents the total amount of material
deposited on the tip of the flow passage, the elbow and the filter. The tip
recovery is the liquid material remaining on the tip of the flow passage and was
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not aerosolized. The elbow recovery is from relatively large particles that
correspond to particle sizes which would likely be caught in a user’s throat. The
filter recovery is the aerosol that would reach a user’s lungs. Accordingly, it is
desirable to achieve a high % aerosol recovery on the filter, and not on the tip
and/or elbow. As shown in FIG. 10, the % recovery on the filter reached a
maximum of about 30%, and the total % recovery ranged from about 88% to
about 95% over the applied power range.

[0084]In a comparative test, the CAG heater was modified to include a
constriction by placing a 35 gauge tube insert with an inner diameter of 0.002 in
(about 51 microns) and a cross-sectional flow area of 2027 micron? in the flow
passage at the outlet end. As shown in FIG. 11, as compared to FIG. 10,
recovery was improved by the insert as the % recovery on the filter ranged from
about 71% to about 83%, and the total % recovery was about 100% over the
applied power range. (

[0085] In another comparative test, an unconstricted CAG heater was used to
aerosolize cromolyn sodium, which is used for the treatment of asthma. A liquid
formulation containing 1% cromolyn sodium in 40% ethanol/60% water was
supplied to the flow passage at a flow rate of 5 pL/sec. As shown in FIG. 12, the
maximum % recovery on the filter was about 35% over the applied power range.
[0086] In another test, the same cromolyn sodium formulation was supplied to the
flow passage of a CAG heater including a 35 gauge tube insert at a flow rate of 5
pL/sec. The test results are shown in FIG. 13. Comparing the results shown in
FIG. 12, it can be seen that the insert improved the aerosol recovery, as the %
recovery on the filter ranged from about 44% to about 54%, and the total %
recovery was about 99% over the applied power range.

[0087]A further comparative test was conduced with a medicament used for the
treatment of pain. A liquid formulation containing 1.5% buprenorphine
hydrochloride (HCI) in an ethanol/water mixture was aerosolized using an
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unconstricted CAG heater. As shown in FIG. 14, the maximum % recovery on
the filter was near 70% and total recoveries of at least 100% were achieved.
[0088]In another test, the same buprenorphine HCI liquid formulation was used
with a CAG heater including a constriction in the form of a 35 gauge tube insert.
The test results are shown in FIG. 15. Comparing these results to those shown
in FIG. 14, it can be seen that the constriction improved the aerosol recovery, as
the % recovery on the filter was at least about 95%, and the total recovery was
about 100% over the applied power range.

[0089] Example 2

[0090] Tests were conducted to evaluate the influence on aerosol recovery of
varying the length of the flow passage of the CAG heater. The CAG heater
included a flow passage with a constriction in the form of a 35 gauge tube insert
at the outlet end. The CAG heater did not include a shield or cap. A liquid
formulation containing 1.5% buprenorphine HCI in 95% ethanol/5% water was
supplied to the flow passage at a flow rate of 10 pL/sec.

[0091]In a first series of tests, the flow passage was a 30 gauge capillary tube
having an inner diameter of about 0.006 in and a cross-sectional flow area of
about 18,000 ym?. Different capillary tube lengths of 25, 30 and 35 mm were
tested. In a second test, the flow passage was of K32EG tubing having a length
of 25 mm. The test results for the % of actual metered dose of the
buprenorphine HCI recovered versus the applied power to the CAG heater for
the different capillary passage lengths are shown in FIG. 16. The %
buprenorphine HCI recovery on the filter ranged from over 80% to over 90%, and
the total % recovery was up to about 100% over the applied power range. These
test results demonstrate that for CAG heaters including a constricted capillary
flow passage, high aerosol recoveries can be achieved for a range of flow

passage lengths, and over a range of applied power levels.

[0092] Example 3
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[0093] Tests were conducted to evaluate the influence on aerosol production of
varying the length of the constriction of the CAG heater. The CAG heater
included a flow passage of K32EG tubing having a length of 35 mm.
Constrictions in the form of 35 gauge tube inserts having lengths of 3 mm, 4 mm,
5 mm and 6 mm were separately installed at the outlet end of the flow passage.
The CAG heater did not include a sleeve or cap. A liquid formulation containing
1.5% buprenorphine HCI in 95% ethanol/5% water was supplied to the flow
passage at a flow rate of 10 uL/sec. FIG. 17 shows the test results for the % of
actual metered dose of the buprenorphine HCI recovered on a filter versus the
applied power to the CAG heater. The % recovery on the filter was at least about
78% for the different insert lengths. The recovery was not significantly changed
by increasing the constriction length. These test results demonstrate that CAG
heaters including a constriction in the capillary flow passage can provide high
aerosol recoveries over a range of constriction lengths, and over a range of
applied power levels.

[0094] The “cold pressure” within the capillary flow passage, i.e., the liquid
pressure in the flow passage with the CAG heater turned off, was determined for
each of the insert lengths using a liquid containing 95% ethanol/5% water. The
highest cold pressure was measured for the 6 mm long insert, and the lowest
cold pressure for the 3 mm long insert.

[0095]Example 4

[0096] Tests were conducted to evaluate the influence on aerosol production of
varying the open area of the formed tip constriction of the CAG heater. The CAG
heater included a flow passage of K32EG tubing having a length of 35 mm. A
liquid formulation containing 1.5% buprenorphine HCI in 95% ethanol/5% water
was supplied to the flow passage at a flow rate of 10 pL/sec. Capillary flow
passages having formed tip constrictions with respective open cross-sectional
areas of 894 ym?, 2013 pym?, 3257 um?, 4967 pm? and 6798 pm? were tested.
As shown in FIG. 18, the % buprenorphine HCI recovery on the filter was highest
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for the constriction having the smallest open cross-sectional area, and was
lowest for the constriction having the largest open cross-sectional area.

[0097] The cold pressure within the capillary flow passage was determined for
each capillary flow passage having a formed tip constriction using a liquid
containing 95% ethanol/5% water. The cold pressure was found to decrease as
the open cross-sectional area of the constriction increased. The highest cold
pressure was measured for the constriction having the smallest open cross-
sectional area, and the lowest cold pressure for the constriction having the
largest open cross-sectional area.

[0098] The “hot pressure” within the capillary flow passage, i.e., the fluid pressure
in the flow passage with the CAG heater turned on to heat the flow passage, was
determined for each of the capillary flow passages having a formed tip
constriction. The liquid used contained 95% ethanol/5% water. The test results
revealed that the hot pressure decreased as the open cross-sectional area
increased, and the hot pressure increased as the applied power was increased
over the range of 7 to 9 watts.

[0099]Example 5

[00100] Tests were conducted to evaluate the influence on aerosol production
of varying the flow rate of the liquid formulation in the flow passage of the CAG
heater. The CAG heater included a flow passage having a formed tip
constriction. Different open cross-sectional areas of the constriction were tested.
In a first test, the CAG heater included a flow passage of K32EG tubing having a
length of 35 mm and a formed tip constriction with a open cross-sectional area of
6798 pm?. A liquid formulation containing 1.5% buprenorphine HCI in 95%
ethanol/5% water was supplied to the flow passage at flow rates of 10 pL/sec
and 20 pL/sec. The observed operating pressure was increased with the
increase of flow rate from an average of about 55 psi to about 120 psi with the
increase in flow rate. As shown in FIG. 19, for the liquid flow rate of 10 uL/sec,
the % buprenorphine HCI recovery on the filter was about 70%, and the total
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recovery was about 100%. As shown in FIG. 20, for the liquid flow rate of 20
uL/sec, the % buprenorphine HCI recovery on the filter was increased to about
80%, and the total recovery was about 100%.

[00101] In another test, the CAG heater included a flow passage of K32EG
tubing having a length of 35 mm and a formed tip constriction with a open cross-
sectional area of 4968 um?. A liquid formulation containing 1.5% buprenorphine
HCI in 95% ethanol/5% water was supplied to the flow passage at flow rates of
10 pL/sec and 20 yL/sec. The observed operating pressure increased from an .
average of about 80 psi to about 180 psi with the increase in flow rate. As shown
in FIG. 21, the liquid flow rate of 10 yL/sec, the % buprenorphine HCI recovery
on the filter was about 86%, and the total recovery was about 100%. As shown
in FIG. 22, for the liquid flow rate of 20 pL/sec, the % buprenorphine HCI
recovery on the filter was increased to about 91%, and the total recovery
approached 100%.

[00102] In a further test, the CAG heater included a flow passage of K32EG
tubing having a length of 35 mm and a formed-tip constriction with an open
cross-sectional area of 3257 um?. A liquid formulation containing 1.5%
buprenorphine HC! in 95% ethanol/5% water was supplied to the flow passage at
flow rates of 10 uL/sec and 20 plL/sec. The observed operating pressure
increased from an average of about 130 psi to about 250 psi with the increase in
flow rate. As shown in FIG. 23, for the liquid flow rate of 10 pL/sec, the %
buprenorphine HCI recovery on the filter was up to about 87%, and the total
recovery was about 100%. As shown in FIG. 24, for the liquid flow rate of 20
pL/sec, the % buprenorphine HCI recovery on the filter was increased to about
91%, and the total recovery was about 100%.

[00103] Example 6

[00104] Tests were conducted to evaluate aerosol production using a CAG
heater with a liquid formulation containing 100% water as the carrier and 3%
cromolyn sodium. The liquid flow rate was 20 pL/sec. The CAG heater included
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a flow passage of K32EG tubing having a length of 35 mm. Untipped CAG
heater constructions including an unconstricted capillary passage (i.e., having the
same internal diameter along the length thereof), and tipped capillary passages
having a formed tip constriction with respective open cross-sectional areas of
903 um? and 3280 um? were tested. As shown in FIG. 25, the % cromolyn
sodium recovery was about 10% for the capillary passage without a constriction.
The % cromolyn sodium recovery was significantly increased by using a CAG
with a constriction at the outlet thereof. The highest aerosol recovery was
measured for the constriction with the smaller open cross-sectional area. The
test results demonstrate that high aerosol recoveries can be achieved using a
carrier of 100% water, over a broad range of applied power levels.

[00105] In another comparative test, an aerosol was produced using a CAG
heater including an unconstricted flow passage of 35 gauge tubing with the same
liquid formulation supplied at a flow rate of 20 pyL/sec. The average mass median
aerodynamic diameter (MMAD) of the cromolyn sodium aerosol particles was
about 1.6 um. In a comparative test, an aerosol was produced using a CAG
heater including a constricted flow passage of 35 gauge tubing having a formed
tip constriction with an inner diameter of about 0.002 inch, with the same liquid
formulation supplied at the same flow rate. The average MMAD of the cromolyn
sodium aerosol particles was about 0.8 um, demonstrating that the particle size
decreases as the size of the constriction decreases. [t is hypothesized that this
result is due to a higher vapor velocity inside of the smaller tip inner diameter of
the capillary, producing a larger shear of droplets entrained inside the tip,
causing the formation of smaller particles.

[00106] In a further comparative test, the effect on cromolyn sodium aerosol
particle size of adding a low-volatility substance to a liquid formulation was
evaluated. The liquid formulation contained 100% water as the carrier, 3%
cromolyn sodium and respective concentrations of 0%, 5% and 10% glycerol, a
low-volatility compound. The liquid flow rate was 10 uL/sec. Aerosol was



WO 2005/106350 5 PCT/US2005/014095
0

produced using a tipped CAG heater including a flow passage of 35 gauge tubing
with a constricted tip. The cromolyn sodium aerosol particle MMAD sizes were
determined to be 1.6 ym, 2.2 pm and 3.0 ym for the 0%, 5% and 10% glycerol
concentrations, respectively.

[00107] Example 7

[00108] Tests were conducted to demonstrate that insulin aerosols of a
desirable aerosol particle size can be produced using embodiments of the tipped
CAG that include a constricted capillary passage. The tipped CAG included a
flow passage having a length of 35 mm and a formed tip constriction having a
length of about 0.02 inch and an open diameter of about 0.002 inch. Two
different liquid insulin formulations were tested, the first formulation containing
HUMULIN R, which is available from Eli Lilly and Company, located in
Indianapolis, IN. The HUMULIN R formulation had an insulin concentration of
500 units/ml. The other insulin formulation was an extemporaneous formulation
of 2% human insulin (SIGMA, product no. 10259, which is available from Sigma-
Aldrich, Inc., located in Saint Louis, MO) in an aqueous solution of 90%
water/10% 0.1 N HCI. The flow rate of both liquid formulations was 10 pL/sec. It
should be appreciated that each of these formulations can be considered to be a
highly volatile liquid for the purposes of producing aerosols with a tipped CAG.
[00109] TABLE 1 shows the test results for aerosol production using the
HUMULIN R formulation for different applied power levels. The insulin aerosol
particle MMAD and the % fine particle fraction, i.e., the percentage of the total
number of insulin particles analyzed that had a particle size of less than about 5
pum, are shown. The aerosol particle size was determined using a multiple-stage
MOUDI cascade impactor, which is available from MSP Corporation, located in
Shoreview, Minnesota. The cascade impactor was arranged downstream of an
L-shaped tube (elbow) in fluid communication with the outlet end of the flow
passage. The insulin aerosol particles had a maximum MMAD of 2.0 ym and a

minimum % fine particle fraction of about 81%. FIGs. 26 and 27 are scanning
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electron microscope micrographs at a magnification of 7,000 X and 15,000 X,

respectively, showing aerosolized insulin particles that were produced.

TABLE 1

% Fine
Test No. Insulin Applied Power MMAD Particle
Formulation (watts) (um) Fraction

1 HUMULIN R 10.0 1.4 86.21

2 HUMULIN R 58 15 81.35

3 HUMULINR 101 16 "85.06

4 HUMULIN R 9.7 2.0 87.22

5 HUMULIN R 9.6 1.8 88,75

[00110] TABLE 2 shows the test results for aerosol production using the
extemporaneous insulin formulation. The insulin aerosol particles had a
maximum MMAD of 2.1 um for three levels of power (11.4, 11.8 and 12.4 watts)
applied to the heater. The % fine particle fraction of the aerosol particles was

over 50% for all of the applied power levels.



WO 2005/106350 PCT/US2005/014095

32
TABLE 2
"% Fine
Insulin Applied MMAD | Particle
Test No Formulation Power (watts) (pm) Fraction
g |Exemporaneous| 44,4 1.4 80.6
Formulation
7 Extemporaneous 11.8 1.1 85.9
Formulation
8 Externporaneous 124 ' 1.3 82.1
Formulation
9 Extemporanecus 8.7 2.1 , 53
Formulation

[0100] As explained in commonly-assigned U.S. Patent Application No.
10/648,282, the electrode at the downstream or exit end of the heated section of
an untipped CAG is provided with a predetermined electrical resistance which
causes the electrode to heat up when voltage is applied, and thereby minimize a
temperature gradient between the wall of the capillary tube at the downstream
end of the heated section and the downstream electrode. The electrical
resistivity, cross-sectional area, and length of the electrode at the downstream
end of the heated section can be selected to minimize or eliminate such
temperature gradient and prevent the downstream electrode from acting as a
heat sink, thereby minimizing loss of heat from the downstream end of the
heated section. The electrical resistivity of the downstream electrode that
achieves the optimum balancing of heat transfer along the capillary tube may be
selected to accommodate changes in the thermal profile as a function of the
desired flow rate of fluid and/or vapor through the tube. Surprisingly, the tipped
CAG can produce aerosols having desirable emitted and respirable fractions

without the need for a specially designed downstream electrode.

[0101]Example 8
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[0102] Tests were conducted to evaluate aerosol production using a CAG heater
without a high resistance downstream electrode. The tests were carried out
using a Cu-Be gold-plated downstream electrode attached directly to a flow
passage of K32EG tubing having a length of 25 mm and a formed tip constriction
with an open cross-sectional area of 2582 um?. A liquid formulation containing
1.5% buprenorphine HCI in 95% ethanol/5% water was supplied to the flow
passage at a flow rate of 10 pL/sec. As shown in FIG. 28, the % buprenorphine
HCI recovery on the filter ranged from about 80% to about 94%, and the total
recovery was about 100%, over a broad applied power range of about 5 watts to
about 9.7 watts. In a second test, the capillary passage length was 35 mm. As
shown in FIG. 29, the % buprenorphine HCI recovery on the filter ranged from
about 85% to about 94%, and the total recovery was about 100%, over an
applied power range of about 7 watts to about 9 watts.

[0103] By attaching an electrode of a good electrical conductor, such as Cu-Be,
directly to the flow passage of a material, such as stainless steel having a higher
resistance than the electrode, manufacturing of tipped CAG heaters can be
simplified and/or production costs can be lowered.

[0104] Example 9

[0105]1t has been determined that the tipped CAG can provide desired aerosol
production for various medicament containing formulations over a wide range of
heater power levels. Tests were conducted to evaluate aerosol recoveries at
reduced applied power levels. The CAG heater included a flow passage of
K32EG tubing having a length of 25 mm and a formed tip constriction with an
open cross-sectional area of 2400 um2. The CAG heater did not include a high
resistance downstream electrode. A liquid formulation containing 1.5%
buprenorphine HCI in 95% ethanol/5% water was supplied to the flow passage at
a flow rate of 20 pL/sec The minimum amount of delivered power required for
complete vaporization of this formulation can be calculated to be about 16 watts.
As shown in FIG. 30, however, the % buprenorphine HCI recovery on the fiiter
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ranged from about 70% to about 90%, and the total recovery was about 100%,
over a broad applied power range of about 6 watts to 17 watts. Accordingly, the
test results demonstrate that CAG heaters including a constricted flow passage
provided desirable aerosol recoveries at power levels as low as about 35% of the
value calculated for 100% vaporization to occur.

[0106] By providing the capability of producing desirable aerosol recoveries at
lower than expected power levels, the CAG heaters including a constricted flow
passage also provide the capability of producing increased doses of liquid
formulations, such as a larger dose of medicaments, e.g., 40 uL doses versus 20
uL doses with an unconstricted flow passage. For example, due to the ability to
generate desired aerosol recoveries at lower power levels, higher flow rates of
the liquid formulations can be vaporized in a preset delivery time. In addition, the
CAG heaters provide the capability of producing a given dose of a liquid
formulation, for example, a 20 yL dose of a medicament using a smaller power
supply, for example, smaller sized and weight batteries.

[0107] The test results described in Examples 8 and 9 and illustrated in FIGs. 28-
30 demonstrate unexpected advantages of the tipped CAG. Very high filter
recoveries were obtained in each of those examples over a wide range of applied
power. These include a power range of 5 to approximately 9.75 amps as
illustrated in FIG. 28 and a range of 6 to 17 amps as illustrated in FIG. 30. A
smaller but still significantly expanded power range is illustrated in FIG. 29.
[0108] An unexpected advantage of the tipped CAG is that the amount of power
necessary to vaporize the liquid in the CAG was less than would have been
predicted on a theoretical basis. For example, in FIG. 28, the theoretical
calculated amount of power necessary to vaporize the particular liquid
formulation was approximately 8 watts. Surprisingly high recoveries were
observed with an applied power of as low as 5 watts, a power level over 30%
below the calculated power level to obtain 100% vaporization. Similar results
were obtained for the experiments conducted and illustrated in FIGs. 29 and 30.
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It follows that when the tipped CAG is incorporated in a handheld aerosol
generator, operational power requirements and thus battery capacity may
potentially be reduced. A reduced but still acceptable battery capacity could lead
to a more compact handheld inhaler design. Another advantage is that the
control system used in an aerosol generator incorporating a tipped CAG can be
simplified since it need not have the capability to maintain the power delivered to
the heater within an extremely narrow range. It follows that the associated
control circuitry and processes may be less complex and potentially less
expensive to design and manufacture inhalers incorporating a tipped CAG.
[0109]FIG. 25 shows that relatively low filter yields were obtained using an
unconstricted CAG over a very wide power range. Tipped CAGs, on the other
hand, were able to provide substantially higher filter yields ranging from about
40% to about 80% over not only a wide power range but also a power range as
low as approximately 5 watts which is well below the 16 watt calculated amount
of power to fully vaporize the liquid formulation. It will be readily appreciated that
the tipped CAG offers considerable flexibility in the design and manufacture of
inhalers used to deliver liquid formulations in aerosol form.

[0110]While the invention has been illustrated and described in accordance with
preferred embodiments, it is recognized that variations and changes may be
made therein without departing from the invention as set forth in the claims.
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The claims defining the invention are as follows:

1. An aerosol generator, comprising:

a flow passage including an inlet end, an outlet end and a first flow section;

a constriction at the outlet end of the flow passage, the constriction defining a
second flow section of the flow passage downstream from the first flow section; and

a heater arranged along the flow passage which is adapted to heat liquid in the
first flow section to produce vapor which is expelled from the outlet end into ambient air;

wherein the constriction is adapted to create sufficiently high shear forces to

break up large droplets into small droplets.

2 The aerosol generator of Claim 1, wherein the first flow section of the
flow passage has a first transverse cross-sectional area which is larger than a second
transverse cross-sectional area of the second flow section of the flow passage at the outlet
end, and the ratio of the first transverse cross-sectional area to the second transverse

cross-sectional area is 2:1 to up to 30: 1.
3. The aerosol generator of Claim 1, wherein the flow passage is a first
capillary-sized tube and the constriction is a second capillary-sized tube sized to fit inside

the first capillary-sized tube.

4, The aerosol generator of Claim 3, wherein the constriction has a length

of 1 mm to 10 mm, or 3 mm to 6 mm.

5. The aerosol generator of Claim 3, wherein the second flow section has a
diameter of 0.001 in (0.025 mm) to 0.01 in (0.25 mm).

6. The aerosol generator of Claim 1, wherein the first flow section and the

second flow section of the flow passage are capillary-sized.

7. The aerosol generator of Claim 1, wherein the flow passage has a

maximum transverse dimension of from 0.025 mm to 0.25 mm.

8. The aerosol generator of Claim 1, wherein the flow passage comprises a

metallic tube and the constriction is a crimped end of the metallic tube.

3545482 1:LKM
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9. The aerosol generator of Claim 1, wherein the second flow section has a

cross-sectional area of 500 pm® to 51,000 pm?>.

10. The aerosol generator of Claim 1, wherein the flow passage comprises
multiple pieces including opposed surfaces that are joined together along an interface to

define the first and second flow sections therebetween.

11. The aerosol generator of Claim 1, wherein the flow passage is capillary-

sized and comprises a capillary tube, a monolithic body, or a laminated structure.

12. The aerosol generator of Claim 1, wherein the flow passage includes a
third flow section near the outlet end of the flow passage, the third flow section including

a colling device in contact with the flow passage such that the vapor is cooled as it is

- expelled.

13. The aerosol generator of Claim 12, wherein the cooling device is a heat
sink.

14. The aerosol generator of Claim 12, wherein the third flow section is

within the first flow section and adjacent to the second flow section.

15. The aerosol generator according to any one of the preceding claims
further comprising:
a mouthpiece in fluid communication with the outlet end of the flow passage

through which a user can draw aerosol from the aerosol generator.

16. The aerosol generator of claim 1 further comprising:
a liquid source in flow communication with the inlet end of the flow passage, the

liquid source containing a liquid formulation including a medicament.

17. The aerosol generator of Claim 16, further comprising: a power supply;
a valve disposed between the liquid source and the flow passage; and a controller
operable to actuate the valve to control flow of the liquid from the liquid source to the

inlet end of the flow passage and to control the delivery of power from the power supply

3545482 1:LKM
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to the heater to maintain the heater at a temperature range effective to vaporize liquid in

the flow passage.

18. The aerosol generator of claim 1 further comprising:

a power supply adapted to supply power to the heater; and

a controller adapted to control operation of the power supply to supply an
effective amount of power to the heater to heat liquid in the first flow section to produce a

vapor which is expelled from the outlet end.

19. The aerosol generator of claim 1 further comprising: a first electrode
attached to the heater and a second electrode attached to the heater downstream of the
first electrode, the second electrode being of a material that has a smaller resistance than a

material of the heater.

20. A method of producing an aerosol, comprising:

supplying a liquid to the inlet end of a flow passage including an outlet end, a
first flow section and a constriction at the outlet end, wherein the constriction defines a
second flow section of the flow passage downstream from the first flow section and is
adapted to create sufficiently high shear forces to break up large droplets into small
droplets; and |

heating the liquid in the first flow section to produce vapor which is expelled

from the outlet end into ambient air.

Dated 21 April, 2011
Philip Morris USA Inc.
Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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