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(57) Abrégé/Abstract:
An ejector mechanism, droplet delivery device and related methods or del verng sma droplets to the respiratory system o a user s

disclosed. The ejector mechanism comprises a piezoelectric actuator and an aperture plate, the aperture plate having and a
plurality of openings formed through its thickness, wherein at least the fluid entrance side of one or more of said openings is
configured to provide a surface contact angle of less than 90 degrees and the piezoelectric actuator is operable to oscillate the
aperture plate at a frequency to thereby generate an ejected stream of droplets during use. The droplet delivery device is
automatically breath actuated by a user when the differential pressure sensor senses a predetermined pressure change. The
ejector mechanism is then actuated to generate a plume of droplets having an average ejected particle diameter within the
respirable size range having a diameter of less than about 4 um so as to target the respiratory system of the user.
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Title: DELIVERY OF SMALL DROPLETS TO THE RESPIRATORY SYSTEM VIA ELECTRONIC BREATH ACTUATED

DROPLET DELIVERY DEVICE
(57) Abstract: An ejector mechanism, droplet delivery device and related meth-
1200 ods or del verng sma droplets to the respiratory system o a user s disclosed. The
e ¢jector mechanism comprises a piezoelectric actuator and an aperture plate, the

1908 aperture plate having and a plurality of openings formed through its thickness,
wherein at least the fluid entrance side of one or more of said openings is config-
ured to provide a surface contact angle of less than 90 degrees and the piezoelec-
tric actuator is operable to oscillate the aperture plate at a frequency to thereby
generate an ejected stream of droplets during use. The droplet delivery device is
automatically breath actuated by a user when the differential pressure sensor sens-
es a predetermined pressure change. The ejector mechanism is then actuated to

1204 generate a plume of droplets having an average ejected particle diameter within

the respirable size range having a diameter of less than about 4 um so as to target
the respiratory system of the user.
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DELIVERY OF SMALL DROPLETS TO THE RESPIRATORY SYSTERM VIA
FLECTRONIC BREATH ACTUATED BROPLET DELIVERY DEVICE

RELATED APPLICATIONS
{0001} The present application claims benefit under 35 U.S.C. § 119 of U.S. Provisional
Patent Application No. 62/867,719, filed June 27, 2019, entitled “DELIVERY OF SMALL
DROPLETS TO THE PULMONARY SYSTEM VIA ELECTRONIC BREATH ACTUATED
DROPLET DELIVERY DEVICE”, U.S. Provisional Patent Application No. 62/883,028, filed
August 5, 2019, entitled “DELIVERY OF SMALL DROPLETS TO THE PULMONARY
SYSTEM VIA ELECTRONIC BREATH ACTUATED DROPLET DELIVERY DEVICE”, U.S.
Provisional Patent Application No. 63/001,225, filed March 27, 2020, entitled “DELIVERY OF
SMALL DROPLETS TO THE PULMONARY SYSTEM VIA ELECTRONIC BREATH
ACTUATED DROPLET DELIVERY DEVICE”

the contents of which are each herein

2

incorporated by reference in their entireties.
FIELD OF THE INVENTION

{6002} This disclosure relates to the delivery of small droplets to the respiratory via a

droplet delivery device, and more specifically via an electronic droplet delivery device.
BACKGROUND OF THE INVENTION

10003] The use of droplet generating devices for the delivery of substances to the
respiratory system is an area of large interest. A major challenge is providing a device that delivers
an accurate, consistent, and verifiable amount of substance, with a droplet size that is suitable for
successtul delivery of substance to the targeted area of the respiratory system.

18004] Currently most inhaler type systems, such as metered dose inhalers (MDI},
pressurized metered dose inhalers (p-MDI), or pneumatic and ultrasonic-driven devices, generally
produce droplets with high velocities and a wide range of droplet sizes including large droplets
that have high momentum and kinetic energy. Droplet plumes with large size distributions and
high momentum do not reach a targeted area in the respiratory system, but rather are deposited
throughout the pulmonary passageways, mouth and throat. Such non-targeted deposition may be

undesirable for many reasons, 1ncluding improper dosing and unwanted side etfects.
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{60035] Droplet plumes generated from current droplet delivery systems, as a result of their
high ejection velocities and the rapid expansion of the substance carrying propellant, may also lead
to localized cooling and subsequent condensation, deposition and crystallization of substance onto
device surfaces. Blockage of device surfaces by deposited substance residue is also problematic.

{6006] Accordingly, there is a need for a droplet delivery device that delivers droplets of a
suitable size range, avoids surface fluid deposition and blockage of apertures, and in an amount

that 1s consistent and reproducible.
SUMMARY OF THE INVENTION

10007] One aspect of the disclosure relates to an ejector mechanism comprising a
piezoelectric actuator and an aperture plate. In certain embodiments, the aperture plate has a
plurality of openings formed through its thickness and at least the fluid entrance side of one or
more of said plurality of openings configured so as to provide a surface contact angle of less than
90 degree. In certain embodiments, the piezoelectric actuator is operable to oscillate the aperture
plate at a frequency to thereby generate an ejected stream of droplets such that at least about 50%
of the droplets have an average ejected droplet diameter of less than about 6 microns during use.
{6008} In some embodiments, at least a portion of the interior of at least one of the openings
is configured so as to provide a surface contact angle of less than 90 degree. In other embodiments,
the aperture plate is configured such that at least the fluid exit side of one or more of said plurality
of openings is configured to provide a surface contact angle of greater than 90 degrees.

{6009] In certain aspects, the surface contact angle of less than 90 degree at the fluid
entrance side of one or more of said plurality of openings is obtained by surface coating with a
hydrophilic material, surface structural meodification, or a combination thereof. In other
embodiments, the surface contact angle of greater than 90 degrees at the fluid exit side of one or
more of said plurality of openings is obtained by surface coating with a hydrophobic polymer.
{6010} In certain aspects, the aperture plate is composed of a material selected from the
group consisting of poly ether ether ketone (PEEK), polyimide, polyetherimide, polyvinylidine
fluoride (PVDF), ultra-high molecular weight polyethylene (UHMWPE), nickel, nickel-cobalt,
nickel-palladium, palladium, platinum, metal alloys thereof, and combinations thereof

{0011} Other aspects of the disclosure relate to an electronically actuated droplet delivery
device for delivering a fluid composition as an gjected stream of droplets to the respiratory system

of a subject. In some embodiments, the device comprises a housing, a mouthpiece positioned at

2
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an airflow exit of the device; a reservoir disposed within or in fluid communication with the
housing for receiving a fluid composition; an ejector mechanism of the disclosure, in fluid
communication with the reservoir and configured to generate the ejected stream of droplets; and
at least one differential pressure sensor positioned within the housing, the at least one differential
pressure sensor configured to activate the ejector mechanism upon sensing a pre-determined
pressure change within the device to thereby generate the ejected stream of droplets. In certain
embodiments, the ejector mechanism is configured to generate the ejected stream of droplets
wherein at least about 50% of the droplets have an average ejected droplet diameter of less than
about & microns, such that at least about 50% of the mass of the ejected stream of droplets is
delivered in a respirable range to the respiratory system of the subject during use.

{0012} In vet other aspects, a method for delivering an agent as an ejected stream of
droplets in a respirable range to the respiratory system of a user is provided. In certain
embodiments, the method comprises (a) generating an ejected stream of droplets via a droplet
delivery device of the disclosure, wherein at least portion (e.g., at least about 50%) of the ejected
stream of droplets have an average ejected droplet diameter of less than about 6 w; and (b)
delivering the ejected stream of droplets to the respiratory system of the subject such that at least
a portion {e.g, at least about 50%) of the mass of the ejected stream of droplets is delivered in a
respirable range 1o the respiratory system of a subject during use.

{6013} While multiple embodiments are disclosed, still other embodiments of the present
disclosure will become apparent to those skilled 1o the art from the following detailed description,
which shows and describes ilustrative embodiments of the disclosure. As will be realized, the
invention is capable of modifications in various aspects, all without departing from the spirit and
scope of the present disclosure. Accordingly, the detailed descriptions are to be regarded as

tlustrative in nature and not restrictive.
DESCRIPTION OF THE DRAWINGS

{001 4] FIG. 1A-1C llustrate cross-sections of an exemplary opening configured to
provide a desired surface tension, with FIG. 1A showing an embodiment with a structural well
between the fluid entrance side and the fluid exit side, FEG. 1B showing a linear taper between the
fluid entrance side and the fluid exit side, and FIG. 1C showing a curved taper between the fluid

entrance side and the fluid exit side, in accordance with embodiments of the disclosure.

2
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[6015] FIG. 1D illustrates a cross-section of an exemplary aperture plate and annulus ring
configuration, i accordance with an embodiment of the disclosure.

{0016] FIGS. 2A-28B illustrate perspective views of an exemplary droplet delivery device,
in accordance with embodiments of the disclosure,

{60171 FIG. 3 is an exploded view of droplet delivery device of FIG. 2A-2B, in
accordance with embodiments of the disclosure.

{6018] FIG. 4A is a partial cross section perspective view of an in-line droplet delivery
device of FIG. 2A-2B comprising a drug delivery ampoule, mouthpiece including an air inlet flow
element, and mouthpiece cover, in accordance with an embodiment of the disclosure.

{6019} FiG. 4B 1s a front view of an in-line droplet delivery device of FIG. 2A-2B
comprising a drug delivery ampoule and mouthpiece including an air inlet flow element, in
accordance with an embodiment of the disclosure.

{0020] FIG. 4C is a exploded view of components of an in-line droplet delivery device of
FIG. 1A-18B including a mouthpiece and internal housing, in accordance with an embodiment of
the disclosure.

{0021} FIGS. 5A-3B illustrate perspective views of ancther exemplary droplet delivery
device, in accordance with embodiments of the disclosure.

{0022] FIG. 6 1s a perspective view of a droplet delivery device of FIG. 5SA-8B without
the fluid reservoir/ejector mechanism module inserted, in accordance with embodiments of the
disclosure.

18023] FIGS., 7A-7B are perspective views of a fluid reservoir/ejector mechanism module
and mouthpiece cover, showing a front view (FEG. 7A) and back view (FEG. 7B), in accordance
with embodiments of the disclosure.

{6024] FIGS, 8A-8C illustrate cross-sections of various droplet delivery devices,
according to certain embodiments of the disclosure. FIG. 8A illustrates an embodiment wherein
the ejector mechanism comprises a piezoelectric actuator and an ultrasonic horn.  FiG., 8B
fltustrates an embodiment wherein the ejector mechanism is generally perpendicular to the
direction of air flow through the device. FIG. 8C illustrates and embodiment wherein the ejector
mechanism is orientated at an angle with reference to the direction of air flow through the device.
18025] FIGS, 9A-9C illustrate perspective views of a droplet delivery device in

accordance with embodiments of the disclosure. FIG. 9A shows the mouthpiece, fluid cartridge
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and body housing as separate elements. FIG, 9B shows the fluid cartridge interfaced with the
mouthpiece to form a combined mouthpiece/fluid cartridge, with the body housing as a separate
element. FIG. 9C shows the device fully assembled, with the mouthpiece/fluid cartridge secured
to the body housing.

106026} FIG. 16 shows the average particle size distribution for a 1.5% acidified nicotine
salt solution generated using an ejector mechanism of the disclosure, in accordance with
embodiments of the disclosure.

6027} FIG. 11 shows the average particle size distribution for a 3% aciditied nicotine salt
solution generated using an ejector mechanism of the disclosure, in accordance with embodiments
of the disclosure.

{0028} FIG. 12 shows the MMAD and GSD results for 1.5% and 3% acidified nicoting
salt solutions using an ejector mechanism of the disclosure, in accordance with embodiments of
the disclosure.

{6029] FIG. 13 shows the average particle size distribution from ten actuations of the 3%
acidified nicotine salt solution (pH at 8.50) generated using an ejector mechanism of the disclosure,
in accordance with embodiments of the disclosure.

10030] FIG. 14 shows the average MMAD and GSD results for 3% acidified nicotine sale
solution (pH at 8.50}, ten actuations of an gjector mechanism of the disclosure, in accordance with
embodiments of the disclosure.

{6031} FiG. 15 shows the average particle size distribution from 6% nicotine, ten
actuations of an ejector mechanism of the disclosure, in accordance with embodiments of the
disclosure.

{6032] FIG. 16 show the average MMAD and GSD results for 6% nicotine solution, ten
actuations of an ejector mechanism of the disclosure, in accordance with embodiments of the
disclosure.

[0033] The foregoing and other objects, features, and advantages of the present disclosure
set forth heretn will be apparent from the following description of particular embodiments of those
inventive concepts, as illustrated in the accompanying drawings. Also, in the drawings the like
reference characters refer to the sarme parts throughout the different views. The drawings depict
only typical embodiments of the present disclosure and, therefore, are not to be considered limiting

in scope.
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DETAILED DESCRIPTION

[0034] Effective and efficient delivery of substances using respiratory droplet delivery
devices to the desired areas of the respiratory system, and the synchronization of the administration
of droplets with the inspiration/expiration cycle using such devices has always posed a problem.
For instance, optimum deposition in alveolar airways generally requires droplets with aerodynamic
diameters in the ranges of 1 to 6 um, with droplets below about 4 um shown to more effectively
reach the alveolar region of the lungs and larger droplets above about 6 um shown to typically
deposited on the tongue or strike the throat and coat the bronchial passages. Smaller droplets, for
example less than about 1 pm, penetrate more deeply into the lungs and have a tendency to be
exhaled. As such, design of droplet delivery devices for respiratory use requires the ability to
precisely target droplet sizes for a particular use.

{0035] In certain aspects, the disclosure relates to an ejector mechanism for use tn a droplet
delivery device for administering fluids to the respiratory system of a user with precise droplet
size. In certain embodiments, the ejector mechanism may comprise at least one aperture plate with
a plurality of openings formed through its thickness for ejecting droplets, wherein at least one
surface of the aperture plate 1s configured to provide a desired surface contact angle. Tn certain
embodiments, the ejector mechanism may be an electronically actuated ejector mechanism and
may further comprise a piezoelectric actuator configured to vibrate the aperture plate during use
to thereby generate a stream of droplets. One aspect of the disclosure relates to an ejector
mechanism comprising a piezoelectric actuator and an aperture plate.

10036] In certain embodiments, the aperture plate has a plarality of openings formed
through its thickness and at least the tluid entrance side of one or more of said plurality of openings
configured so as to provide a surface contact angle of less than 90 degree. In certain embodiments,
the piezoelectric actuator is operable to oscillate the aperture plate at a frequency to thereby
generate an gjected stream of droplets such that at least about 50% of the droplets have an average
ejected droplet diameter of less than about 6 microns during use. In some embodiments, at least a
portion of the interior of at least one of the openings near the fluid entrance side is configured so
as to provide a surface contact angle of less than 90 degree.

{6037} In other embodiments, the aperture plate is configured such that at least the fluid
exit side of one or more of said plurality of openings is configured to provide a surface contact

angle of greater than 90 degrees. In some embodiments, at least a portion of the interior of at least
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one of the openings near the fluid exit side is configured so as to provide a surface contact angle

of greater than 90 degrees.

10038] In certain embodiments, at least the fluid entrance surface of one or more openings
of the aperture plate and the fluid exit surface of one or more openings of the aperture plate are
configured (e.g., treated, coated, surface modified, or a combination thereof} to provide a desired
surface contact angle. In some embodiments, at least a portion of the interior of at least one of the
openings near the fluid entrance side is configured so as to provide a desired surface contact angle.
By way of example, the fluid entrance surface and/or interior surface of one or more openings of
the aperture plate may be configured to have a surface contact angle of less than about 80 degrees,
fess than about 70 degrees, less than about 50 degrees, less than about 55 degrees, less than about
50 degrees, less than about 40 degrees, less than about 35 degrees, less than about 30 degrees, less
than about 20 degrees, less than about 10 degrees, between about 10 degrees and about 80 degrees,
between about 10 degrees and about 60 degrees, between about 20 degrees and about 55 degrees,

between about 10 and about 35 degrees, between about 15 and about 35 degrees, etc.

{0039] In certain embodiments, the fluid exit surface of one or more openings of the
aperture plate may be configured (e.g , treated, coated, surface modified, or a combination thereot)
to provide a desired surface contact angle. In some embodiments, at least a portion of the interior
of at least one of the openings near the fluid exit side is configured so as to provide a desired
surface contact angle. By way of example, the fluid exit surface and/or interior surface of one or
more openings of the aperture plate may be configured to have a surface contact angle of greater
than greater than 90 degrees, between 90 degrees and 140 degrees, between 90 degrees and 135
degrees, between 100 degrees and 140 degrees, between 100 degrees and 135 degrees, between 90

degrees and 110 degrees, ete.

{08040] In certain aspects, the ejector mechanismu of the disclosure is capable of delivering
a defined volume of fluid (fixed dose} in the form of an ejected stream of droplets having a small
average ejected diameter such that an adequate and repeatable high percentage of the droplets are
delivered into the desired location within the airways, e g, the alveolar airways of the subject
during use. In certain embodiments, the average droplet diameters may range from about 0.7 um
to about Spum, about 0.7 pm to about 4.7 um, about 0.7 um to about 4 pm, about 0.7 um to about

2.5 um, about 0.7 um to about 1.3 pm, etc.
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{0041} In other aspects, the present disclosure provides a droplet delivery device for

delivery of a tluid as an ejected stream of small droplets to the respiratory system of a subject, the
device comprising a housing, a reservoir for receiving a volume of fluid, and an ejector mechanism
including a piezoelectric actuator and an aperture plate having a desired surface contact angle on
at least the fluid entrance side thereof and optionally a desired surface contact angle on a fluid exit
surface thereof, wherein the ejector mechanism is configured to eject a stream of droplets having
an average ejected droplet diameter of less than about 4 microns, less than about 3 microns, less

than about 2 microns, less than about 1.5 microns, less than about 1 microns, etc.

[0042] As discussed herein, in certain aspects, the droplet delivery device may include an
ejector mechanism having an aperture plate wherein at least one surface is configured with a
desired surface contact angle to facilitate geveration of droplets with the desired droplet size
distribution, e.g., less than 4 pm, less than about 3 microns, less than about 2 microns, less than
about 1.5 microns, less than about 1 microns, etc. In certain embodiments, the aperture plate is
configured at least at the fluid entrance side, and optionally at the fluid exit surface. In certain
embodiments, at least a portion of the interior surface of one or more openings may be configured

with a desired surface contact angle.

0043} In certain embodiments, one or more surfaces of the aperture plate may be
modified, treated, coated, or a combination thereof to achieve the desired surface contact angle.
In certain aspects, the one or more surfaces of the aperture plate may be modified, treated, coated,
or a combination thereof so as to affect surtace hydrophobicity. By way of examples, one or more
surfaces of the aperture plate may be moditied, treated, coated, or a combination thereof so as to
result in at least one more hydrophilic surface on the aperture plate, at least one more hydrophobic

surface on the aperture plate, or a combination thereof,

0044} Without intending to be limited by theory, the surface contact angles described
herein are believed to more effectively attract an aqueous composition into the openings of the
gjector aperture plate during the vibration of the aperture plate by the piezo element, thereby
increasing the mass flow of aerosol droplets out of the aperture plate.

18045] In addition to aperture plate surface contact angle, several features of the ejector
mechanism allow for precise dosing of specific droplet sizes. For instance, droplet size is set, in

part, by the diameter of the openings in the aperture plate, which are formed with high accuracy.
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By way of example, the openings in the aperture plate at the tluid exit side of the aperture plate
may range in size from 1 pm to 6 um, from 2 pm to 5 pm, from 3 pmto S um, from 3 umto 4
um, etc. In certain embodiments, the aperture plate may include openings having different cross-
sectional shapes or diameters to thereby provide ejected droplets baving different average ejected
droplet diameters. Ejector rate also intluences droplet size. Ejection rate, in droplets per second,

is fixed by the frequency of the aperture plate vibration, e.g, 108-kHz, etc.

10046] In certain aspects of the disclosure, desired surface contact angles may be formed
by creating hydrophilic surfaces, e.g., through treating, coating, surface meodifying, or a
combination thereof. A surface 1s considered to be hydrophilic when that angle 13 less than about
80 degrees, about 70 degrees, about 60 degrees, about 55 degrees, about 50 degrees, etc., and may
be considered to be super hydrophilic when that angle s less than about 10 to 20 degrees (droplet
tends to spread out across the surface). The strength of the hydrophilic effect may be measured by

the angle between the edge of a droplet of water and the surface of the aperture plate.

{08047} By way of example, the aperture plate can formed of a metal, e g, stainless steel,
nickel, cobalt, titanium, ridium, platinum, or palladium or alloys thereof, and configured to
achieve the desired contact angles as described herein.  Alternatively, the aperture plate can be
formed of suitable polymeric material, and be configured to achieve the desired surface contact
angles, as described herein. By way of example, the aperture plate may be composed of a material
selected from the group consisting of poly ether ether ketone (PEEK), polyimide, polyetherimide,
polyvinylidine fluoride (PVDF), ultra-high molecular weight polyethylene (UHMWPE), nickel,
nickel-cobalt, nickel-palladium, palladium, platinum, metal alioys thereof, and combinations

thereof. Further, in certain aspects, the aperture plate may comprise a domed shape.

[0048] By way of example, the desired surface contact angle may be created on a surface
of an aperture plate by increasing the surface energy through creation of a polar surface.
Exemplary methods to increase surface energy comprise forming an oxide surface on a metallic
gjector aperture plate which is polar. In accordance with aspects of the disclosure, exernplary
methods for creating a hydrophilic surface contact angle on an aperture plate including dip coating
methods, etching methods, and chemical deposition methods. Dip coating methods comprise
dipping the aperture plate into a solution comprising a desired coating and a solvent, which solution

will form a hydrophilic coating on the surface when the solvent evaporates. Chemical deposition
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methods include known deposition methods, e.g., plasma etch, plasma coating, plasma deposition,
CVD, electroless plating, electroplating, etc., wherein the chemical deposition uses a plasma or
vapor to open the bonds on the surface of the aperture plate so that oxygen or hydroxyl molecules
attach to the surface rendering it polar. Etching methods include non-chemical etching methods

using surface roughening.

{0049] In certain embodiments, any deposited hydrophilic layer is significantly thinner
than the opening size such that it does not impact the size of the generated droplets. In certain
embodiments, the surface treatment may extend into at least a portion of one or more openings of
the aperture plate so as to form a hydrophilic surface within at least a portion of one or more

openings.

{6050] In certain embodiments, the desired surface contact angle may be obtained through
surface roughening achieved, e.g., via non-chemical etching. Without intending to be limited by
theory, as an approximation, the Wenzel Contact Angle equation, “Apparent Contact Angles on
Rough Surfaces: the Wenzel Contact Angle Revisited”, Wolansky and Marmur, Colloids and
Surfaces A, 156 {1999} pp. 381-388, may be used to estimate surface contact angle. The Wenzel
equation yields contact angles for liguid drops on rough surtfaces. It assumes no hysteresis in the
contact angle, and this is an approximation.

{0051} In certain embodiments, the aperture plate may optionally be surface sputtered with
a thin layer {e.g., about 30 to about 150 nm, about 60 nm to about 100 nm, about 30 nm, about 60
nm, about 80 nm, about 100 nm, etc. thick sputtering} of a precious metal, such as gold (Au),
palladiuro (Pd), platinum (Pt), sitver (Ag) and precious metal alloys. In certain erobodiments, the
surface may be sputtered with a thin layer of palladmum. The precious metal layer may then be
etched at varying etch powers, e.g., low, medium or high etching power to provide a desired
surface contact angle. To provide the desired contact angle, the etch may be performed once,
twice, three times, four times, etc.

[6052] In other embodiments, the aperture plate may be coated on at least the fluid entrance
side of the aperture plate with a hydrophilic polymer to achieve the desired surface contact angle.
In yet other embodiments, the aperture plate may be coated on at least a portion of the interior

surface of one or more openings, within the entire interior surface of one or more openings, on
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both the fluid entrance side and the fluid ejection surface of the aperture plate, and combinations

thereof. Any known hydrophilic polymer suitable for use in medical applications may be used.

18053] Any suitable hydrophilic coating to achieve the desired surface contact angle on the
fluid entrance side of the ejector aperture plate may be used. Exemplary hydrophilic coating
materials include, but are not limited to siloxane based coatings, isocyante based coatings, ethylene
oxide based coatings, polyisocyanate based coatings, hydrocyclosiloxane based coatings,
hydroxyalkylmethacryiate  based  coatings,  hyvdroxyalkylacrylate  based  coatings,
glycidylmethacrylate based coatings, propylene oxide based coatings, N-vinyl-2-pyrrolidone
based coatings, latex based coatings, polyvinylchloride based coatings, polyurethane based

coatings, etc.

{0054] By way of non-limiting example, a suitable hydrophilic coating may comprise a
single layer hydrophilic surface formed by a process of cleaning the intended surface with a low
pressure plasma and then dipping the surface into a sclution of organophosphorous acids which
self-assemble into a polar mounolayer (e.g., see Aculon US Patent 8658258 A, which 1s incorporated
herein by reference). These layers are typically less than 10 nm thick, which is significantly less

than a micron-sized hole. Contact angles as low as 10 degrees can be achieved using such coatings.

{6055} In other embodiments, the aperture plate may optionally be coated on the fluid exit
side with a hydrophobic coating. Any known hydrophobic polymer suitable for use in medical
applications may be used, e.g., polytetrafluoroethylene (Teflon), siloxane based coatings, paraffin,
polviscbutylene, etc. The surface of the hydrophobic coating may be chemically or structurally

moditied or treated to further enhance or control the surface contact angle, as desired.

{0056] In certain embodiments, the aperture plate may be coated with a siloxane based
coating to provide an initial hyvdrophobic coating, which siloxane based coating is thereatter
masked or shielded in a suitable manner on the fluid exit side. Following masking, the masked
aperture plate may thereafter be exposed to an oxidizing treatment to render the siloxane coating
hydrophilic on the exposed (unmasked) portions thereof, 1e., the fluid entrance sides. In this
manner, in certain embodiments of the disclosure, the same siloxane based coating may provide
both hydrophilic and hydrophobic coatings to surfaces of the aperture plate. By way of example,
such siloxane coatings may be selected from siloxanes known for use in medical applications, such

as 2.4,6,8-Tetramethylcyclotetrasiloxane, or 1,1,3,3-Tetramethyldisiloxane.
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{6057} The aperture plate may be metallic or polymer with openings about the diameter of

the desired droplets (as discussed further herein). By way of non-limiting example, the aperture
plate may be formed from silicon, silicon carbide, ruckel palladium, or a high stiffness polymer
such as polyether ether ketone (PEEK), poly-amide, Kapton or Ulira High Molecular Weight
Polyethylene (UHMWPE). When using a polymer aperture plate, the openings may be produced
by rolling, stamping, laser ablation, bulk etching or other known micro-machining processes.
When using silicon and SiC for the aperture plate, the openings may be formed using typical
semiconductor processes. Without being limited, these silicon materials can be formed by bulk
micro-machining processes, such as wet etching. In addition, the aperture plate opening area may
be formed to have a dome-like shape to increase the stiffness of the aperture plate and to creating
uniform ejection accelerations.

{0058} The aperture plate may have an array of opening ranging from, e.g., 100 to 10,000
openings, S00 to 10,000 openings, etc. The openings may generally have a fluid exit side diameter
stmilar to that of the desired droplets, e g, of 0.5 um to 100 um diameter, T umto 20 um, 1 pmto
10 pm, 1 pmto 5 um, 1 pm to 4 um, ete., as described further herein. The fluid entrance side
diameter may range from between about 30 um fo 300 um, about 75 wm to about 200 pm, about
100 pm to about 200 um, etc. Aperture plates may be formed to have a thickness of between about
100 um to about 925 um, between about 100 pm and about 300 um.

{6059] As described above, the aperture plate may include various treatments, coatings
surface modifications, or combinations thereof, on one or more surfaces thereof. For example, in
certain embodiments, the aperture plate may include various combinations of a hydrophilic
coating on one or more surfaces, an optional hydrophobic coating on one or more surfaces, native
surfaces, surface etchings, etc. In one embodiment, the aperture plate may be non-chemically
etched on the fluid entrance side of the aperture plate (fluid reservoir facing side), with etching, a
hydrophobic coating, or no treatment on the fluid exit side. In another embodiment, the aperture
plate may include a hydrophilic coating on at least the fluid entrance side of the aperture plate
{fluid reservoir facing side), a hydrophilic coating within at least a portion of the interior of one or
more openings, or combinations thereof. In other embodiments, the aperture plate may include a
hydrophobic coating on the droplet exit side of the aperture plate — alone or in combination with

one or more hydrophilic coatings. A gas or liquid process may be used to form the hydrophobic
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and hydrophilic surfaces. For example, hydrophilic and hydrophobic surfaces can be formed using
liquid coating, sputtering, CVD, plasma deposition, ion implantation, etc.

{0060} FIG. 1A shows a cross-section of an exemplary surface treated opening 1200 of an
aperture plate in accordance with an embodiment of the disclosure. As shown, the opening 1200
is configured to have a structural well 1202 extending through the aperture plate thickness from
the fluid entrance side 1204 to the fluid exat side 1206, As shown, the opening 1200 may be surface
treated on the fluid entrance side 1204 to be hydrophilic 1208 {contact angle between about 2 and
about 80 degrees, between about 2 and about 60 degrees, between about 2 and about 40 degrees,
between about 5 and about 40 degrees, between about S and about 20 degrees, between about S
and about 10 degrees, etc.). In certain embodiments, the fluid exit side 1206 may optionally be
treated to be hydrophobic 1210 (contact angle between about 80 and about 160 degrees, between
about 80 and about 130 degrees, etc.). Inthe illustrated embodiment, the hydrophilic 1208 surfaces
and hydrophobic 1210 are also formed on at least some of'the interior surfaces within the structural
well 1202, Without intending to be limited, such hydrophobic treatments may act to minimize
“weeping” of fluid from the aperture plate openings during use.

{0061 ] FIG. 1B and FIG. 1C illustrate similar surface treated openings 1200, except the
opening 1200 is configured to taper 1214 from the fluid entrance side 1204 to the fluid exat side
1206 (rather than having a structural well). FIG. 1B illustrates a linear taper, while ¥1G., 1C
ilhustrates a curved taper. Without intending to be limited by theory, because the fluid entrance
region tapers to a smaller diameter near the fluid exit side 1206, the fluid entrance side 1204 is
treated to be hydrophilic 1208 (e.g., contact angle of 2 to 80 degrees) to facilitate fluid reaching
the ejection openings by capillary action. In certain aspects, the liner versus curved taper is
generally a result of fabrication technique and, to some degree, on the need for specific properties
such as dispensing a fluid ot higher or lower viscosity or the need to preserve material to maximize
the stiffhess of the aperture plate against flexure or a resonant point that is too low.

10062] FIG. 1D illustrates an aperture plate 1216 (e.g., palladium-nickel) supported by a
stainless steel annulus 1218, The aperture plate is welded or bonded 1220 1o the stainless steel
annulus, thereby allowing a thicker support material which is much less expensive than aperture
plate material, e g, palladium-nickel. Again hydrophilic and hydrophobic surface treatments may
be used on both the fluid entrance side and the droplet exit side of the aperture plate and support

structure.
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{0063} The aperture plates, structural wells, and tapers may be produced, eg., by
semiconductor techniques, stamping, rolling or laser ablation. Rolling may be preferred because
more precise forming pressures are possible and continuous production for material from rolls
allows lower-cost manufacturing. Because the material stiffness of polymers {especially the
UHMWPE) 1s lower than metals such as stainless steel or palladium-nickel, ribs on the fluid or air
side of the aperture plate may also be formed at the time of rolling or prior to laser ablation
Simtlarly, a metallic annulus may be used to stiffen the edge of the aperture plate against flexure.
In addition, the aperture plate area can be formed to have a dome-like shape to increase the stiffness
of the aperture plate and creating uniform ejection accelerations.

[0064] In certain aspects, the aperture plate may be bonded to the reservoir or fluid
cartridge. Further, if desired, the aperture plate may be bonded to an intermediary structural
material like a stainless steel annulus to reduce costs by minimizing the ejector plate, or to increase
the aperture plate stitfhess or to facilitate attachment to the cartridge. With polymer materials, the
aperture plate may have raised ribs at intervals to stiffen the aperture plate against flexure. Ribs

can be produced by rolling or stamping in a polymer heated above its transition temperature.

[0063] In specific embodiments, the ejector mechanism is electronically breath activated
by at least one differential pressure sensor located within the housing of the droplet delivery device
upon sensing a pre-determined pressure change within the housing. In certain embodiments, such
a pre-determined pressure change may be sensed during an inspiration cycle by a user of the

device, as will be explained in further detail herein.

{0066] In accordance with certain aspects of the disclosure, effective deposition mto the
lungs generally requires droplets less than about 5-6 um in diameter. Without intending to be
Himited by theory, to deliver fluid to the lungs a droplet delivery device must impart a momentum
that is sufficiently high to permit ejection out of the device, but sufficiently low to prevent
deposition on the tongue or in the back of the throat. Droplets below approximately 5-6 pm in
diameter are transported almost completely by motion of the airstream and entrained air that carry

them and not by their own momentum.

{0067} In some aspects, the disclosure provides devices and methods for delivering small
droplets to the respiratory system of a user with mintmal or no mouth or throat uritation. The

breath actuated droplet delivery devices of the disclosure may be configured so as to be actuated
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to eject droplets into the airstream at precise times during a user’s inspiration cycle 1o as to
maximize delivery into the respiratory system, while minimizing or eliminating mouth or throat
irritation.  Without intending to be hmited by theory, as described herein, the small droplets
generated via the devices of the disclosure are transported almost completely by motion of
airstream and entrained air. Using this entrained motion and tuned droplet size, the gjection of
droplets may be focused s0 as to eject during peak flow of the nspiration cycle so as to optimize
inhalation into the target site in the respiratory system (e.g., deep lungs), while minimizing

inadvertent delivery to non-desired sites in the respiratory system {(e.g., mouth and throat).

{03068] In one embodiment, the device may be configured to provide for ejection of
droplets after a breath initiation period, e.g., 0.1-0.5 seconds. The device may be configured to
sense the mitiation of the inspiration cycles, allowing a short period of time, e.g., 0.1-0.5 seconds
as to form a steady inspiration flow. Once the device senses a steady inspiration flow, the device
may activate the ejector mechanism to initiate ejection of the small droplets for inhalation into the
target site of the respiratory system. Optionally, the device may control the gjector mechanism to
discontinue generation of droplets at a specified end portion of the inspiration cycle, so as to allow
for complete inhalation of the droplets to the target site of the respiratory system. Such a device
provides for an improved method of delivering droplets to the respiratory system of a user with

minimal or no mouth or throat trritation.

{(069] In certain aspects, the present disclosure includes and provides an ejector
mechanism configured to eject a stream of small droplets within the respirable range of less than
about 4 um, less than about 3 microns, less than about 2 microns, less than about 1.5 microns, less
than about 1 microns, etc. The ejector mechanism is comprised of an aperture plate having a
desired surface contact angle at least at the fhud entrance side thereof and optionally a desired
surface contact angle on at least the fluid exit surface thereof, wherein the aperture plate is directly

or indirectly coupled to a piezoelectric actuator.

{6076} In certain implementations, the aperture plate may be coupled to an actuator plate
that is coupled to the piezoelectric actuator. The aperture plate generally includes a plurality of
openings formed through its thickness and the piezoelectric actuator directly or indirectly (e.g. via
an actuator plate) oscillates the aperture plate, having fluid in contact with one surface of the

aperture plate, at a frequency and voltage to generate a directed aerosol stream of droplets through
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the openings of the aperture plate into the lungs, as the patient inhales. In other implementations
where the aperture plate is coupled to the actuator plate, the actuator plate is osciliated by the
piezoelectric oscillator at a frequency and voltage to generate a directed aerosol stream or plume

of aerosol droplets.

{0071] In certain aspects, the present disclosure relates to a droplet delivery device for
delivering a fluid as an ejected stream of small droplets to the respiratory system of a subject. In
certain aspects, the agents may be delivered at a high dose concentration and efficacy, as compared

to alternative dosing routes and standard inhalation technologies.

10072] As discussed above, eftective delivery of droplets deep into the lung airways
require droplets that are less than about 5-6 microns in diameter, specifically droplets with mass
mean aerodynamic diameters (MMAD) that are less than about 5 microns. However, for certain
agents and uses, droplets about 1 pm or smaller for quick adsorption in the deep lung may be
desirable, e g., it may be desired to utilize droplets less than 4 yum, less than 2 um, and less than 1

um for the delivery of nicotine and related substances to the deep lungs.

{6073] The mass mean aerodynamic diameter is defined as the diameter at which 50% of
the droplets by mass are larger and 50% are smaller. In certain aspects of the disclosure, in order
to deposit in the alveolar airways, droplets 1n this size range must have momentum that is
sufficiently high to permit ejection out of the device, but sufficiently low to overcome deposition

onto the tongue (soft palate) or pharynx.

{B8074] In other aspects of the disclosure, methods for generating an ejected stream of small
droplets for delivery to the respiratory system of user using the droplet delivery devices of the
disclosure are provided. Io certain embodiments, the ejected stream of droplets is generated in a
controllable and defined droplet size range. By way of example, the droplet size range includes at
least about 50%, at least about 60%, at least about 70%, at least about 85%, at least about 90%,
between about 50% and about 90%, between about 60% and about 90%, between about 70% and
about 90%, etc., of the ejected droplets are in the respirable range of below about 4 um, below
about 3 um, below about 2.5 um, below about 2 um, between about 0.7 pm and about 4 pum,
between about 0.7 um and about 3 um, between about 0.7 um and about 2.5 um, between about
0.7 pm and about 2.0 pm, between about 0.7 um and about 1.5 ym, between about 0.7 um and

about 1.0 pm, etc.
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{6075) In other embodiments, the ejected stream of droplets may have one or more
diameters, such that droplets having multiple diameters are generated so as to target multiple
regions in the airways (mouth, tongue, throat, upper airways, lower airways, deep lung, etc.) By
way of example, droplet diameters may range from about 0.7 um to about 200 um, about 0.7 um
to about 100 um, about 0.7 pm to about 60 um, about 0.7 um to about 40 um, about 0.7 um to
about 20 pm, about 0.7 pm to about Spum, about 0.7 pm to about 4.7 wm, about 0.7 pm to about 4
umy, about 0.7 um to about 3.0 um, about 0.7 um to about 2.5 um, about 0.7 um and about 2.0 pm,
about 0.7 um and about 1.5 um, about 0.7 pm and about 1.0 um, , about S um to about 20 pm,
about 5 um to about 10 pm, and combinations thereof In particular embodiments, at least a
fraction of the droplets have diameters in the respirable range, while other droplets may have
diameters in other sizes so as to farget non-respirable locations {e.g., larger than about 5 um).
Hiustrative ejected droplet streams in this regard might have 50% - 70% of droplets in the
respirable range (less than about S um), and 30% -50% outside of the respirable range (about 5

um — about 10 pum, about 5 um — about 20 pm, etc.)

{6076} In another embodiment, methods for delivering safe, suitable, and repeatable
dosages of an agent to the respiratory system of a user using the droplet delivery devices of the
disclosure are provided. The methods deliver an ejected stream of droplets to the desired location

within the respiratory system ot the user.

{6077} In certain aspects of the disclosure, a droplet delivery device for delivering an
ejected stream of small droplets to the respiratory system of a user is provided. The droplet
delivery device generally includes a housing and a reservoir disposed in or in fluid communication
with the housing, an ejector mechanism in fluid communication with the reservoir, and at least one
differential pressure sensor positioned within the device. The differential pressure sensor is
configured to electronically breath activate the ejector mechanism upon sensing a pre-determined
pressure change within the device, and the ejector mechanism is configured to generate a
controllable plume of an ejected stream of small droplets. The ejector mechanism may nclude a
piezoelectric actuator, which is directly or indirectly coupled to an aperture plate having a plurality
of openings formed through its thickness and exhibiting a desired surface contact angle at least at
the fluid entrance side thereof, and an optional a desired surface contact angle at the fluid exit
surface thereof (e.g., at the fluid entrance side, at the fluid exit side, within at least a portion of oue

or more openings, or combinations thereof). The piezoelectric actuator is operable to directly or
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indirectly oscillate the aperture plate at a frequency to thereby generate an ejected stream of

droplets.

16078] In accordance with the disclosure, any suitable droplet deliver device may be used
in connection with the ejector mechanisms of the disclosure. By way of example, the ejector
mechanism of the disclosure may be used with the droplet delivery devices disclosed in co~-owned
PCT applications WO 2017/192767, WO 2019/071008; and PCT/US2020/032383, the contents of
which are herein incorporated by reference in their entireties.

18079] By way of non-limiting example, in certain embodiments, the droplet delivery
device may generally include a housing and a reservoir disposed in or in fluid communication with
the housing, an ejector mechanism in fluid communication with the reservoir, and at least one
differential pressure sensor positioned within the housing. The differential pressure sensor s
configured to electronically breath activate the ejector mechanism upon sensing a pre-determined
pressure change within the housing, and the ejector mechanism is configured to generate a
controllable plume of an ejected stream of droplets. The ejected stream of droplets is formed from
low surface tension compositions, particularly compositions comprising agents that are insoluble
or sparingly soluble in water. The gjector mechanism comprises a piezoelectric actuator which is
directly or indirectly coupled to an aperture plate of the disclosure. The piezoelectric actuator is
operable to directly or indirectly oscillate the aperture plate at a frequency to thereby generate an
ejected stream of droplets.

{6080] In certain embodiments, the droplet delivery device may be configured in an in-line
orientation in that the housing, ejector mechanism and related electronic components are orientated
in a generally in-line or parallel configuration so as to form a small, hand-held device.

{¢081] In certain embodiments, the droplet delivery device may include a combination
reservoir/ejector mechanism module that may be replaceable or disposable either on a periodic
basis, e.g., a daily, weekly, monthly, as-needed, etc. basis, as may be suitable for a prescription or
over-the-counter medication.

[06082] FIGS, 2A and 2B dlustrate an exemplary droplet delivery device of the disclosure,
with FIG. 24 showing the droplet delivery device 100 having a mouthpiece cover 102 in the closed
position, and FIG. 2B having a mouthpiece cover 102 in the open position. As shown, the droplet
delivery device is configured in an in-line orientation in that the housing, its internal componeuts,

and various device components {e.g., the mouthpiece, air inlet flow element, etc.) are orientated in
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a substantially in-line or parallel configuration (e.¢., along the airflow path) so as to form a small,
hand-held device.

{0083} In the embodiment shown in FIGS. 2A and 2B, the droplet delivery device 100
includes a base unit 104 and a fluid reservoir/ejector mechanism module 106, As tHustrated 1o this
embodiment, and discussed in further detail herein, the tluid reservoir 106 slides into the front of
the base unit 104 via slides 112, In certain embodirents, mouthpiece cover 102 may include a
push element 102a that facilitates insertion of fluid reservoir 106. Also itlustrated are one or more
airflow entrances or openings 110. By way of example, there may be airflow entrances on the
opposite side of the device, mulitiple airflow entrances on the same side of the device, or a
combination thereof (not shown}. The droplet delivery device 100 also includes mouthpiece 108
at the airflow exit side of the device.

10084] With reference to FIG. 3, an exploded view of the exemplary droplet delivery
device of FIGS. 24 and 2B is shown, mcluding internal components of the housing including a
power/activation button 201; an electronics circuit board 202; a thuid reservoir/ejector mechanism
module 106 that comprises an ejector mechanism (not shown) and reservoir; and a power source
203 (e.g, three AAA batteries, which may optionally be rechargeable) along with associated
contacts 203a. In certain embodiments, the reservoir may be single-unit dose or multi-unit dose
that may be replaceable, disposable or reusable. Also shown, one or more pressure sensors 204
and optional spray sensors 205. In certain embodiments, the device may also include various
electrical contacts 210 and 211 to facilitate activation of the device upon insertion of drug delivery
ampoule 106 into the base unit. Likewise, in certain embodiments, the device may include slides
212, posts 213, springs 214, and ampoule lock 215 to facilitate insertion of drug delivery ampoule
106 into the base unit.

{6085] The components may be packaged in a housing, and generally oriented in an in-line
configuration. The housing may be disposable or reusable, single-dose or multi-dose. Although
various configurations to form the housing are within the scope of the disclosure, as illustrated in
FIG. 2, the bousing may comprise a top cover 206, a bottom cover 207, and an inner housing 208,
The housing may also include a power source housing or cover 209.

{0086] In certain embodiments, the device may include audio and/or visual indications,
e.g., to provide instructions and communications to a user. In such embodiments, the device may

include a speaker or audio chip (not shown), one or more LED lights 216, and LCD display 217
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(interfaced with an LCD control board 218 and lens cover 219}, The housing may be handheld
and may be adapted for communication with other devices via a Bluetooth communication module
or similar wireless communication module, e g, for communication with a subject’s smart phone,
tablet or smart device (not shown).

{6087] In certain embodiments, an air inlet flow element (not shown) may be positioned
in the airflow at the airflow entrance of the housing and configured to facilitate non~turbulent (ie |
laminar and/or transitional) airflow across the exit side of aperture plate and to provide sufficient
airflow to ensure that the ejected stream of droplets flows through the droplet delivery device
during use. The air inlet flow element may comprise one or more openings formed there through
and may be configured to increase or decrease internal pressure resistance within the droplet
delivery device during use. In come embodiments, the air 1nlet flow element may comprises an
array of one or more openings. In other embodiments, the air inlet tlow element may comprise
one or more baffles. In certain aspects, the one or more battles may comprise one or more airflow
openings.

{6088} In some embodiments, the air inlet flow element may be positioned within the
mouthpiece. In other embodiments, the air inlet flow element may be positioned behind the exit
side of the aperture plate along the direction of airflow. In vet other embodiments, the air inlet
flow element is positioned in-line or in front of the exit side of the aperture plate along the direction
of airflow.

{0089] Aspects of the present embodiment further allows customizing the internal pressure
resistance of the particle delivery device by allowing the placement of laminar flow elements
having openings of different sizes and varying configurations to selectively increase or decrease
internal pressure resistance, as will be explained in further detail herein.

{6090} FIGS, 4A-4C illustrate certain exemplary air inlet flow elements of the disclosure.
FEIGK, 4A-4 also illustrate the position of pressure sensors, the mouthpiece, and air channels for
reference pressure sensing. However, the disclosure is not so limited, and other configurations
including those described herein are contemplated as within the scope of the disclosure. While
not being so limited, the air inlet flow elements of FIGS. 4A-4C are particularly suitable for use
with the droplet delivery devices of FIGS, 2A-2B.

18091} More particularly, FIG. 4A illustrates a cross-section of a partial in-line droplet

delivery device 1000 of the disclosure including a mouthpiece cover 1001, a mouthpiece 1002, a
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drug delivery ampoule 1003 comprising a drug reservoir 1004 and an ejector mechanism 1005,
As illustrated, the droplet delivery device includes an air inlet flow element 1006 having an array
of holes 1006a at the air entrance of the mouthpiece 1002 Also shown is a pressure sensor port
1007, which may be used to sense a change in pressure within the mouthpiece. With reference to
FIG. 4B, a front view of the device 1000 is illustrated, wherein a second pressure sensor port 1008
is shown to provide for sensing of a reference or ambient pressure.

{6092} FIG. 4C illustrates a partial exploded view including mouthpiece 1002 and inner
housing 1011, As shown, mouthpiece 1002 includes air intake tlow element 1006 with an array
of holes 1006a, and pressure sensor port 1007, Further, mouthpiece 1002 may include an ejection
port 1114 positioned, e.g., on the top surface of the mouthpiece so as to align with the gjector
mechanism to allow for gjection of the stream of droplets into the airflow of the device during use.
Other sensor ports 1115 may be positioned as desired along the mouthpiece to allow for desired
sensor function, e.g., spray detection. The mouthpiece may also include positioning baffle 1116
that interfaces with the base unit upon insertion. Inner housing 1011 includes pressure sensor
board 1009 and outside channel 1010 for facilitating sensing of reference or ambient pressure. The
inner housing further includes a first pressure sensing port 1112 to facilitate sensing of pressure
changes within the device (e.g., within the mouthpiece or housing), and a second pressure sensing
port 1113 to facilitate sensing of reference or ambient pressure.

{6093} In another embodiment, FIGS. SA and 5B illustrate an alternative droplet delivery
device of the disclosure wherein the fluid reservoir/ejector mechanism module is inserted into the
front of the base unit. With reference to FIG. SA showing the droplet delivery device 400 with a
base unit 404 having a mouthpiece cover 402 in the closed position, and FIG. 5B with a base unit
404 having a mouthpiece cover 402 in the open position. As shown, the droplet delivery device is
configured in an in-line orientation in that the housing, its internal components, and various device
components (e.g., the mouthpiece, air inlet flow element, etc.) are orientated in a substantially in-
line or parallel configuration (e.g., along the airflow path) so as to form a small, hand-held device.
16094} In the embodiment shown in FIGK. 5A and 8B, the droplet delivery device 400
includes a base unit 404 and a thuid reservoir 406. As illustrated in this embodiment, and discussed
in further detail herein, the fhuid reservoir 406 slides into the front of the base unit 404. In certain
embodiments, mouthpiece cover 402 may include aperture plate plug 412 which may cover

aperture plate 414 when cover 402 1s in a closed position. Also illustrated are one or more airflow
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entrances or openings 410 in mouthpiece 408. By way of example, there may be airflow entrances
on the opposite side of the device, multiple airflow entrances on the same side of the device, or a
combination thereof (not shown). The droplet delivery device 400 also includes mouthpiece 408
at the airflow exit side of the device.

{6095] FIG. 6 illustrates the base unit 404 of the embodiment of FIGS, 5A and 5B without
the fluid reservoir/ejector mechanism module inserted.  Without the fluid reservoir/ejector
mechanism module inserted, tracks 440 for directing the module into place, electrical contacts 442,
and sensor port 444 are shown. Also shown is release button 450,

{¢096] FIGS, 7A and 78 illustrate a tluid reservou/ejector mechanism module 406 with
mouthpiece cover 402 attached and in a closed position in front view (FIG. 7A) and back view
(FIG. 78). FIG. 7B dlustrates electrical contacts 436 and sensor port 437 of the module, as well
as protruding slides 452 to facilitate placement of the module into tracks 440 during insertion. By
way of example, when fluid reservoir/ejector mechanism module 406 18 inserted into base unit
404, protruding slides 452 mate with tracks 440, sensor port 437 mates with sensor port 444, and
electrical contacts 436 mates with electrical contacts 442, The fluid reservoir/ejector mechanism
module ts pushed nto the base unit and locked into place with the protruding slides and tracks
engaging one another. During use, a pressure sensor located on the control board senses pressure
changes within the device via the pressure sensing ports (e.g., within the mouthpiece}. To facilitate
detection of pressure changes, the base unit includes a second pressure sensing port and outside
channel (not shown) to facilitate sensing of reference or ambient pressure.

18097} Again, in certain embodiments, an air inlet flow element (not shown) may be
positioned in the airflow at the airflow entrance of the housing and configured to facilitate non-
turbulent {i.e., laminar and/or transitional) airflow across the exit side of aperture plate and to
provide sufficient airflow to ensure that the ejected stream of droplets flows through the droplet
delivery device during use. The air inlet flow element may comprise one or more openings formed
there through and may be configured to increase or decrease internal pressure resistance within the
droplet delivery device during use. In come embodiments, the air inlet tflow element may
comprises an array of one or more openings. In other embodiments, the air inlet flow element may
comprise one or more baffles. In certain aspects, the one or more baffles may comprise one or

more airflow openings.
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{6098} In some embodiments, the air inlet flow element may be positioned within the
mouthpiece. In other embodiments, the air inlet flow element may be positioned behind the exit
side of the aperture plate along the direction of airflow. In vet other embodiments, the air inlet
flow element 13 positioned in-line or in front of the exit side of the aperture plate along the direction
of airflow.

{6099] Aspects of the present embodiment further allows customizing the internal pressure
resistance of the particle delivery device by allowing the placement of laminar flow elements
having openings of different sizes and varying configurations to selectively increase or decrease
internal pressure resistance.

{60100} As tllustrated in the various embodiments of the figures, in certain embodiments of
the droplet device, the housing and ejector mechanism are ortented such that the exit side of the
aperture plate is perpendicular to the direction of airflow and the stream of droplets is ejected in
parallel to the direction of airflow. In other embodiments, the housing and ejector mechanism are
oriented such that the exit side of the aperture plate is parallel to the direction of airflow and the
stream of droplets is ejected substantially perpendicularly to the direction of airtflow such that the
gjected stream of droplets is directed through the housing at an approximate 90 degree change of
trajectory prior to expulsion from the housing.

{00101} In other embodiments, the droplet delivery device may comprise a body housing, a
mouthpiece having an ejector mechanism, and a fluid cartridge having at least one tluid reservoir.
In certain embodiments, the ejector eechanism may comprise at least one ultrasonic actuator and
at least one aperture plate of the disclosure (i.¢., having the desired surface contact angle(s} at one
or more surfaces). The device may further comprise at least one differential pressure sensor
configured to activate the ejector mechanism upon sensing a pre-determined pressure change
within the device to thereby generate the ejected stream of droplets.

{00102 More specitfically, in certain embodiments, an exemplary droplet delivery device
may generally comprise a mouthpiece, a tluid cartridge, a body housing, and at least one
differential pressure sensor. In certain embodiments, the mouthpiece is positioned at an airflow
exit of the device, the mouthpiece comprising one or more air flow entrance ports, an airflow exit
opening, an electronically actuated ejector mechanism of the disclosure, an ejection chamber, and
a fluid transport mating extension. The fluid cartridge generally comprises at least one reservoir

for receiving a volume of fluid, and at least one sealing mechanism, the fluid cartridge disposed
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within or in fluid communication with the mouthpiece. The body housing comprises a power
source and control board. The at least one differential pressure sensor is positioned within the
mouthpiece or positioned within the body housing and in fluid communication with the
mouthpiece, the at least one differential pressure sensor configured to activate the ejector
mechanism upon sensing a pre-determined pressure change within the mouthpiece to thereby
generate the gjected stream of droplets.

180103} In certain embodiments, the electronically actuated ejector mechanism 1s in fluid
communication with the reservoir at a tluid cartridge side of the ejector mechanism, and configured
to generate the ejected stream of droplets, the ejector mechanism comprising a piezoelectric
actuator and an aperture plate of the disclosure, the piezoelectric actuator operable to oscillate the
aperture plate at a frequency to thereby generate the ejected stream of droplets; and the ejection
chamber is located adjacent the ejector mechanism on the fluid cartridge side of the ejector
mechanism,

100104] In certain embodiments, the fluid transport mating extension is positioned within
the mouthpiece at a fluid cartridge side of the mouthpiece. The tluid transport mating extension
is contfigured to provide for a fluid path between the fluid cartridge and the ejector mechanism.
The tluid transport mating extension may interface with or extend through the sealing mechanism
of the fluid cartridge to create fluid communication between the fhud cartridge and the ejector
mechanism.

{060105] In certain embodiments, the one or more air flow entrance ports of the mouthpiece
are configured as an air inlet flow element, wherein the air inlet flow element and mouthpiece are
configured to facilitate non-turbulent airflow across an exit side of the aperture plate and to provide
sufficient airtlow through the mouthpiece during use.

{60106] In specific embodiments, the ejector mechanism is electronically breath activated
by at least one differential pressure sensor located within the ultrasonic droplet delivery device
upon sensing a pre-determined pressure change within the mouthpiece. In certain embodiments,
such a pre-determined pressure change may be sensed during an inspiration cycle by a user of the
device. In certain embodiments, the pressure sensor may be located in the mouthpiece, on the
airflow exit side of the ejector mechanism.  In other embodiments, the pressure sensor may be
located in the body housing, and may be in fluid communication with the airflow exit side of the

ejector mechanism,
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{60107} In some aspects, the droplet delivery device further includes one or more air inlet
flow elements positioned in the airflow at the airflow entrance of the device and configured to
facilitate non-turbulent (i.¢., laminar and/or transitional) airflow across the exit side of at least one
aperture plate and to provide sufficient airflow to ensure that the ejected stream of droplets flows
through the droplet delivery device during use. In some embodiments, the air inlet tlow element
may be positioned within the mouthpiece. In certain embodiments, the air inlet flow element(s)
may be positioned behind the exit side of the aperture plate along the direction of airflow, or in-
line or in front of the exit side of the aperture plate along the direction of airflow. In certain
embodiments, the air inlet flow element(s) comprises one or more openings configured to increase
or decrease internal pressure resistance within the droplet delivery device during use. For instance,
in certain embodiments, the air inlet flow element(s) comprise an array of one or openings. In
other embodiments, the air inlet flow element(s) comprise one or more batfles, e g, wherein the
one or more baffles comprise one or more atrflow openings.

{00108] The airflow exit of the mouthpiece of the droplet delivery device through which the
gjected aerosol of droplets exit as they are inhaled into a subject’s airways, may be configured and
have, without limitation, a cross sectional shape of a circle, oval, rectangular, hexagonal or other
shape, while the shape of the length of the tube, again without limitation, may be straight, curved
or have a Venturi-type shape.

{60109] In accordance with certain aspects of the disclosure, droplet delivery devices are
disclosed which include at least one ultrasonic ejector mechanism in fluid cornmunication with at
least one aperture plate of the disclosure. In certain embodiments, the ultrasonic ejector
mechanism may comprise a piezoelectric actuator, optionally amplified by an elongated ultrasonic
“horn”. Such ultrasonic “horn” actuators are an impedance matching device that are wide at a
vibration generating, piezoelectric end and thin at a fluid contact, horn end.

100116 In certain embodiments, exemplary ultrasonic horn actuators may be about half a
wavelength long, and are typically made of metal, e g | titantum, stainless steel or aluminum. The
horn may be specially tapered, fluted, or a stepped rod, and produces displacements large enough
to create a stream of droplets or aerosol. The horn is designed to allow for efficient coupling of
piezo energy into fluid (e, small, high-stiffness motion to large, less-still motion). By way of
non-Himiting example, if the pieza’s 1% strain creates a 1% strain in the horn, the horn being ten

tirnes longer potentially has ten times the displacement.
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{00111} In certain embodiments, if configured to include an ultrasonic horn, the aperture
plate may be positioned close to the fluid end of the horn, but not specifically touching the horn,
as will be described in further detail herein. The horn may generally be long enough that it and
the plezo element form a halt wavelength structure with a nodal point having a point of high stress
and minimal motion between the midpoint of the body of the horn and the step in the horn. Horn
fengths may be optimized during design, with parameters set due based on their multiple masses.
By way of non-limiting example, titanium horns may be used in high temperature, high abrasion
settings to address high nodal stress.

{00112} Without intending to be limited by theory, a horn extracts energy from a vibrating
piezo element, and transmits it into fluid to be gjected through the aperture plate. In practice, the
horn may be stretch in resonance to magnify the amplitude of the piezo element vibration
Accordingly, the horn material should preferably stretch with low loss and sufficient strength at
the nodal point to support the stress associated with the stretch (strain). In certain aspects, horn
fength is minimally half a wavelength, e g, at 100 kHz. By way of example, polymer horns would
generally veed to be twice as long because the speed of sound is about half for polymers as
compared to metals.

{00113] Exemplary droplet delivery devices 800 of the disclosure are illustrated in FIGS.
8A-8C, with a mouthpiece 804, ejector mechanism 8006, fluid cartridge 808, pressure/flow sensor
810, control board 812, power source/battery 814, and a body housing 802, The ejector mechanism
3060 may be interfaced with or located within the mouthpiece 804 or the fluid cartridge 803.
{00114} As explained in further detail herein, the ejector mechanism may be orientated at
various angles within the device, with respect to the direction of droplet generation, airtlow
through the device, and internal surfaces within the device. Without intending to be limited by
theory, it is believed that orientation of the ejector mechanism with respect to the direction of
droplet generation, atrflow through the device, and internal surface within the device serves to
optimize droplet size distribution via inertial filtering, which filters and excludes larger droplets
from the droplet plume.

{00115 In some embodiments, the ejector mechanism may be oriented perpendicularly
{e.g., vertical} to the direction of airflow through the device, such that droplets are intially ¢jected
into the direction of airflow. Such a configuration minimizes inertial filtering of generated

droplets, allowing most droplets to flow in the entrained airflow within the mouthpiece (other than
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impacts of droplets at the sidewalls of the mouthpiece and inertial settling along the air flow path).
In other embodiments, the ejector mechanism may be orientated at an angle with respect to the
direction of airflow through the device. By way of example, the ejector mechanism may be
ortented at about 5° from perpendicular, about 10° from perpendicular, about 15° from
perpendicular, about 20° from perpendicular, about 25° from perpendicular, about 30° trom
perpendicular, about 35° from perpendicular, about 40° from perpendicular, about 45° from
perpendicular, etc. In such embodiments, the droplets may be ejected into the airflow at an angle,
such that smaller droplets are able to flow in the entrained airflow within the mouthpiece, and
jarger droplets are more likely to umpact the sidewalls of the mouthpiece along the air flow path
{or settle out along the air flow path).

{00116} FIG. 8A ilustrates an embodiment wherein the ejector mechanism 806 includes an
acoustic horn 806a. During use, droplets are ejected from the fluid reservoir through the openings
in the aperture plate of the ¢jector mechanism when the ultrasonic actuator vibrates. The ultrasonic
actuator vibrates when a piezoelectric actuator affixed to or interfaced with an ultrasonic horn and
operable to oscillate the horn 13 activated by a control circuit located on the electronics board. The
horn amplifies the amplitude of the piezo vibration into the fluid within the fluid reservotr. In
other embodiments (not shown), the fluid cartridge may interface with an aperture plate on one
side and a thin ultrasonic port on the opposite side. The ultrasonic port may be any material
suitable to conduct the vibrational energy, e.g., a thin or elastic film. The ultrasonic horn/piezo
actuator may then transmut vibratioval energy to the fluid cartridge through the ultrasonic port.
{60117} In certain embodiments, for effective coupling of ultrasonic vibration (energy
transter) between the end of the horn and the fluid, the end of the horn must transmit both
compression and tension phases of each cycle of ultrasonic vibration into the fluid. As described
herein, the horn does not need to physically couple to or touch the aperture plate to achieve ejection
of droplets. Rather, the horn needs to be in vibrational communication with the aperture plate so
as to allow energy transfer between the horn and the aperture plate, e.g., within about 0.1 to 2 mm
from the aperture plate. In certain embodiments, this may be accomplished by both the aperture
plate and horn being supported on structures which attach to the cuter shell of the body of the
device. However, the present disclosure contemplates further configurations for achieving

effective and efficient coupling.
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{00118} In accordance with certain aspects, the devices of the disclosure address challenges
of fluid leakage or evaporation at the interface between the fluid cartridge and the ultrasonic horn.
For example, fluid within the fluid reservoir may be inhibited from leaking by an O-ring seal
between the horn and the reservoir. In an alternative embodiment for inhibiting flind leakage at
the horn connection, the horn may be connected to a floating “wall” or ultrasonic port of the
cartridge that communuicates the vibration to the aperture plate by an internal element. This wall
or port can be a compliant material such as an elastic rubber or a plastic sheet that flexes. In certain
embodiments, the total area of the wall that moves may be minimized to avoid ultrasonic energy
joss. The spacing between the wall and the aperture plate also may also be minimized (millimeter
or fraction of a millimeter) to accommodate desired fluid reservoir sizing. The connection between
the horn and wall may be configured to transmit both compressive and tensile forces of the
ultrasonic vibration. In certain embodiment, the connection may be accomplished by suitable
mechanical connection, such as a set screw or “bayonet” connection where the horn has tangs
which insert into groves in a transfer element that is part of the cartridge and a twist allows the
tangs to be held rigidly for axial motion. The internal element that transroits the vibration is part
of the attachment membrane and is short to have minimal effect on the vibration characteristics of
the horn. In vet an additional embodiment for inhibiting fluid leakage at the horn connection, the
ultrasonic horn may be connected to the fluid reservoir via a rigid connection block to transmit
both the tensile and compressive aspects of the ultrasonic vibration. This embodiment is
particularly suitable for configuration where the fluid volume 1s small (typically, example a single
dose cartridge). Again a set screw or bayonet type of connection may be used to connect the horn
to the rigid connection block.

{60119] FIG. 88 illustrates an embodiment wherein the ejector mechanism is aligned in an
orientation generally perpendicular (e.g., vertical) to the direct of air flow through the device. As
ilhustrated in the embodiment of FEG. 8B, a fluid ejection chamber 808a is located behind the
gjector mechanism 806, and a sealing mechanism 816 is located between the ejector mechanism
806 and the fluid cartridge 808. A configuration wherein the ejector mechanism is oriented
vertically can allow the stream of ejected droplets to tlow in the air flow through the device ina
generally unimpeded manner, 1.¢., there is minimal inertial filtering of droplets due to impact along

the sides of mouthpiece.
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{60120} FIG. 8C illustrates an embodiment wherein the ejector mechanism is aligned in an
orientation that is angled to the direction of air flow through the device. Again, in this embodiment,
a fluid ejection chamber 808a is located behind the ejector mechanism, and a sealing mechanism
816 1s located between the ejector mechanism 806 and the fluid cartridge 808 A configuration
wherein the ejector mechanism is oriented at an angle can allow the stream of ejected droplets to
flow in the air flow through the device in a manner so as to be subject to inertial filtering due to
impact along the sides of the mouthpiece. This inertial filtering can serve to capture and remove
larger droplets from the air flow stream to the extent desired.

{00121} In certain embodiments, the mouthpiece may be interfaced with {and optionally
removable and/or replaceable), integrated into, or part of the body housing. In other embodiments,
the mouthpiece may be interfaced with {and optionally removable and/or replaceable), integrated
into, or part of the fluid cartridge.

[60122] With reference to FEGS. 8A-9C, in certain aspects, the body housing 902 and
mouthpiece 904 may fit together to enclose the fluid cartridge 908 and the ejector mechanism (not
shown) within an enclosed device 900, As illustrated 1n FIG. 9A, in certain embodiments, the
mouthpiece 904, fluid cartridge 908, and body housing 902 may each be configured as separate
elements. With reference to FIG, 9B, the mouthpiece 904 may house the ejector mechanism (not
shown), and the fluid cartridge 208 may first be connected to the mouthpiece 904 to place the fluid
cartridge 908 in fluidd communication with the ejector mechanism (not shown) within the
mouthpiece 904, As shown in FIG. 8C, ounce the fluid cartridge 908 is connected to the
mouthpiece 904, the combined mouthpiece/fluid cartridge 920 may be inserted into the body
housing 902 to enclose the fluid cartridge 908 within the device 900

{00123} In certain embodiments, body housing 902 may comprise a power source {e.g.,
batteries) and electronics (e.g., a control board) for controlling operation and actuation of the
gjector mechanism, flow/pressure sensors, etc. The mouthpiece 904 may include cartridge shides
9164, and the fluid cartridge 908 may include cartridge rails 916b configured to cooperate with the
cartridge slides 916a to thereby secure the fluid cartridge 908 to the mouthpiece 904, The fluid
cartridge 908 may include one or more housing locks 926 configured to interface with and lock
into the body housing 902, The fluid cartridge 908 may also include one or more vents 922, and

may include an access port 924 that may be configured so as to be self-sealing.
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160124} The mouthpiece 904 is generally located at an airflow exit of the device 900, and
one or more airflow entrance ports 918 are generally located on airflow enirances of the
mouthpiece 904 or body housing 902 (not shown). The ejector mechanism may be located within
the device 900, ¢.g., within the mouthpiece 904 or tluid cartridge 908, so as to be in fluid
communication with the fluid cartridge such that the ejector mechanism can receive fluid from the
fluid reservoir during use. In certain embodiments, the ultrasonic {e.g., piezoelectric) actuator is
mnterfaced with the aperture plate and operable to oscillate the aperture plate at a frequency to
thereby generate an ejected stream of droplets.  As illustrated, the fluid cartridge 908 may be
removable from the device 900 and replaceable. The fluid cartridge may include one or more fluid
reservoir{s) that enclose a single or multiple administrations of a composition to be delivered to a
user.

{00125] The droplet delivery devices of the disclosure may include one or more sealing
mechanisms.  In certain embodiments, devices of the disclosure are configured to minimize
evaporation from multi-use cartridges or single-use cartridges that are placed in the device after
rerooving sealing tape from the fluid cartridge. By way of example, 1n one embodiment, the
mouthpiece may include one or more sealing mechanisms to cover any fluid exit paths when not
in use and/or to cover the aperture plate when not in use. For example, in one embodiment, a face
seal may be provided which covers the aperture plate when not in use. Any suitable face seal may
be used, for instance, a seal may be part of a mouthpiece cap that is closed by the user after an
inhalation. The cap may include a spring loaded face seal that presses against a sruooth stainless
steel surface within the mouthpiece but outside the aperture plate. In another embodiment, a seal
may be provided between the connection of the piezo horn and the fluid cartridge.

{00126} In other embodiments, the tluid cartridge and/or mouthpiece may include one or
more sealing mechanisms at the interface of the fluid cartridge and the ejector mechanism to
minimize evaporation of the fluid within the reservoir. In some embodiments, the fluid cartridge
may have a removable sealing tape which prevents evaporation prior to attachment to the body.
In other embodiments, the device may include one or more sealing mechanisms to minimize
evaporation at the connection point between the fluid cartridge and body.

{60127} In certain aspects, the droplet delivery device further includes a surface tension
plate between the aperture plate and the reservoir, wherein the surface tension plate s configured

to increase contact between the volume of fluid and the aperture plate. In other aspects, the ejector
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mechanism and the surface tension plate are configured in parallel orientation. In yet other aspects,
the surface tension plate is located within 2 mm of the aperture plate so as to create sufficient

hydrostatic force to provide capillary flow between the surface tension plate and the aperture plate.

100128] In certain embodiments, the droplet delivery device may include a combination
reservoir/ejector mechanism module that may be replaceable or disposable etther on a periodic
basis, e.g., a daily, weekly, monthly, as-needed, etc. basis, as may be suitable for the solution to
be delivered. The reservoir may be prefilled and stored in a pharmacy or other suitable location
for dispensing to users or filled at the pharmacy or elsewhere by using a suitable injection or fill
means such as a hollow injection syringe driven manually or driven by a micro-pump. The syringe
or fill means may fill the reservoir by pumping or filling fluid into or out of a rigid container or
other collapsible or non-collapsible reservoir. In certain aspects, such disposable/replaceable,
combination reservoir/ejector mechanism module may mintmize and prevent buildup of surface

deposits or surface microbial contamination on the aperture plate, owing to its short in-use time.

[60129] The droplet delivery device may be altitude insensitive. In certain implementations,
the droplet delivery device is configured so as to be insensitive to pressure differentials that may
occur when the user travels from sea level to sub-sea levels and/or high altitudes, e g, while
traveling in an airplane where pressure differentials may be as great as 4 pst. As will be discussed
in further detail herein, in certain implementations of the disclosure, the droplet delivery device
may include a superhydrophobic filter, optionally in combination with a spiral vapor barrier, which
provides for free exchange of air into and out of the reservoir, while blocking moisture or thuids
from passing into the reservoir, thereby reducing or preventing fluid leakage or deposition on

aperture plate surfaces.

100130] In certain embodiments, the droplet delivery device 1s comprised of a separate fhuid
delivery ampoule with an ejector mechanism embedded on a surface of the fluid reservoir, and a
handheld unit containing a differential pressure sensor, a microprocessor and three AAA batteries.
The microprocessor controls fluid delivery, delivery counting and software designed monitoring
parameters that can be transmitted through wireless communication technology (e.g., Bluetooth,
witt, cellular, etc ). The piezoelectric ejector mechanism optimizes droplet delivery to the user by

creating droplets in a predefined range with a high degree of accuracy and repeatability.
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{60131} In certain aspects, the devices of the disclosure eliminate the need for patient /
device coordination by using a differential pressure sensor to initiate the piezoelectric ejector
mechanism in response to the onset of inhalation. The device does not require manual triggering

of droplet delivery.

{00132] In certain embodiments, as described in further detadl herein, when the fluid
ampoule is mated to the handheld body, electrical contact is made between the base containing the
batteries and the piezoelectric ejector embedded in the fluid reservoir. In certain embodiments, a
horizontal series of three small, user visible LED lights and a small speaker within the handheld
base provide user notifications. By way of exaruple, the device may be, e.g., 3.5 cm high, 5 em
wide, 10.5 cm long and may weight approximately 95 grams with an empty drug ampoule and

with batteries inseried.

{00133] As described herein, in certain embodiments, an easily accessible on/off slide bar
activates the device and unseals the ejector mechanism face. One of the three LED lights will turn
green and the number of remaining doses will be shown on the dose counter numerical display,

indicating the unit is energized and ready to be used.

{00134] As the user inhales through the unit, the differential pressure sensor detects flow by
measuring the pressure drop across a Venturi plate at the back of the mouthpiece. When the
pressure decline (8 liters/minute) is attained, the microprocessor activates the piezoelectric ejector,
at which pownt all three LEDs illuminate green, indicating that dosing has started. The
microprocessor stops the ejector, e.g., 1.45 seconds after initiation (or at a designated time so asto
achieve a desired administration dosage). In certain embodiments, as described in further detail
herein, the device may then emit a positive chime sound after the initiation of dosing, indicating
to the user to begin holding their breath for a designated period of time, e.g., 10 seconds. During
the breath hold period, e.g., the three green LEDs may blink. Additionally, there may be voice

commands instructing the patient on proper times to exhale, inhale and hold their breath.

{60135] The slide switch also opens (power on} / closes (power off) a sliding door on the
handheld unit that seals the piezoelectric sprayer embedded in the drug cartridge. In the closed
(off) state, the piezoelectric sprayer is sealed from airborne contamination and potential

evaporative effects. The voice command and Instructions for Use will direct the user to shide the
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switch to the off position (door closed) at the end of use. If the unit has not been turned off, after

20 seconds of inactivity the user will be reminded to slide the door closed by lights and sounds.

180136} Along with the aperture plate coatings described herein, several additional features
of the device allow precise dosing of specific droplet sizes. Droplet size is set by the diameter of
the holes in the aperture plate which are formed with high accuracy. By way of example, the holes

~r
I
i

in the aperture plate may range in size from 0.7 um to 6 pm, from 0.7 um to 5 pm, from 0.7 pm
to 4.7 um, from 0.7 pmto 4 ym, from 0.7 pm to 3 pm, from 0.7 um to 2.5 um, etc. Ejection rate,
in droplets per second, is generally fixed by the frequency of the aperture plate vibration, e g, 108-
kHz, which 1s actuated by the microprocessor. In certain embodiments, there is less than a 50-

millisecond lag between the detection of the start of inhalation and full droplet generation.

{60137] Droplet production within the respirable range occurs early in the inhalation cycle,
thereby munimizing the amount of droplets being deposited in the mouth or upper airways at the
end of an inhalation. The design of the droplet delivery device maintains constant fluid contact
with the ejection mechanism, thus obviating the need for shaking and priming. The ejector door
and vent configuration limit active agent or carrier evaporation to less than 150 gL to 350 pL per
month. This avoids changes in active agent concentration due to evaporation that would change

the amount of agent contained in the droplets.

{00138} The microprocessor in the device ensures exact timing and actuation of the
piezoelectric element, and records the date-time of each ejection event as well as the user’s
inhalation flow rate during the dose inhalation. A numerical display on the handheld base unit
may indicate the number of actuations remaining in the fluid cartridge. The base unit may sense
when a new cartridge has been inserted based on the unique electrical resistance of each individual

cartridge. Actuation counting and lockouts may also be preprogramed into the microprocessor.

100139] The device may be constructed with materials currently used i FDA cleared

devices. Manufacturing methods may be employed to minimize extractables.

100140] By way of example, the aperture plate can formed of a metal, e.g., stainless steel,
nickel, cobalt, titanium, irdium, platinom, or palladium or alloys thereof, and configured to
achieve the desired contact angles as described herein. Alternatively, the aperture plate can be
formed of suitable polymeric material, and be configured to achieve the desired surface contact

angles, as described herein. By way of example, the aperture plate may be composed of a material
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selected from the group consisting of poly ether ether ketone (PEEK), polyimide, polvetherinide,
polyvinylidine fluoride (PVDF), ultra-high molecular weight polyethylene (UHMWPE), nickel,
nickel-cobalt, nickel-palladium, palladium, platinum, metal alloys thereof, and combinations

thereof. Further, in certain aspects, the aperture plate may comprise a domed shape.

{00141} Any suitable material may be used to form the housing of the droplet delivery
device. In particular embodiment, the material should be selected such that it does not interact
with the components of the device or the fluid to be ejected (e.g., drug or medicament components).
For example, polymeric materials suitable for use in pharmaceutical applications may be used
including, e.g., gamma radiation compatible polymer materials such as polystyrene, polysulfone,

polyvurethane, phenolics, polycarbonate, polyimides, aromatic polyesters (PET, PETG), etc.

{00142] The fluid cartridge and reservoir may be constructed of any suitable materials for
the intended use. In particular, the fluid contacting portions are made from material compatible
with the desired agent(s}. By way of example, in certain embodiments, the agent only contacts the
inner side of the fluid reservoir and the inner face of the aperture plate and piezo drive. Wires
connecting the piezoelectric ejector to the batteries contained in the base unit are embedded in the
fluid ampoule shell to avoid contact with the fluid. The piezoelectric ejector 18 attached to the
fluid reservoir by a flexible bushing. The bushing contacts the fluid and may be, e.g., any suitable
material known in the art for such purposes such as those used in piezoelectric nebulizers. The
piezoelectric actuator may be counstructed from any suitable piezoelectric material suitable for
medical application, including but not limited to lead zirconmm titanate (PZT) and its modified
ceramic materials. In certain embodiments, the piezo ceramic material roay be sputter coated with
a thin film coating of a precious metal or polymer on one or more surfaces. In certain
embodiments, the piezo ceramic may be sputter coated on at least a surface fluid contact surface
thereof, s0 as to minimize any interactions with the fluid to be delivered via the droplet deliver
device.

{00143 The device mouthpiece, may be removable, replaceable and may be cleaned.
Similarly, the device housing and fluid ampoule can be cleaned by wiping with a moist cloth. The
aperture plate may be recessed into the ampoule and cannot be damaged without removing the

ampoule from the base and directly striking the sprayer with a sharp object.
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[00144] In certain aspects of the disclosure, an electrostatic coating may be applied to the

one or more portions of the housing, e.g., inner surfaces of the housing along the airflow pathway
such as the mouthpiece, to aid in reducing deposition of ejected droplets during use due to
electrostatic charge build-up. Alterpatively, one or more portions of the housing may be formed
from a charge-dissipative polymer. For instance, conductive fillers are commercially available and
may be compounded into the more coromon polymers used in medical applications, for example,
PEEK, polycarbonate, polyolefins (polypropylene or polyethylene), or styrenes such as
polystyrene or acrylic-butadiene-styrene (ABS) copolymers.  Alternatively, in certain
embodiments, one or more portions of the housing, ¢.g., inner surfaces of the housing along the
airflow pathway such as the mouthpiece, may be coated with anti-microbial coatings, or may be
coated with hydrophobic coatings to aid in reducing deposition of ejected droplets during use. Any
suitable coatings known for such purposes may be used, e g, polytetrafluorcethylene (Teflon).
[00145] Any suitable differential pressure sensor with adequate sensitivity to measure
pressure changes obtained during standard inhalation cycles may be used, e.g., £ 5 SLM, 10 SLM,
20 SLM, etc. Fornstance, pressure sensors from Sensirion, Inc., SDP31 or SDP32 (US 7,490,511
B2) are particularly well suited for these applications.

100146] In certain aspects, the microprocessor in the device may be programmed to ensure
exact timing and actuation of the ejector mechanism in accordance with desired parameters, e g.,
based duration of piezoelectric activation to achieve desired dosages, etc. In certain embodiments,
the device includes or interfaces with a memory (on the device, smartphone, App, computer, etc.)
to record the date-time of each ejection event, as well as the user’s inhalation flow rate during the
dose inhalation to facilitate user monitoring, as well as drug ampoule usage monitoring. For
instance, the microprocessor and memory can monitor doses administered and doses rematning in
a particular drug ampoule. In certain embodiments, the drug ampoule may comprise components
that tnchude identifiable information, and the base unit may comprise components that may “read”
the identifiable information to sense when a drug ampoule has been inserted into the base unit,
e.g., based on a unique electrical resistance of each individual ampoule, an RFID chip, or other
readable microchip (e.g., cryptoauthentication microchip). Dose counting and lockouts may also
be preprogramed into the microprocessor.

180147] In certain embodiments of the present disclosure, the signal generated by the

pressure sensors provides a trigger for activation and actuation of the ejector mechanism to thereby
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generate droplets and delivery droplets at or during a peak period of a patient’s inhalation
(inspiratory) cycle and assures optimum deposition of the plume of droplets and delivery of the
composition into the respiratory system of the user.

[60148] In accordance with certain aspects of the disclosure, the droplet delivery device
provides a reliable monitoring system that can date and time stamp actual delivery of substance,
and record/store inspiratory airflow 1n a memory {on the device, smartphone, App, computer, etc ).
Bluetooth or other wireless communication capabilities may then permit the wireless transmission
of the data.

{60149 Wireless communication {e.g., Bluetooth, wifi, cellular, etc.} in the device may
communicate date, time and number of actuations per session to the user’s smartphone. Software
programing can provide charts, graphics, medication reminders and warnings to patients and
whoever is granted permission to the data. The software application will be able to incorporate
multiple uses and users of the device (e.g. multiple substances, different users, ete.).

{00150} The device of the present disclosure is configured to dispense droplets during the
correct part of the inhalation cycle, and can including instruction and/or coaching features to assist
patients with proper device use, e.g., by instructing the holding of breath for the correct amount of
time after inhalation. The device of the disclosure allows this dual functionality because it may
both monitor air flow during the inhalation, and bas internal sensors/controls which may detect the
end of inhalation (based upon measured tlow rate} and can cue the patient to hold their breath for
a fixed duration after the inhalation ceases.

{00151} In one exemplary embodiment, a user may be coached to hold their breath with an
LED that is turned on at the end of inhalation and turned off after a defined period of time (1e.,
desired time period of breath hold), e.g., 10 seconds. Alternatively, the LED may blink after
inhalation, and continue blinking until the breath holding period has ended.  In this case, the
processing in the device detects the end of inhalation, turns on the LED (or causes blinking of the
LED, etc.), waits the defined period of time, and then turns off the LED. Similarly, the device can
emit audio indications, e.g., one or more bursts of sound (e.g., a 50 millisecond pulse of 1000 Hz),
verbal instructions to hold breath, verbal countdown, nwsic, tune, melody, etc., at the end of
inhalation to cue a patient to hold their breath for the during of the sound signals. If desired, the

device may also vibrate during or upon conclusion of the breath holding period.
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{00152 In certain embodiments, the device provides a combination of audio and visual
methods {or sound, light and vibration) described above to communicate to the user when the
breath holding period has begun and when 1t has ended. Or during the breath holding to show
progress {(e.g., a visual or audio countdown).

{00153] In other aspects, the device of'the disclosure may provide coaching to inhale longer,
more deeply, etc. The average peak inspiratory flow during inhalation (or dosing) can be utilized
to provide coaching. For example, a patient may hear a breath deeper command until they reach
90% of their average peak inspiratory flow as measured during inspiration {dosing) as stored on
the device, phone or in the cloud.

{00154] In addition, an image capture device, including cameras, scanners, or other sensors
without limitation, e.g. charge coupled device (CCD), may be provided to detect and measure the
ejected aerosol plume. These detectors, LED, delta P transducer, CCD device, all provide
controlling signals to a microprocessor or controller 1n the device used for monitoring, sensing,
measuring and controlling the ejection of a plume of droplets and reporting patient compliance,
treatment times, dosage, and patient usage history, etc., via Bluetooth, for example.

100155} In certain embodiments, the reservoir/cariridge module may include components
that may carry information read by the housing electronics including key parameters such as
gjector mechanism functionality, drug identification, and information pertaining to patient dosing
mtervals. Some information may be added to the module at the factory, and some may be added
at the pharmacy. In certain embodiments, information placed by the factory may be protected
from modification by the pharmacy. The module information may be carried as a printed barcode
or physical barcode encoded into the module geometry (such as light transmitting holes on a flange
which are read by sensors on the housing). Information may also be carried by a programmable
or non-programmable microchip on the module which communicates to the electronics in the
housing,

100156] By way of example, module programming at the factory or pharmacy may include
a drug code which may be read by the device, communicated via Bluetooth to an associated user
smartphone and then verified as correct for the user. In the event a user inserts an incorrect,
generic, damaged, etc., module into the device, the smartphone might be prompted to lock out
operation of the device, thus providing a measure of user safety and security not possible with

passive inhaler devices. In other embodiments, the device electronics can restrict use to a limited
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time period {perhaps a day, or weeks or months) to avoid issues related to drug aging or build-up

of contamination or particulates within the device housing,

{80157] The droplet delivery device may further include various sensors and detectors to
facilitate device activation, spray verification, patient compliance, diagnostic mechanisms, or as
part of a larger network for data storage, big data analvtics and for interacting and interconnected
devices used for subject care and treatment, as described further herein. Further, the housing may
include an LED assembly on a surface thereof to indicate various status notifications, e.g,

ON/READY, ERROR, etc.

{00158] As described in further detail herein, the droplet delivery device of the disclosure
may detect inspiratory airflow and record/store inspiratory airflow in a memory (on the device,
smartphone, App, computer, etc.). A preset threshold {e.g, 8 L/min) triggers delivery of a
composition over a defined period of time, eg, 1.5 seconds. Inspiratory flow is saropled
frequently until flow stops. The number of times that delivery is triggered is incorporated and
displayed 1n the dose counter LED on the device. Wireless communication capabilities (e.g.,

Bluetooth, cellular, wifi, etc.) permit the wireless transmission of the data.

{00159] In certain aspects, the present disclosure relates to methods for delivering a fluid
as an ejected stream of droplets to the respiratory system of a user using an ejector mechanism or
droplet delivery device of the disclosure. In certain aspects, the methods are capable of delivering
a defined volume of fluid in the form of an ejected stream of droplets such that an adequate and
repeatable high percentage of the droplets are delivered into the desired location within the

airways, €.g., the alveolar airways of the subject during use.

{00160] In certain embodiments, the methods of the disclosure may be used to treat various
diseases, disorders and conditions by delivering agents to the respiratory system of a subject. In
this regard, the ejector mechanisms and droplet delivery devices of the disclosure may be used to
deliver therapeutic agents both locally to the respiratory system, and systemically to the body. In
certain embodiments, the methods and droplet delivery devices of the disclosure may be used to
treat epilepsy, seizure disorders, pain, chronic patn, neuropathic pain, headache, migraine, arthritis,
multiple sclerosis, anorexia, nausea, vomiting, anorexia, loss of appetite, anxiety, insonnia, etc.

In other embodiments, the methods and droplet delivery devices of the disclosure may be used to
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treat asthma, chronic obstructive pulmonary diseases (COPD), cystic fibrosis (CF), tuberculosis,
chronic bronchitis, or pneumonia.

{00161} In certain embodiments, the methods and droplet delivery device may be used to
deliver therapeutic agents such as COPD medications, asthroa medications, or antibiotics. By way
of non-limiting example, such therapeutic agents include albutercl sulfate, ipratropium bromide,
tobramycin, fluticasone propionate, fluticasone furoate, tiotropium, glycopyrrolate, olodaterol,

salmeterol, umeclidinium, and combinations thereof

180162} In certain embodiments, the methods and droplet delivery devices may be used to
deliver a composition comprising a therapeutic agent for the treatment of asthma and/or COPD,

including short acting and long acting bronchodilators, alone or in combination.

{60163] In other ermbodiments, the methods and droplet delivery device may be used for the
focal and/or systemic delivery of therapeutic agents including small molecules, therapeutic
peptides, proteins, antibodies, and other bicengineered molecules via the respiratory system. By
way of non-limiting example, the methods and droplet delivery device may be used to systenucally
deliver therapeutic agents for the treatment or prevention of indications inducing, e.g., diabetes
mellitus, rheumatoid arthritis, plague psoriasis, Crohn’s disease, hormone replacement,
neutropenia, nausea, influenza, etc.

100164] By way of non-hmiting example, therapeutic peptides, proteins, antibodies, and
other bioengineered molecules jnclude: growth factors, insulin, vaceines {(Prevnor - Pneumonia,
Gardasil - HPV), antibodies (Keytruda (pembrolizumab), Opdivo (nivolumab) Avastin
{(bevacizumab), Humira (adalimumab), Remicade (infliximab), Herceptin (trastuzumab)), Fc
Fusion Proteins (Enbrel (etanercept), Orencia (abatacept)), hormones (Elonva- long acting FSH,
Growth Hormone), enzyrmes {(Pulmozyme — rHu-DNAase- ), other proteins (Clotting factors,
Interleukins, Albumin}, gene therapy and RNAL cell therapy (Provenge — Prostate cancer vaccine),
antibody drug conjugates - Adcetris (Brentuximab vedotin for HL), cytokines (Interferon-alpha,
Interferon-beta), anti-infective agents, polynucleotides, oligonucleotides {e.g., gene vectors), or
any combination thereof, or solid droplets or suspensions such as Flonase (fluticasone propionate)

or Advair {fluticasone propionate and salmeterol xanafoate).

{00165] In other embodiments, the methods and droplet delivery devices of the disclosure

may be used to deliver a solution of nicotine or a salt thereof, e.g., including the water-nicotine
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azeotrope. By way of non-limiting example, the nicotine or salt thereof may be the naturally
occurring alkaloid compound having the chemical name 8-3-(1-methyl-2-pyrrolidinyljpyridine,
which may be isolated and purified from nature or synthetically produced in any manner, or any
of its occurring salts containing pharmacologically acceptable anions, such as hydrochioride,
hydrobromide, hydroiodide, nitrate, sulfate or bisulfate, phosphate or acid phosphate, acetate,
factate, citrate or acid citrate, tartrate or bitartrate, succinate, maleate, fumarate, gluconate,
pyruvate, saccharate, benzoate, methanesulfonate, ethanesulfonate, benzenesulfonate, p-toluene
sulfonate, camphorate and pamoate salts. In other embodiments, the composition may further
include any pharmacologically acceptable derivative, metabolite or analog of nicotine which
exhibits pharmacotherapeutic properties similar to nicotine. Such derivatives and metabolites are
known in the art, and include cotinine, norcotinine, nornicotine, nicoting N-oxide, cotining N-

oxide, 3-hydroxycotinine and 5-hydroxycotinine or pharmaceutically acceptable salts thereof.

100166] In certain embodiments, the methods and droplet delivery devices may be used to
deliver a composition comprising an agent that may isolated or derived from cannabis. For
instance, the agent may be a natural or synthetic cannabinoid, e.g, THC (tetrahydrocannabinol),
THCA (tetrahydrocannabinolic acid), CBD {(cannabidiol), CBDA (cannabidiolic acid), CBN
(cannabinol), CBG (cannabigercl), CBC (cannabichromene), CBL (cannabicyclol), CBV
{cannabivarin), THCV  (tetrahydrocannabivarin), CBDV  (cannabidivarin), CBCV
{cannabichromevarin), CBGV (cannabigerovarin), CBGM ({cannabigerol monomethyl ether),
CBE (cannabielsoin), CBT ({(cannabicitran), and various combinations thereof In other
embodiments, the agent may be a ligand that bind the cannabinoid receptor type 1 (CBy), the
cannabinoid receptor type 2 {CB2), or combinations thereof. In particular embodiments, the agent
may comprise THC, CBD, or combinations thereof. By way of example, the agent may comprise

95% THC, 98% THC, 99% THC, 95% CBD, 98% CBD, 99% CBD, etc.

{00167} In certain embodiments, the methods and drug delivery device of the disclosure
may be used to deliver scheduled and controlled substances such as cannabinoids. In certain
embodiments, by way of non-limiting example, dosing may only enabled by doctor or pharmacy
communication to the device, only 1u a specific location such as the patient’s residence as verified
by GPS location on the patient’s smart phone, and/or it may be controlled by monitoring

compliance with dosing schedules, amounts, abuse compliances, etc. In certain aspects, this
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mechanism of highly controlled dispensing of controlled medications can prevent the abuse or

overdose of controlled substances.

{00168} in all embodiments, the composition or sclution may include various emulsifiers,
surfactants, solubilizers, stabilizers, flavors, and other pharmaceutically acceptable carriers
suitable for delivery to the respiratory system. By way of example, the compositions or solutions
may include a nonionic surfactant such as polyoxyethylene {20} sorbitan monooleate (polysorbate
30} to facilitate formulation of the therapeutic agent into the solution. The droplet delivery devices
of the disclosure are particularly suited to provide delivery of droplets with a desired droplet size
of such compositions.

{00169} In accordance with certain aspects of the disclosure, effective deposition into the
fungs geverally requires droplets less than about 5-6 pm in diameter. Without intending to be
limited by theory, to deliver fluid to the lungs a droplet delivery device must impart a momentum
that is sufficiently high to permit ejection out of the device, but sufficiently low to prevent
deposition on the tongue or in the back of the throat. Droplets below approximately 5-6 pm in
diameter are transported almost completely by motion of the airstream and entrained air that carry
them and not by their own momenturm.

180170] In certain aspects, the present disclosure includes and provides an ejector
mechanism configured to eject a stream of droplets within the respirable range of less than about
5-6 um, preferably less than about 5 pm. The ejector mechanism is comprised of an aperture plate
configured to provide a desired surface contact angle. The aperture plate is directly or indirectly
coupled to a piezoelectric actuator. In certain implementations, the aperture plate may be coupled
to an actuator plate that is coupled to the piezoelectric actuator. The aperture plate generally
includes a plurality of openings formed through its thickness and the piezoelectric actuator directly
or indirectly (e.g. via an actuator plate) oscillates the aperture plate, having fluid in contact with
one surface of the aperture plate, at a frequency and voltage to generate a directed aerosol stream
of droplets through the openings of the aperture plate into the lungs, as the patient inhales. In other
implementations where the aperture plate 13 coupled to the actuator plate, the actuator plate 18
oscillated by the piezoelectric oscillator at a frequency and voltage to generate a directed aerosol
stream or plume of aerosol droplets.

100171} As discussed above, effective delivery of droplets deep into the hing airways

require droplets that are less than about 5-6 microns in diameter, specifically droplets with mass
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mean aerodynamic diameters (MMAD) that are less than about 5 microns. The mass mean
aerodynamic diameter is defined as the diameter at which 50% of the droplets by mass are larger
and 50% are smaller. In certain aspects of the disclosure, in order to deposit in the alveolar airways,
droplets in this size range must have momentum that s sufficiently high to permit gjection out of
the device, but sufficiently low to overcome deposition onto the tongue (soft palate) or pharynx.
{60172} In other aspects of the disclosure, methods for generating an ejected stream of
droplets for delivery to the respiratory system of user using the ejector mechanisms and droplet
delivery devices of the disclosure are provided. In certain embodiments, the ejected stream of
droplets is generated in a controliable and defined droplet size range. By way of example, the
droplet size range includes at least about 50%, at least about 60%, at least about 70%, at least about
85%, at least about 90%, between about 50% and about 90%, between about 60% and about 90%,
between about 70% and about 90%, etc., of the ejected droplets are in the respirable range of below
about 5 um, below about 4 um, below about 3.7 um, below about 3.5 um, below about 3.2 pm,
below about 3.0 um, etc.

{00173] In other embodiments, the ejected siream of droplets may have one or more
diameters, such that droplets having multiple diameters are generated so as to target multiple
regions in the airways (mouth, tongue, throat, upper airways, lower airways, deep lung, etc.) By
way of example, droplet diameters may range from about 1 pwm to about 200 um, about 2 pm to
about 100 um, about 2 pm to about 60 pm, about 2 pm to about 40 um, about 2 pm to about 20
um, about 1 um to about Sum, about 1 um to about 4.7 pm, about 1 pm to about 4 pum, about 10
um to about 40 pm, about 10 um to about 20 um, about 5 um to about 10 pm, and combinations
thereof. In particular embodiments, at least a fraction of the droplets have diameters in the
respirable range, while other droplets may have diameters in other sizes so as to target non-
respirable locations (e g, larger than 5 ym) Hlustrative ejected droplet streams in this regard
might have 50% - 70% of droplets in the respirable range (less than about 5 um), and 30% -50%

outside of the respirable range (about 5 um — about 10 pym, about S um — about 20 pm, etc)

[80174] In other aspects, the device of the disclosure may provide coaching to inhale longer,
more deeply, etc. The average peak inspiratory flow during inhalation {or dosing} can be utilized
to provide coaching. For example, a patient may hear a breath deeper command until they reach
90% of their average peak inspiratory flow as measured during inspiration {dosing} as stored on

the device, phone or in the cloud.
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EXAMPLES
[60175] EXAMPLE 1
100176] Ejector mechanisms with nickel-palladium alloy aperture plates were used to

investigate the ability of aperture plates with controlled contact angles to eject small droplets. In
general, native nickel-palladium alloy exhibit contact angles of about 90 degrees. Aperture plates
formed from such nickel-palladium alloys generate ethicient droplets in the respirable range, but
not droplets in the small respirable range. Test aperture plates coated with hydrophilic surfaces on
the fluid entrance surface in accordance with the disclosure were tested per the examples below.
Results are summarized below.

Introduction

{60177} This study evaluated the aercsol characteristics of nicotine salt solutions using a
test fixture to repeatedly emulate the behavior of a droplet delivery device of the disclosure. A
single microfluidic ejector was used for all solutions tested. To determine the particle size
distribution and mass median aerodynamic diameter (MMAD)}, the solutions were tested with an
Aerodynamic Particle Sizer (APS) spectrometer. The target MMAD range was 1.0 £ 0.3 um.

Product Description

{00178] The droplet delivery device of the disclosure is comprised of a fluid cartridge
{referred to as “cartridge”) and an electronics unit (referred to as “base unit”). The cariridge
contains a microfluidic ejector mechanism systerm designed to deliver a composition to the lungs
by geverating droplets with an average initial ejection diameter within a predefined range of
optimal sizes. The base unit is comprised ot a differential pressure sensor, microprocessor, wireless
communication technology, and battery/power supply. The microprocessor in the droplet delivery
device ensures the timing and actuation of the ejector mechanism system.

Particle Size Testing

2y

{60179} An Aerodynamic Particle Sizer (APS) spectrometer model 3321 produced by TSI
Incorporated was used for evaluating the aerosol particle size by sampling the aerosol delivered
by the test fixture. The APS measures true aerodynamic particle size similar to a cascade impactor,
with a range of 0.35 pm t0 20.0 pm.

{00180] Prior to each test, the test fixture was rinsed with deionized water. The test fixture

was then filled with approximately 1 mL of the appropriate test sohation.
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{00181} The APS sample time was set to twenty (20} seconds for all conducted testing. Each
actuation was 1.5 seconds.

100182] The APS data was used to show the particle size distribution, mass median
aerodynamic diameter (MMAD) and geometric standard deviation {(GSD).

Formulations

{00183} A 1.5% nicotine solution (Lot #: 060519Nicl.5%) and a 3% nicotine solution (Lot
#: 060519Nic3%) were prepared by Aeroscl Research and Engineering (ARE) Laboratories. The
nicotine solutions were used to prepare two acidified nicotine salt solutions. A 1:1 M ratio solution
was prepared by combining 3 mE of the 1.5% uicotine solution with 22.8 pl. of 37% hydrochloric
acid (HC) from Sigma Aldrich (Lot # STBH8903). Another 1.1 M ratio solution was prepared
by combining 3 mL of the 3% unicotine solution with 45.6 b of 37% HCL The final pH values of
the solutions were 7.09 and 7.49, respectively. The pH values of the solutions were measured with
a Mettler Toledo pH meter (Model F20 / LE438).

{00184] Separately, a 3% nicotine solution (Lot #: 060519Nic3%) was prepared by Aerosol
Research and Engineering (ARE) Laboratories. An acidified nicotine salt solution (Pneuma

ng.
I
i

nicotine formula PNF108) was prepared by adding 37% hydrochloric acid (HCl) from Sigma
Aldrich (Lot #: STBHS8903) to an aliquot of the 3% nicotine solution until a pH of 8.50 was
reached. The pH value of the solution was measured with a Meitler Toledo pH meter (Model F20
/ LE438).

{60185] A 6% nicotine solution was also prepared by Pneuma Respiratory, Inc. An acidified
nicotine salt solution (Pneuma nicotine fornmla) was prepared by adding 37% hydrochloric acid
(HCI) from Sigma Aldrich to an aliquot of the 6% nicotine solution until a pH of 8.50 was reached.
The pH value of the solution was measured with a Mettler Toledeo pH meter (Model F20 / LE438).
Provides 3:1 ratio of freebase to nicotine salt with chlorine as the counter ion, with a nominal
surface tension of 52.97 £ 0.74 mN/m, a dynamic viscosity of: 1.128 mPas (25 °C}, and a kinematic

viscosity of 1.124 mm?/s (25 °C).
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Results
100186} Table 1 shows a complete test matrix for all conducted testing,

Table 1. Test mairix

., s . Testing Equipment
Fixture Used Solution Tested Molar Ratio ) g quipr
Performed Used
; 50// . ',/' - i Y s 1 ) 11 2 Q17O — et
Test fixture 1.5% dudiﬁcd(mwtmc 11 Pdl‘tlci'ﬁ ij;iZ{, S APS 3321
salt solution testing
304 acidifed mieafing < sarticle si ‘
Test fixture 3% acidified 1'1_1c0tme salt 141 I amci‘e SiZ€  ror AP 3321
solution testing
o it .
Test fixture 3% nicoting solution, pH Pdftldwf.. SIZ€ rop APS 3321
8.50 testing
. 8% nicotine salt solution Particle size
, o . ‘229
Test fixiure pH 8.50 31 testing TSI APS 3321
{00187 Particle size testing was performed to evaluate the particle size distribution and

MMAD of the microfluidic ejector using the indicated nicotine solutions. The solutions showed
similar particie size distribution and MMAD values.

{00188] FIG. 16 shows the particle size distribution for the 1.5% acidified nicotine salt
solution. FIG., 11 shows the particle size distribution for the 3% acidified nicotine salt solution,
The MMAD of the 1.5% acidified nicotine salt solution was 1.18 um, and the MMAD of the 3%
acidified nicotine salt sohution was 1.30 pm. The GSD of the 1.5% acidified nicotine salt solution
was 1.77 pm, and the GSD of the 3% acidified nicotine salt solution was 1.39 um. These results
are shown graphically in FIG. 12 (MMAD and GSD results for 1.5% and 3% aaidified nicotine
salt solutions).

{60189] FIG. 13 shows the average particle size distribution from ten actuations of the 3%
acidified nicotine salt solution (pH at 8.50}. Upon comparison to the results obtained from the 3%
acidified nicotine salt solution {(pH at 7.49, FIG. 11), the data obtained from the higher pH
formulation shows a tighter distribution.

{60190} The average MMAD and GSD values of ten actuations of the 3% acidified nicotine
salt sotution (pH at 8.50) were 0.93 + 0.02 pm and 1.33 + .06 pm, respectively. These results are
shown graphically in FIG, 14 {average MMAD and GSD results for 3% acidified nicotine sale
solution (pH at 8.50), ten actuations). Upon comparison to the data obtained from the 3% acidified

nicotine salt solution (pH at 7.49, FIG. 12), the higher pH formulation showed a smaller MMAD.
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{60191} The concentration of a 6% {w/v) nicotine at a 3.1 molar ratio of freebase to nicotine
salt was also analyzed. The average MMAD and GSD values of ten actuations of the 6%
formulation were 1.01 £ 0.02 um and 1.47 = 0.05, respectively. These results are shown
graphically in ¥FIG. 153 (average particle size distribution from 6% nicotine, ten actuations) and
FIG. 16 (average MMAD and GSD results for 6% nicotine solution, ten actuations}.
Conclusions

{00192] The 1.5% and 3% aciditied nicotine solutions yielded MMAD values of 1.18 pm
and 1.30 um, respectively. The reported MMAD values are within the target range of 1.0+ 03
um. An MMAD of 0.93 + 0.02 um was obtained from the PNF108& formulation. The reported
MMAD value is within the target range of 1.0+ 0.3 pm. The 6% nicotine solution resulted in an
MMAD of 1.01 £0.02 um and a GSD of 1.47 + 0.05. Upon ten deep tnhalations of the solution,
no throat irritation was reported by two participants. Participant number one is a nonsmoker, while

participant number two i3 a daily vape user. A noticeable nicotine effect was reported by both

participants.
[60193] EXAMPLE 2
100194] Ejector mechanisms with nickel-palladium alloy aperture plates were used to

investigate the effects of surface coatings with controlied contact angles on ejector mechanism
acrosolization of small droplets. In general, native nickel-palladium alloy exhibit contact angles
of about 90 degrees. Aperture plates formed from such nickel-palladium alloys generate efficient
droplets in the respirable range, but not droplets in the small respirable range. Test aperture plates
coated with various combinations of hydrophilic surfaces and hydrophobic surfaces in accordance
with the aspects of the disclosure were tested per the examples below. Results are summarized
below.

Maierials and Methods

e Attension Theta Lite Optical Tensiometer (Biolin Scientific)
e FiveHasy F20 pH meter (Mettler Toledo)

e Acrodynamic Particle Sizer Model 3321 (TSDH

e Next Generation Impactor {Copley Scientific)

e Vanquish UHPLC (ThermoFisher Scientific)
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e Accucore C18 column, 100 mm length, 3 mm LD, particle size 2.6 pm
{ThermoFisher Scientific)

e Deionized water (Reagents)

e Ultrapure water (Sigma Aldrich)

e HPLC-grade methanol (Tedia)

e {-}-Nicotine, >299% (Sigma Aldrich)

e Benzoic acid, 299.5%, FCC, FG (Sigma Aldrich)

s Potassium phosphate, >99% (Sigma Aldrich)

{00195] Tensiometer measurements

{60196} A calibrated Theta Lite Optical Tensiometer was used to measure the contact angles
of the devices illustrated in Table 2. A 3 — 4 pL drop of ultrapure water was placed on each side
of the device. On the entrance side of the device, the drop was placed on the mesh, between the
ceramic ring and the center depression. On the exit side of the piezo, the drop was placed on the
ceramic ring. Images of the water droplet on the piezo were captured by the Theta Lite camera
and accompanying software. The software, using the Young-Laplace model, it a curve to the drop

and calculated the contact angle between the water droplet and the surface of the piezo.

180197] Nicotine formulation
[60198] A 3% solution of uicotine was prepared by diluting 0.03 g/mL nicotine with

ultrapure water. Benzoic acid was added to the nicotine solution in a 1:1 molar ratic. The scolution
was stirred until the benzoic acid completely dissolved. The pH of the solution was measured with
a calibrated pH meter. The pH of the solution was adjusted as necessary to achieve a pH of 5.8 ~
5.9 The nicotine solution was filtered and stored in dark conditions. 3.0% (w/v) of nicotine at a
pH of 5.8. Nominal surface tension: 63.79 + 1 42 mN/m.

{60199} Next Generation Impactor (NGY) / HPLC measurements

{00200] The flow rate of the NGI was set to 28.3 L/min. For each test, ten actuations were
performed with a device to be measured at a volume of 4 L each. The NGI trays were extracted
using a solution of three parts methanol to five parts ultrapure water. The extraction volumes were
5 mi. for the smaller trays and 10 mL for the larger trays and induction port. The trays were agitated
using a rocker for up to ten minutes. The induction port was stoppered and agitated.

{00201} After agitation, aliquots were obtained from each tray and the induction port. The

aliquots were filtered with syringe filters (<045 um) into HPLC vials for analysis.
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160202} The aliquots from each tray were analyzed with an HPLC using an Accucore C18
column. The mobile phase was 35% potassium phosphate bufter (25 mM, pH 6.78) and 65%
HPLC-grade methanol. A flow rate of 0.500 mL/min was used with a column temperature of 30
°C. A UV detector was used with the HPLC at a wavelength of 260 um. Nine standards with
nicotine concentrations ranging from 1 pg/mL to 200 ug/mi. were used to create a standard curve.
The standard curve was used to calculate the concentration of nicotine in the frays and induction

port based on the area of the signals produced by the UV detector.

100203] Results are summarized in Tables 2, 3, and 4 below.
[60264] Results
{60205] Tables 2 and 3 illustrate the impact of surface coatings on droplet generation. As

shown, a hydrophilic coating on at least the fluid entrance side surface of the aperture plate resulis
in desirable MMAD along with a low throat fraction of droplet generation. These parameters
further improve when the aperture plate is coated with a hydrophobic coating at the fluid exit side
surface.

{00206] Without intending to be imited by theory, it 13 believed that coating hydrophobicity
may be optimized based on solution surface tension and viscosity. As shown in Tables 3 and 4
below, when a solution having a lower surface tension is used in the same ejector configuration,
the MMAD increases and the deposition in the throat section through stage 4 increases. Again,
without intending to be limited by theory, this is believed to be due, at least in part, to lower surface
tension in the solution increasing the height of the solution’s meuniscus in the ejector therchy
resulting in larger droplet diameters. Stated another way, it is believed that higher surface tension
leads to increased capillary action within the opening of the aperture place, which translates into a

smaller droplet size. Again, this is itllustrated through the demonstrated throat fraction ejections.
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{66287 EXAMPLE 3
160203] Eiector mechanisms with nickel-palladium allov aperture plates were used o

investigate the effects of surface treatmeni to provide swface roughening with conirolied
contact angles on ejector mechanism aerosolization of sroall droplets. In general, native mickel-
palladium allov exhibit contact angles of about 90 degrees. Aperture plates formed from such
nickel-palladium allovs generate efficient droplets in the respirable range, but not droplets in
the small respirable range. Test NiPd aperture plates were sputtered with thin film Pd (no
sputter, 30 nm sputter, 80 nm sputter), and then eiched to provide surface roughness and desired
surface contact angles. Aperture plates were etched at a low, medium, and high etching power
{(Ix, 2x, 3x at the high power level}. The ejector mechanisms were tested per the examples
below. Results are summarized in the tables below.

Table 5: Neo Palladium Sputier; 1X at high eich power

Ejector Hole Size Entrance Contact Exit Contact Mass Ljection
Angle Angle
sputier on entrance
Etch-1H-1-001 1.523 77.6 Native 80.6
Eich-1H-1-002 1.63 75.5 Naiive 171
Eich-1H-1-003 1.808 79 Naiive 54.4
Eich-1H-1-004 1.88 58.8 Naiive
Etch-1H-1-005 1.624 70.3 Native
Etch-1H-1-006 1.539 89.4 Native
Etch-1H-1-007 1.633 898 Nattve
Etch-1H-1-008 1.848 68.9 Nattve
Eich-1H-1-009 1.847 68.9 Nattve
Etch-1H-1-010 1.824 717 Native
Average 1.716 74.99 102
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Table 6; No Palladium Sputter; 3X at high etch power

PCT/US2020/040132

Ejector Hole Size Entrance Contact Exit Contact Mass Ejection
Angle Angle
sputier on enfrance
Etch-3H-1-001 1.746 76.2 Native &9
Etch-3H-1-002 1.747 61.6 Native 41
Eich-3H-1-003 1.779 69.5 Native 89.5
Eich-3H-1-004 1.797 63.9 Native 86.8
Eich-3H-1-005 1.803 70.1 Native
Etch-3H-1-006 1.807 65.5 Native
Etch-3H-1-007 1.751 71.9 Native
Eich-3H-1-008 1.621 63.8 Native
Eich-3H-1-009 1.903 738 Native
Etch-3H-1-010 1.951 67.8 Native
Average 791 68.41 76.575
Table 7: 30 om thick Palladium: Low eich power
Ejector Entrance Contact Angle Exit Contact Angle
sputier on entrance
Psput-low-30-1-01 87.0 Native
Psput-low-30-1-02 83.5 Native
Average 83.3

Table 8: 30 nm thick Palladivm; Medium etch power

Ejector Entrance Contact Angle Exit Contact Angle
sputter on entrance
Psput-med-30-1-01 79.8 Native
Psput-med-30-1-02 78.7 Native
Average 79.3
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Table 9: 30 nm thick Palladivm; 1X at high etch power

PCT/US2020/040132

Ejector Entrance Contact Angle Exit Contact Angle
sputter on entrance
Psput-hugh-30-1-01 72.1 Native
Psput-high-30-1-02 67.8 Native
Average 70.0

Table 14: 80 nm thick Palladivm; Low etch power

Ejector

Entrance Contact Angle

Exit Contact Angle

sputter on entrance

Psput-low-80-1-01 85.8 Native
Psput-low-80-1-02 85.8 Native
Average 85.8

Table 11: 80 nm thick Palladinm; Medium etch power

Ejector

Entrance Contact Angle

Exit Contact Angle

sputter on entrance

Psput-med-80-1-01 91.9 Native
Psput-med-80-1-02 88.6 Native
Average 90.25

Table 12: 80 nm thick Palladinm; 1X af high etch power

Ejector Entrance Contact Angle Exit Contact Angle
sputter on entrance
Psput-high-80-1-01 88.9 Native
Psput-high-80-1-02 96.2 Native
Average 92.55
Table 13: 80 nm thick Palladinm; 1X af high etch power
Ejector Hole Size Entrance Exit Contact Mass Fjection
Contact Angle Angle

|94
|91
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sputter on entrance
Psput-1high-80-1-01 1.965 74.1 Wative 158.6
Psput-1high-80-1-02 2.069 70.2 Native 1231
Psput-1high-80-1-03 1.736 76 Native 160.4
Psput-Thigh-80-1-04 2.016 78.2 Native 106.3
Psput-~thigh-80-1-03 1.829 853 Native
Average 1.9 76.8 137.15
sputter on both entrance and exit
Psput-1high-80-2-01 1.609 64.8 90.5 NA
Psput-1high-80-2-02 1.498 69 109 NA
Psput-1high-80-2-03 1.413 74.3 79.4 NA
Psput-1high-80-2-04 72 718 NA
Psput-thigh-80-2-05 1.411 75.1 72.4 NA
Average 1.5 71.0 84.6

Table 14: 80 nm thick Palladinm; 2X at high etch power

Ejector Hole Size Entrance Exit Contact Mass Ejection
Contact Angle Angle
sputier on entrance
Psput-2high-80-1-01 2.143 60.3 Native 30.4
Psput-Zhigh-80-1-02 1.981 73.1 Native 133
Psput-2Zhigh-80-1-03 2.094 72.1 Native 162.1
Psput-2high-80-1-04 1.887 73 Native 152.9
Psput-2high-80-1-05 1.862 95.1 Native 86.7
Average 1.993 70.1 113.02
sputter on both entrance and exit
Psput-2high-80-2-01 1.681 57.9 £3.1
Psput-2high-80-2-02 1.405 75.3 87.4 74.9
Psput-2high-80-2-03 1.531 67.2 93.4 100.7
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Psput-2high-80-2-04 1.53 72.1 24.4 111.8
Psput-2high-80-2-05 1.443 72.3 73.3 30

Average 1.520 69.0 78.9 94.4

Table 15: 80 nm thick Palladinm; 3X af high etch power

Ejector Hole Size Entrance Exit Contact Mass Ejection
Contact Angle Angle
sputter on entrance

Psput-3high-80-1-01 1.839 76.3 Native 83.5

Psput-3high-80-1-02 2.008 65.3 Native 1553
Psput-3high-80-1-03 1.836 62.5 Native 103.1
Psput-3high-80-1-04 2.093 714 Native 197.5
Psput-3high-80-1-03 2.226 62 Native 283.7
Psput-3high-80-1-06 1.831 47 Native 193.3
Psput-3high-80-1-07 2.274 59.6 Native 87.6
Psput-3high-80-1-08 2135 65.1 Native 229.8
Psput-3high-80-1-09 1.875 59.4 Native 187.7
Psput-3high-80-1-10 1.847 563 Native 44.8

Psput-3high-80-1-11 2122 72.5 Native 120.7
Psput-3high-80-1-12 £.918 62.9 Native 42.3

Psput-3high-80-1-13 1.925 62.3 Native 1342
Psput-3high-80-1-14 1.966 66. 1 Native 199.7
Psput-3high-80-1-13 1.922 61.6 Native 134.7
Psput-3high-80-1-16 1.993 61.5 Native 254.8
Psput-3high-80-1-17 1.831 67.1 Native 114.8
Psput-3high-80-1-19 1.967 68.0 Native 187.3
Psput-3high-80-1-20 2.044 66.7 Native 177.2
Psput-3high-80-1-21 2131 69.1 Native 167.9
Psput-3high-80-1-22 2.233 60.3 Native 240

Psput-3high-80-1-23 1.981 39.7 Native 191

Psput-3high-80-1-24 2.094 70.0 Native 251.6
Psput-3high-80-1-25 2.09¢8 65.5 Native 246.8
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Average 2.096 67.8 167.9
sputier on both entrance and exit
Psput-3high-80-2-01 1172 56 79 28
Psput-3high-80-2-02 [.589 46 72 233.6
Psput-3high-80-2-03 [.348 67.3 104 82
Psput-3high-80-2-04 [.469 56 120 751
Psput-3high-80-2-03 ].618 61 81 G69.5
Average 1.544 58.5 100.5 72.3
[303209] As can be seen in the tables above, non-chemical etching was able to conirol

and achieve hydrophilic surface contact angles at the fluid entrance side of less than 80 degrees,
less than 70 degrees. less than 60 degrees, less than 55 degrees, etc., and was able to modify
the surface contact angle at the fluid exyt surface. Droplet ejection diameters in the range of

approximately 1-2 mucrons were achieved, as was high mass ejection.

{60210 EXAMPLE 4
[B06211] This study evaluated the aerosol characteristics of compositions comprising a

surfactant (polvsorbate 80} using a test fixture {0 repeatedly emulate the behavior of a droplet
delivery device ofthe disclosure. A single microfluidic ejector was used for all solutions tested.
To determine the particle size distribuiion and mass median aerodvnamic diameter (MMAD),
the sohiutions were tested with an Aerodynamic Particle Sizer (APS) spectrometer. The target
MMAD range was 1.0+ 0.3 um

Product Description

[303212] The droplet deliverv device of the disclosure is comprised of a fluid cartridge
{referred to as “cartnidge”) and an electromics unil (referred to as “base unmit™). The cartridge
contains a microfluidic glector mechanism system designed to deliver a composition to the
lungs by generating droplets with an average wmitial ejection diameter within a predefined range
of optimal sizes. The base unit is comprised of a differential pressure sensor, microprocessor,
wirgless communication technology, and batteryv/power supply. The microprocessor in the
droplet delivery device ensures the timing and actuation of the ejector mechanism system.

Particle Size Testing
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[30213] An Aerodynamic Particle Sizer (APS) spectrometer model 3321 produced by
TSI Incorporated was used for evaluating the aerosol particle size by sampling the asrosol
delivered by the test fixture. The APS measures true asrodynamic particle size similar to a

cascade 1mpactor, with a range of 0.35 pm to 20.0 um  Testing was performed at a flow rate

of 5 lpm.
Instrumentation:
[00214] TSI Incorporated Aerodvnamic Particle Sizer (APS) Spectrometer 3321, TSI

Incorporated Aerosol Diluter 3302A with dilution ratio of 100:1; TSI Incorporated Aerosol
Diluter 3302A with dilition ratio of 20:1; Mettler Toledo X8204 Analytical balance.

Testing Conditions:

e Approximately 2 mils of test compositions were filled mto test device reservoir

¢ 3 second gjections

+ 5individual shots were taken for sach gjector and surfactant percentage/formulation
e The data was averaged together, and the standard deviation was determined

o If one data point fell far outside the standard it was ignored

s Samples were collected at ambient temperature and > 50% humidity
Formulations
[66215] Formulations tested:
e  Formulation 1 1% polysorbate 80 (w/v) dissolved in 0.9% (w/v) NaCl and having
a surface tension of 47.03 mN/m
e Formulation 2: 10% polysorbate 80 (w/v) dissolvad in 0.9% (w/v}) NaCl and having
a surface tension of 45.8 mN/m
[00216] Reagents:

¢ Reagents Deionized Water, ACS Reagent, ASTM Type |
s Polysorbate 80 (W291706-1KG-K) Sigma-Aldrich
e Sodium Chioride (81679-300() Sigma-Aldrich

Eiector data: Contact angles: WNiPd aperture plates were sputter coated with 80 nm of

palladium, and eiched (3X ai high power eich) to obtain the below indicated surface contact
angles.
e DO01-1.77-033 (1.7 mucron exit hole diameter, entrance openings between 20-30
microns with taper from entrance to exit)
o Entrance — 80 degrees

o Exit — 100 degrees



(o 4]

16

20

WO 2020/264501

CA 03144418 2021-12-20

PCT/US2020/040132

D01-2.0T-048 (2.0 exit hole diameter, entrance openings between 20-30 microns with
taper from entrance o exit)

o Entrance - 53 degrees

o Exit - 88 degrees
D01-3.5T-003 (3.5 exit hole diameter, entrance openings between 20-30 microns with
taper from entrance to exit)

o Enirance - 51 degrees

o Exit - 88 degrees
DO1-3.9T-C-003 (3.9 extt hole diameter, entrance openings between 20-30 nucrons
with taper from entrance o exit)

o Enirance - 78 degrees

o Exit— 102 degrees

APS and Mass Ejection Resulis:

Table 16: 1% Polysorbate 80 (w/v)

Fjector name D03-1.7 D01-2.0 D01-3.57-003 D1-3.9
MMAD (um) 1472 1.356 1.862 2.474
GSD 2344 2.24 1.98 2.13
Mass ejection per 6.64 5.56 19.86 23.04
shot {mg)
Repitable fraction % 76.3 78.5 90.2 79.3

Table 17: 10% Peolysorbate 80 {(w/v)

Ejector namgc DO1-1.7 b6i-2.0 D61-3.5T-003 DO1-3.9
MMAD (i) 1.646 1.40¢6 2.174 3.178
GSD 1.964 2,058 2.046 2014
Mass gjection per 28 5.58 19.42 18.66
shot (ing
Repirable fraction % 84.9 838 84.6 72.1
160217} During testing, little to no foaming was observed at the gjector surfaces or in

compositions under the test conditions. An aperture plate with an average opening diameter of
about 3.5 microns provided optimal results, providing a respirable fraction of above about 90%

with high mass ejection.

60

SUBSTITUTE SHEET (RULE 26)

the fluid reservoir. As can be seen in the tables above, droplet diameters between about 1-2

microns, and respirable fractions above about 75% were obtamed for the surfactant
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[G0218] All publications and patent applications cited in this specification are herein

mcorporated by reference as if each individual publication or patent application were
specifically, and individually, indicated to be incorporated by reference.

(00219} While the invention has been described with reference to exenmplary
embodiments, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the scope
of the invention. In addition, many modifications may be made {o adapt a particular situation
or material to the teachings without departing from the essential scope thereof. Therefore, it 1s
miended that the invention not be limited to the particular embodiment disclosed as the best
mode contemplated for carrving out this invention, but that the mvention will include all

embodiments {alling within the scope of the appended claims.

61
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WHAT IS CLAIMED:

i An ejector mechanism comprising:

a pieroelectric actuator, and

an aperture plate, the aperture plate having and a plurality of openings formed through
its thickness and having at least the fluid entrance side of one or more of said plurality of
openings configurad so as to provide a surface contact angle of less than 90 degree;

wherein the piezoelectric actuator 1s operable to oscillate the aperture plate at a
frequency to thereby generate an ejected stream of droplets such that at least about 50% of

the droplets have an average ejected droplet diameter of less than about 6 microns during use.

2. The gjector mechanism of claim 1, wherein the surface contact angle of less than 90
degree at the fluid entrance side of one or more of said phwrality of openings 1s obtained by
surface coating with a hydrophilic material, surface structural modification, or a combination

thereof

3. The ejector mechanis of claim 2, wherein the hydrophilic matenial is selected from
siloxane based coatings, isocvante based coatings, ethylene oxide based coatings,
polyisocyanate based coatings, hydrocyclosiloxane based coatings, hydroxyalkylmethacrviate
based coatings, hvdroxyalkviacrylate based coatings, glycidylmethacrylate based coatings,
propylene oxide based coatings, N-vinyl-2-pyrrolidone based coatings, latex based coatings,

polyvinvichloride based coatings, or polyurethane based coatings.

4, The ejector mechanism of claim 1, wherein the aperture plate is configured such that
at least the fluid entrance side of one or more of said plurality of openings 15 configured to
provide a surface contact angle of between 2 and 80 degrees.

5. The gjector mechanism of ¢claim 1, wherein the aperture plate 1s configured such that
at least the flid entrance side of one or more of said plurality of openings 1s configured to

provide a surface contact angle of between 2 and 60 degrees.
6. The droplet delivery device of claimn 1, wherein at least a portion of the interior of at
least one of the openings 1s configured so as to provide a surface contact angle of less than 90

degree.
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7. The ejector mechanism of claim 1, wherein the aperture plate is configured such that
at least the fluid exit side of one or more of said phurality of openings is configured to provide

a surface contact angle of greater than 90 degrees.

8. The ejector machanism of claim 7, wherein the aperture plate is configured such that
at least the fluid exit side of one or more of said plurality of openings is surface treated to

provide a surface contact angle of between 90 degrees and 140 degrees.

9. The ejector mechanism of claim 7, wherein at least a portion of the interior of at least
one of the openings 1s configured 50 as to provide a surface contact angle of greater than 90

degrees,

10 The ejector mechanism of claim 7, wherein the surface contact angle of greater than
90 degrees at the fluid exat side of one or more of said plurality of openings 15 obtained by

surface coating with a hydrophobic polymer.

il The ejector mechanism of claimi0, wherein the hydrophobic polvmer is selected from

the group consisting of polytetrafluoroethylene, a siloxane, paraffin, and polyisobutylene.

12. The gjector mechanism of claim 1, wherein the aperture plate is composed of a
material selected from the group consisting of poly ether ether ketone (PEEK), polvimide,
polyetherinude, polvvinylidine fluoride (PVDF), ulira-high molecular weight polvethviene
{(UHMWPE}, nickel, nickel-cobalt, nickel-palladium, palladium, platinum, metal alloys

thereof, and combinations thereof

3. The ejector mechamism of claim 1, wherein one or more of the plurality of openings
have different cross-sectional shapes or diameters to thereby provide ejected droplets having

different average ejected droplet diameters.

I4.  An electromcally actuated droplet delivery device for delivering a fluid cormposition
as an ejected stream of droplets to the respiratory system of a subject, the device comprising;
a housing comprising a power source and a control board;

a roouthpiece positioned at an airflow exit of the device;
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a reservorr for receiving a fluid composition, the reservoir disposed within or in fluid
commumication with the housing and/or the mouthpiece;

an ejector mechanism of claim 1 or 7, in fluid communication with the reservoir and
configured to generate the ejected siream of droplets; and

at least one differential pressure sensor positioned within the device, the at least one
differential pressure sensor configured to activate the ejector mechanism upon sensing a pre-
determined pressure change within the device to thereby generaie the gjected stream of
droplets;

wherein the gjector mechanism is configured to generate the ejected stream of
droplets wherein at least about 50% of the droplets have an average ejected droplet diameter
of less than about 6 microns, such that at least about 50% of the mass of the ejected stream of

droplets s delivered 1o a respirable range 1o the respiratory system of the subject durmg use.

15, The droplet delivery device of claim 14, wherein the mouthpiece comprises one or
more air flow entrance ports, an arrflow exif opening, the ejector mechanism, an ejection
chamber, and a fluid transport mating extension;

wherein the gjection chamber is located adjacent the gjector mechanism on the
reservoir side of the ejector mechanism; and

wherein the fluid transport mating extension inter{aces with reservoir to create fluid

communication between the reservoir and the gjector mechanism

16, The droplet deliver device of claim 14, wherein the one or more air flow entrance
ports of the mouthpiece are configured as an air mlet flow element, wherein the airr inlet flow
element and mouthpiece are configured to facilitate non-turbulent airflow across the fluid exit

side of the aperture plate and to provide sufficient airflow through the mouthpiece during use.

17.  The droplet delivery device of claim 14 wherein the mouthpiece further comprises
one or more vent airflow exit channels or openings on the fluid entrance side of ejector

mechanism.

I8, The droplet delivery device of claim 17, wherein the one or more vent airflow exit

channels or openings include one or more vent filters.
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19, The droplet delivery device of claim 14, wherein the fluid transport mating extension

comprises a wicking material.

20, The droplet delivery device of claim 14, wherein the fluid transport mating extension

comprising a capillary flow tube.

21 The droplet delivery device of claim 20, wherein the capillary flow tube comprises a

solid rod, hollow tube, or combination thereof

22, The droplet delivery device of claim 14, wherein the mouthpiece and ejector
mechanism are oriented such that the exit side of the aperture plate is perpendicular to the
direction of air flow and the stream of droplets is ejected in parallel to the direction of awr

flow.

23, The droplet delivery device of claim 14, wherein the mouthpiece and ejector
mechanism are oriented such that the fluid exit side of the aperture plate is oriented at an
angle relative 1o the direction of air flow and the stream of droplets is ejected at an angle o

the direction of air flow.

24, The droplet delivery device of claim 14, wherein the mouthpiece is removably

coupled to the reservoir.

25 The droplet delivery device of claim 14, wherein the mouthpiece and/or reservoir is

removablv couplaed with the housing.

26. The droplet delivery device of claim 14, wherein the reservoir is coupled o the
mouthpiece to form a combination reservoir/ejector mechanisro roodule, and the combination

reservoir/ejector mechanism module ts removably coupled with the housing.

27. A method for delivermg fluid composition as an gjecled stream of droplets in a
respirable range to the respiratory system of a subject, the roethod comprising:
{a) generating an ejecied stream of droplets from a fluid composition via a an

electronically actuated droplet delivery device of claim 14, wherein at least about 50% of the
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ejected stream of droplets have an average ejected droplet diameter of less than about 6 uny
and

{b) delivering the ejected stream of droplets to the respiratory svstem of the subject such
that at least about 50% of the mass of the ejected stream of droplets 15 delivered i arespirable

range to the respiratory system of a subject during use.

28. The method of claim 27, wherein the fluid composition comprises a medicament, and
is delivered to a subject to treat or ameliorate a disease, condition or disorder selected from
the group consisting of asthma, COPD epilepsy, seizure disorders, pain, chronic pain,
neuropathic pain, headache, migraine, arthriiis, multiple sclerosis, anorexia, nausea,

vomating, anorexia, loss of appetite, anxiety, or nsomwa.

29. The method of claim 27, wherein at least about 50% of the gjected stream of droplets

have an average ejected droplet diameter of less than about 3.2 um

30 The method of claim 27, wherein the ejected stream of droplets is delivered over a

period of time less than about 2 seconds.
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