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(57) Abstract: A drug delivery system including a housing having a distal end with an inlet through which an inspiratory flow of air
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user, and an inspiratory flow pathway extending from the distal end to the proximal end of the housing. A nitric oxide (NO) source
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SYSTEMS AND METHODS FOR DELIVERING NITRIC OXIDE

RELATED APPLICATIONS

[001] This application claims the benefit of and priority to U.S. Provisional Application
Serial No. 63/304,245, filed on January 28, 2022, U.S. Provisional Application Serial No.
63/263,319, filed on October 29, 2021, and U.S. Provisional Application Serial No.
63/247,687, filed on September 23, 2021, and U.S. Utility Patent Application No.
17/935,055, filed on September 23, 2022, the contents of each of these applications which is
incorporated herein by reference in their entireties.

FIELD
[002] The present disclosure relates to systems and methods for delivering and/or
generating nitric oxide.

BACKGROUND

[003] Nitric oxide is a pulmonary vasodilator routinely used in a hospital setting to improve
patient oxygenation. This molecule has the potential to provide similar benefits to users
outside of a clinical setting as well. Exemplary out-of-hospital applications are for treating

infection, preventing infection, treating altitude sickness and boosting athletic performance.

[004] After 20 years of clinical use, the safety profile of NO is well known with two
primary issues: oxidation and methemoglobinemia. NO reacts with oxygen to create nitrogen
dioxide (NO2), a compound that is toxic when inhaled. NO2 can be removed from a gas
stream with various scrubbing technologies. High doses of NO can result in a condition
called “methemoglobinemia”, a condition where hemoglobin molecules in the blood that
typically transport oxygen are occupied by NO molecules, decreasing the ability of a user to
uptake oxygen and creating a risk of kidney damage. Limiting the dose of NO to target

treatment levels is a key aspect to any NO delivery device.

SUMMARY
[005] The present disclosure is directed to systems, methods and devices for nitric oxide
delivery to an inspiratory flow using an inhaler device. In some embodiments, the device is
single use and disposable, and in some embodiments the device can include a reusable
component. In some embodiments, NO is delivered directly to an inspiratory flow, and in
some embodiments, NO is delivered to a patient through a delivery device or concomitant
therapy device. In some embodiments, the NO generation device may solely deliver NO or
deliver additional drugs and/or gases from the same device. In some embodiments, more

than one drug is delivered, for example, NO and a secondary drug.
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[006] A drug delivery system is provided, and in some embodiments can comprise a
housing having a distal end with an inlet through which an inspiratory flow of air passes into
the housing, a proximal end having a patient interface attached thereto, the patient interface
being configured to interface with a user, and an inspiratory flow pathway extending from the
distal end of the housing to the proximal end of the housing. A nitric oxide (NO) source is
positioned within the housing, and the NO source configured to deliver NO-containing gas to
the patient interface. A secondary drug source is positioned within the housing, and the
secondary drug source configured to deliver a secondary drug to the patient interface. A
controller is configured to control an amount of NO-containing gas delivered from the NO
source and an amount of the secondary drug delivered from the secondary drug source using
a control scheme, the control scheme having one or more inputs relating to at least one of the
NO-containing gas, the secondary drug, the inspiratory flow pathway, and one or more inputs
from a user. The controller is configured to communicate with one more sensors configured
to collect information relating to the one or more inputs to the control scheme. At least one of
the one or more inputs relates to detection of an inspiratory event associated with the

inspiratory flow.

[007] In some embodiments, the user draws gas through the patient interface to inhale the
NO-containing gas and the secondary drug simultaneously. In some embodiments, the NO-
containing gas is configured to increase uptake of the secondary drug. In some embodiments,
a dose of NO-containing gas is in a range of 1 to 80 ppm. In some embodiments, a dose of

NO-containing gas is in a range of 1 to 1000 ppm.

[008] In some embodiments, the drug delivery system further includes a vaporization
chamber configured to heat the secondary drug to vaporize the secondary drug. In some
embodiments, the drug delivery system further includes a nebulization chamber configured to
nebulize a secondary drug. In some embodiments, the drug delivery system further includes
one or more of a pressure regulator and a valve to control the flow of secondary drug from
the secondary drug source, the secondary drug source being in the form of a pressurized

container.

[009] In some embodiments, the controller is configured to control an amount of the
secondary drug delivered from the secondary drug source. In some embodiments, the
controller is configured to deliver the NO-containing gas and the secondary drug using first

and second independent delivery schedules.
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[0010] In some embodiments, the NO source comprises a compressed gas cylinder. In some
embodiments, the NO source comprises an electric NO generator. In some embodiments, the
NO-containing gas is generated from heating N204 to make NO2 gas and reducing the NO2
gas to NO with a reducing agent.

[0011] In some embodiments, the drug delivery system further includes at least one of a
scrubber configured to remove NO2 from the NO-containing gas and a particle filter

configured to remove contaminants from the NO-containing gas.

[0012] In some embodiments, the NO-containing gas is delivered from the NO source
directly to the patient interface. In some embodiments, the NO-containing gas is delivered
from the NO source to the patient interface via the inspiratory flow pathway. In some
embodiments, the secondary drug is delivered from the secondary drug source directly to the
patient interface. In some embodiments, the secondary drug is delivered from the secondary

drug source directly to the patient interface via the inspiratory flow pathway.

[0013] In some embodiments, a drug delivery system is provided that comprises a housing
having a distal end having an inlet through which an inspiratory flow of air passes into the
housing, an inspiratory flow pathway, and a proximal end having a patient interface attached
thereto, the patient interface being configured to interface with a user. An electric nitric oxide
(NO) generator is positioned in the housing and configured to generate NO-containing gas in
a plasma chamber with one or more pairs of electrodes therein by ionizing at least a portion
of the inspiratory flow of air through the plasma chamber. A secondary drug source is
positioned in the housing and configured to provide a secondary drug. A controller is
configured to control an amount of NO-containing gas delivered from the electric NO
generator and an amount of the secondary drug from the secondary drug source using a
control scheme, the control scheme having one or more inputs relating to at least one of the
NO-containing gas, the secondary drug, the inspiratory flow of air, and one or more inputs
from a user. The controller is configured to communicate with one more sensors configured

to collect information relating to the one or more inputs to the control scheme.

[0014] In some embodiments, the user draws gas through the patient interface to inhale the
NO-containing gas and the secondary drug simultaneously. In some embodiments, the NO-

containing gas is configured to increase uptake of the secondary drug.

[0015] In some embodiments, a drug delivery system is provided that comprises a housing

having a distal end with an inlet through which an inspiratory flow of air passes into the
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housing, a proximal end having a patient interface attached thereto, the patient interface being
configured to interface with a user, and an inspiratory flow pathway extending from the distal
end of the housing to the proximal end of the housing. A nitric oxide (NO) source is
positioned within the housing, and the NO source is configured to deliver NO-containing gas.
A secondary drug source is positioned within the housing, and the secondary drug source is
configured to deliver a secondary drug, A controller is configured to control an amount of
NO-containing gas delivered from the NO source and an amount of the secondary drug
delivered from the secondary drug source using a control scheme, the control scheme having
one or more inputs relating to at least one of the NO-containing gas, the secondary drug, the
inspiratory flow pathway, and one or more inputs from a user. The controller is configured to
communicate with one or more sensors configured to collect information relating to the one

or more inputs to the control scheme.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] The present disclosure is further described in the detailed description which follows,
in reference to the noted plurality of drawings by way of non-limiting examples of exemplary

embodiments, in which like reference numerals represent similar parts throughout the several

views of the drawings, and wherein:

[0017] FIG. 1 illustrates an exemplary embodiment of a fully integrated electric NO inhaler

system block diagram;

[0018] FIG. 2 illustrates an exemplary embodiment of an electric NO inhaler with pistol grip

and propeller flow meter;

[0019] FIG. 3 depicts an exemplary graph showing the relationship between reactant gas

flow, target NO production and required plasma parameters;

[0020] FIG. 4 depicts an exemplary graph showing an approach to deriving plasma

parameters for a required amount of NO production;

[0021] FIG. 5 illustrates an exemplary embodiment of an electric NO device with a

replaceable filter/scrubber/desiccant cartridge;

[0022] FIG. 6A illustrates an exemplary embodiment of an electric NO device with

replaceable gas conditioning and electrodes cartridge;

[0023] FIG. 6B illustrates an exemplary embodiment of an electric NO device with

replaceable cartridge including electrodes, scrubber, filters and memory device;

4
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[0024] FIG. 7 illustrates an exemplary embodiment of an electric NO device with

replaceable gas scrubber, filter and mouthpiece;
[0025] FIG. 8 illustrates an exemplary embodiment of NO generation and scrubbing device;

[0026] FIG. 9 depicts an exemplary embodiment of a pistol-grip NO inhaler device

configuration;

[0027] FIG. 10A depicts an embodiment of a plasma NO generation device that utilizes a

plasma vortex;
[0028] FIG. 10B depicts an exemplary power circuit for creating a plasma vortex;

[0029] FIG. 11 illustrates an exemplary embodiment of an NO inhaler utilizing a compressed
gas cylinder;
[0030] FIG. 12 illustrates an exemplary embodiment of a NO inhaler utilizing a compressed

gas cylinder with intermediate chamber;

[0031] FIG. 13 illustrates an exemplary embodiment of a compressed NO inhaler with

dynamic proportional NO flow control;

[0032] FIG. 14 illustrates an exemplary embodiment of an NO inhaler with air bypass

channel;
[0033] FIG. 15 illustrates an embodiment of NO flow control of a fixed flow rate NO
delivery system;

[0034] FIG. 16 illustrates an exemplary embodiment of NO inhaler with inspiratory flow

control with closed loop feedback;

[0035] FIG. 17 illustrates an exemplary graph showing inspiratory flow, dosing and

concentration profile with governed inspiratory flow rate;

[0036] FIG. 18 illustrates an exemplary graph showing inspiratory flow, dosing and

concentration profile with unconstrained inspiratory flow;

[0037] FIG. 19 illustrates an exemplary graph showing pulsed NO delivery at the onset of

inspiration;

[0038] FIG. 20 illustrates an exemplary graph showing pulsed NO delivery delayed from

inspiration detection;
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[0039] FIG. 21 depicts an exemplary embodiment of a NO inhaler device that sources

oxygen/nitrogen gas form a compressed cylinder;

[0040] FIG. 22 depicts an exemplary embodiment of a NO inhaler device that sources NO

from a compressed cylinder;

[0041] FIG. 23 depicts an exemplary embodiment of a NO inhaler device that sources NO

from a compressed gas cylinder with smart flow control;

[0042] FIG. 24 illustrates an exemplary embodiment of an inspiratory assist device utilizing

scissors mechanism and bellows;

[0043] FIG. 25 illustrates an exemplary embodiment of an inspiratory assist device utilizing a

reservoir squeezed by hand;

[0044] FIG. 26A illustrates an exemplary embodiment of an inspiratory assist device utilizing

a reservoir squeezed by armpit;

[0045] FIG. 26B illustrates an exemplary embodiment of an inspiratory assist device utilizing

a reservoir pressurized by seated user’s body weight;

[0046] FIG. 26C illustrates an exemplary embodiment of an inspiratory assist device utilizing

a reservoir pressurized by standing user’s body weight;

[0047] FIG. 27A illustrates an exemplary embodiment of NO mixing with spray;

[0048] FIG. 27B illustrates an exemplary embodiment of NO mixing with static mixer;
[0049] FIG. 27C illustrates an exemplary embodiment of NO mixing with scrubber and filter;
[0050] FIG. 28 illustrates an exemplary dosing table with governed flow rates;

[0051] FIG. 29 illustrates an exemplary embodiment of a NO generator with secondary drug
delivery capability;
[0052] FIG. 30A illustrates an exemplary embodiment of a two drug delivery device where

the secondary drug is vaporized into NO-containing gas;

[0053] FIG. 30B illustrates an exemplary embodiment of a two-drug delivery device where

drug flow paths are kept separate until the mouthpiece;

[0054] FIG. 31 depicts an exemplary embodiment of an architectural block diagram of a two-

drug delivery device;
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[0055] FIG. 32 illustrates an exemplary embodiment of a two-drug delivery device where the

second drug is released with a photochemical process;

[0056] FIG. 33 illustrates an exemplary embodiment of a two-drug delivery device with flow

control through the two drug channels;
[0057] FIG. 34 depicts exemplary sequential dosing of two drugs during a breath;
[0058] FIG. 35 depicts an exemplary two drug dosing profile for a breathing pattern;

[0059] FIG. 36A illustrates an exemplary embodiment of a NO inhaler with NO generation

and delivery of a secondary drug;

[0060] FIG. 36B illustrates an exemplary embodiment of a NO inhaler with a NO source and

a secondary drug source that permits mixing prior to inhalation;

[0061] FIG. 36C illustrate an exemplary embodiments of a NO inhaler with a secondary drug
delivery that isolates NO from the secondary drug within the device;

[0062] FIG. 37 illustrates an exemplary embodiment of a combined NO generation and

second drug delivery system with upstream NO generation;

[0063] FIG. 38A and FIG. 38B depict embodiments of NO pulse delivery performance of an

exemplary electric NO generation inhaler; and
[0064] FIG. 39 depicts an exemplary embodiment of a NO generation mask.

[0065] While the above-identified drawings set forth presently disclosed embodiments, other
embodiments are also contemplated, as noted in the discussion. This disclosure presents
illustrative embodiments by way of representation and not limitation. Numerous other
modifications and embodiments can be devised by those skilled in the art which fall within

the scope and spirit of the principles of the presently disclosed embodiments.

DETAILED DESCRIPTION
[0066] The following description provides exemplary embodiments only, and is not intended
to limit the scope, applicability, or configuration of the disclosure. Rather, the following
description of the exemplary embodiments will provide those skilled in the art with an
enabling description for implementing one or more exemplary embodiments. It will be
understood that various changes may be made in the function and arrangement of elements

without departing from the spirit and scope of the presently disclosed embodiments.
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[0067] Specific details are given in the following description to provide a thorough
understanding of the embodiments. However, it will be understood by one of ordinary skill in
the art that the embodiments may be practiced without these specific details. For example,
systems, processes, and other elements in the presently disclosed embodiments may be shown
as components in block diagram form in order not to obscure the embodiments in
unnecessary detail. In other instances, well-known processes, structures, and techniques may
be shown without unnecessary detail in order to avoid obscuring the embodiments.

[0068] Also, it is noted that individual embodiments may be described as a process which is
depicted as a flowchart, a flow diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations as a sequential process, many of
the operations can be performed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process may be terminated when its operations are
completed, but could have additional steps not discussed or included in a figure. Furthermore,
not all operations in any particularly described process may occur in all embodiments. A
process may correspond to a method, a function, a procedure, a subroutine, a subprogram,
etc. When a process corresponds to a function, its termination corresponds to a return of the
function to the calling function or the main function.

[0069] Subject matter will now be described more fully with reference to the accompanying
drawings, which form a part hereof, and which show, by way of illustration, specific example
aspects and embodiments of the present disclosure. Subject matter may, however, be
embodied in a variety of different forms and, therefore, covered or claimed subject matter is
intended to be construed as not being limited to any example embodiments set forth herein;
example embodiments are provided merely to be illustrative. The following detailed
description is, therefore, not intended to be taken in a limiting sense.

[0070] In general, terminology may be understood at least in part from usage in context. For
example, terms, such as “and”, “or”, or “and/or,” as used herein may include a variety of
meanings that may depend at least in part upon the context in which such terms are used.
Typically, “or” if used to associate a list, such as A, B, or C, is intended to mean A, B, and C,
here used in the inclusive sense, as well as A, B, or C, here used in the exclusive sense. In
addition, the term “one or more™ as used herein, depending at least in part upon context, may
be used to describe any feature, structure, or characteristic in a singular sense or may be used
to describe combinations of features, structures or characteristics in a plural sense. Similarly,
terms, such as “a,” “an,” or “the,” again, may be understood to convey a singular usage or to

convey a plural usage, depending at least in part upon context. In addition, the term “based
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on” may be understood as not necessarily intended to convey an exclusive set of factors and
may, instead, allow for existence of additional factors not necessarily expressly described,
again, depending at least in part on context.

[0071] The present disclosure relates to systems and methods of delivering nitric oxide (NO)
using an inhaler device. A NO inhaler can be designed to dose a number of discrete breaths.
NO inhalers can source their NO from an onboard gas cannister or generate the NO
themselves. Various approaches to NO can be utilized, including but not limited to electrical
discharge generation, microwave generation, derivation from N204, NO donor molecules, and
photochemically generated NO. The ideas presented herein apply to both NO generation and
compressed gas delivery systems.

[0072] A NO inhaler device can be used in a variety of settings. In some embodiments, a NO
inhaler device can be used by a patient in a home setting. In some embodiments, the inhaler
device can be individually packaged and kept in an ambulance to be used on a patient during
ambulance transport to improve O2 saturation. Once the patient arrives at the hospital, the
inhaler could be disposed of and the patient can be transferred to a hospital-based NO source.
[0073] Nitric oxide is a pulmonary vasodilator that can decrease pulmonary vascular tension,
improve cardiac output, and increase patient oxygenation. It can be delivered alone or in
combination with other drugs. In some applications, NO is used to enhance the uptake and/or
effect of another drug.

[0074] The following are examples of various inhaler device elements that can be included in
the device and will be described in more detail below, including but not limited to disposable
elements that include NO2 scrubbing, filter, mouthpiece, and other components, one or more
flow sensors, a compressed NO device that permits gas to warm before delivery to user, one
or more mixing elements downstream of NO generation/injection, dehumidification
capability, VOC removal capability, one-way valves to keep the internals clean and prevent
exhaled gas from entering the device, inspiratory flow control (passive with critical orifice,
active with active valve control), a treatment controller, and/or mass flow measurement of
inspired air.

[0075] In some embodiments, a NO inhaler device can include features for inhalation
assistance Examples include but are not limited to user assists inhalation using muscles other
than respiratory muscles to generate inspiratory flow pressure (e.g., squeezing or otherwise
activating a pistol grip or other trigger to push gas for inhalation), user assists inhalation
using their body weight to generate inspiratory flow pressure, and bypass channel to reduce

inhalation flow restriction.
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[0076] Exemplary triggering conditions for delivery of one or more drugs from an inhaler
device include multi-factor triggering, a requirement for a disposable portion of the device to
be inserted in order to dose, and a requirement for a user to be present in order to dose (for
example, IR sensor that detects a user’s mouth).

[0077] The following are dose delivery examples which will be described in more detail
below: limiting inspiratory flow rate to a level that can be dosed by the NO supply/generator
for example using a critical orifice or using active flow restriction control, initiating NO
delivery when the inspiratory flow rate reaches a threshold flow rate, ending NO delivery
when inspiratory flow rate falls below a threshold flow rate, delivering of a NO pulse delayed
after inhalation detection, NO delivery/generation proportional to inhalation flow rate, NO
delivery ends before the end of inspiration so that the final gas volume of inhalation purges
the system with air, control and delivery of an additional drug(s), and delivering NO to
various portions of the breath (e.g., beginning/middle/end).

[0078] Dose control examples include but are not limited to the ability for a device to lock
out dosing if user is exceeding the permitted dose rate, and the ability for the device to
remind a user when it is time for the next dose.

[0079] Exemplary system features include but are not limited to customizing the dose level,
pulse profile and pulse timing at least in part based on a user clinical condition, exhalation
analysis, enhanced performance of concomitant therapies, and having a user interface, all of

which will be discussed in more detail below.
[0080] ELECTRIC NO GENERATION

[0081] FIG. 1 depicts an exemplary embodiment of an inhaler 10 with a built-in NO
generator. The device includes an enclosure 12 that protects the internal components from
fluid ingress, particulate ingress, electrostatic shock and/or impacts. The enclosure 12 also
protects the user from high voltage within the device. The user inserts a mouthpiece 14
located at a proximal end 12p of the enclosure 12 into their mouth, seals their lips around the
mouthpiece 14 and inhales, drawing room air through the device. Air enters a distal end 12d
of the enclosure 12 through an air inlet and passes through an optional particle filter 16. Most
embodiments have at least one particle filter between the air inlet and a plasma chamber 18 to
protect the plasma chamber from contamination and minimize the variety of chemical
reactions that could occur there. Each particle filter location presented here is optional but has
certain merits. The first particle filter protects the one-way valve to ensure that the valve will

continue to seal correctly.
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[0082] In some embodiments, optional one-way valves 20, 22 (e.g., flapper, duckbill, check)
before and/or after the NO generation section can be used to protect the internals from
particulate as well as environmental humidity which can accelerate the exhaustion of
desiccant and scrubber materials when used. After passing through an optional first check
valve, the air passes through an optional desiccant stage 24 that removes some or all of the
water content. Water removal can decrease corrosion of electrodes, improve the accuracy and
repeatability of NO generation, and minimize the variety of compounds that can be created
from an air plasma. Examples of desiccant materials for this application include but are not

limited to silica and a molecular sieve.

[0083] In some embodiments, a pre-scrubbing stage 26 of the device is also optional. When
used, this stage removes VOCs from the incoming air that could still remain after the
desiccant stage (molecular sieve material when used can eliminate some VOCs in addition to
water). In addition to VOCs, the pre-scrubber stage may remove the atmospheric CO2 in the
air (e.g., when soda lime is used). The desiccant stage may be flanked by one or more particle
filters to prevent migration of the desiccant material. Similarly, the scrubbing stage may be
flanked by optional particle filters 28, 30 for the same purpose. A pre-scrubber stage may

also use activated carbon to remove VOCs and nitrogen oxides.

[0084] After passing through the preconditioning portion of the gas pathway, reactant gas
enters the plasma chamber 18 where N2 and O2 within the air are ionized to form NO and
NO2 in a balance of air. In some embodiments, ionization is via a DC arc passing between
two or more electrodes. In some embodiments, ionization is via an AC arc passing between
two or more electrodes. In some embodiments, ionization is via a plasma formed by

microwave radiation. In some embodiments, ionization is via focused lasers.

[0085] It is noteworthy that most electrically-generated NO systems require a faraday cage
(not shown) to contain and suppress electromagnetic radiation. In some embodiments where
NO is generated within the disposable cartridge, the cartridge can be wrapped in a conductive
coating to act as a shield. In addition, metallic screens and/or tortuous conductive pathways

for the gas can be used to contain electromagnetic radiation within the system.

[0086] After generating NO and NO2 within the plasma chamber 18, the gas, now referred to
as “product gas,” can pass through an optional filter 32 that captures electrode particles and
prevents migration of scrubber material into the plasma chamber 18. Then, the product gas

passes through a scrubber 34. The scrubber 34 can be comprised of NO2 scrubbing material

11
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(e.g., soda lime, TEMPO, metal organic framework (MOF)) in the form of sheets and/or
particles and/or open cell foam and/or coatings. In some embodiments, a final particle filter
36 eliminates scrubber particles and any remaining electrode particles from the gas flow. In
some embodiments, a particle trap or sharp bend in the pneumatic pathway is utilized to
capture particles. In some embodiments, the internal walls of the device are at least partially

covered in a sticky material that captures particles.

[0087] Prior to delivery to the user, product gas flows through an orifice 38 that provides a
flow restriction. This flow restriction enables a delta-pressure sensor 40 to measure flow to
the user. In some embodiments, the flow measurement is used for one or more of detecting
the user inspiration, determining the duration of inspiration, determining when the inspiratory
flow is above a minimum threshold, integrating flow information into a volume
measurement. In some embodiments, the pressure of the product gas is measured to detect
inspiration. Information collected from a flow sensor can serve as an input into a NO flow
/production controller to vary the quantity of NO added to the inspiratory gas in real time.
Various types of flow sensors can be used including but not limited to delta pressure, hot wire
anemometer, an optical sensor on a rotary flow element, or a generator on a rotary flow
element. In some embodiments, the flow and/or pressure measurement is utilized to
determine when the inspiratory flow has exceeded a threshold beyond which NO is added to
the inspiration. A threshold of flow reduces the potential for false positives (dosing when
there is no inspiration) and ensures that there is residual flow at the end of an inspiration

event to clear the device of NO/NO2.

[0088] The device interfaces with the user, for example, with the mouthpiece 14. In some
embodiments, the mouthpiece is an integral part of the enclosure. In some embodiments, the
mouthpiece is removable for cleaning and/or replacement. In some embodiments, the device

interfaces with the user with either a mask or nasal cannula.

[0089] FIG. 2 depicts another exemplary embodiment of a NO inhaler 50 with NO
generation. In the embodiment shown in FIG. 2, incoming air into an enclosure 52 is filtered
by a filter 54 prior to flowing through a flow sensor, such as a rotary flow meter 56. As
shown, a propeller 58 pivots with low friction. An optical sensor 60 within the enclosure 52
can detect propeller blade motion or register changes in position of an optical code on a
surface of the propeller. In some embodiments, the flow sensor is a propellor spinning a
generator, a pinwheel, fan or turbine with an optical encoder, a hot wire, delta-pressure across

a flow restriction, or other means of gas flow measurement. In some embodiments, only
12
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pressure is measured within the gas flow path to detect gas flow. Pressure information can be
utilized to detect binary flow information (yes/no) or quantitative flow rate measurements
when the flow/pressure relationship of the device has been characterized. In some
embodiments, the controller measures the pressure and looks up the pressure value in a look-
up table to determine the flow rate. In some embodiments, the ambient pressure or no-flow
pressure, temperature and humidity level are also measured by the controller to determine an
air density. The air density and pressure within the air flow channel are utilized by the
controller in a 2-D look-up table or equation to determine the corresponding mass flow rate

of air.

[0090] Based on the measured or inferred inspiratory mass flow rate, the controller
determines the quantity of NO to be added to the inspiratory flow stream. The quantity of NO
to be added can be based on a prescribed amount of NO to be administered, or an amount
requested by a user based on a user setting. In some embodiments, in real time, the controller
calculates the target inspired production level of NO as the product of the instantaneous
inspiratory flow rate and the desired inspired NO concentration (e.g. units of ppm.slpm, ulpm
NO, or equivalent). Given that all of the inspired NO comes from the NO source/generator,
the NO production from the NO source/generator must match the inspired NO production
level. For example, if the instantaneous inspiratory flow rate is 10lpm and the target inhaled
concentration is 400ppm NO, then the instantaneous NO production level required is
4000ppm.lpm. The controller looks up the plasma chamber settings (e.g. electrical discharge
frequency, electrical discharge duty cycle, discharge current, etc.) to generate the target
production level in the available reactant gas flow rate based on a chart like the one depicted

in FIG. 3.

[0091] FIG. 3 depicts an exemplary graph showing the relationship between reactant gas
flow, target NO production and required plasma parameter(s), duty cycle in this case. For one
or more measurements of the inspiratory flow rate, the controller reads the corresponding NO
production level required and then reads the appropriate duty cycle on the Y axis. In some
embodiments, the controller interpolates between two curves to more accurately derive the

target duty cycle.

[0092] FIG. 4 depicts another exemplary graph showing an approach to deriving plasma
parameters for a required amount of NO production. The controller determines the required
production level based on the inhaled gas flow rate and the target inhaled NO concentration.

The controller determines the required plasma parameters(s), in this case electrical discharge
13
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frequency, based on the current flow rate through the plasma chamber. This same information

can be captured in a look up table or one or more mathematical equations.

[0093] The controller may make additional adjustments to the plasma parameters based on
the ambient pressure, ambient temperature, ambient humidity, scrubber type, scrubber age,

electrode age, and other variables.

[0094] As shown in FIG. 2, the filtered reactant gas passes through a plasma chamber 62 to
form NO. Then, the product gas is filtered, scrubbed and filtered a second time by an optional
filter 64, a scrubber 66, and a filter 68 prior to traveling through a mouthpiece 70 to the user.
The device is battery powered and includes an external connection (e.g., USB) for charging.
The electronics may be only hardware or be controlled by a microprocessor running

firmware.

[0095] In some embodiments, the entire device, such as those shown in FIG. 1 and FIG. 2, is
disposable. Disposable versions are designed for inexpensive assembly with minimal
materials. In some embodiments, the battery is rechargeable and in other cases, it is not. The
components that determine the service life of a disposable NO generator can be the battery
life, the scrubber life, the electrode life and/or the filter life. In some instances, the device

stops functioning at the end of life, requiring the user to start using a replacement device.

[0096] FIG. 5 depicts an exemplary embodiment of an inhaler device 100 where a portion of
the device is disposable, and a portion is reusable. In the embodiment depicted, the
disposable portion 102 connects to the top of the reusable portion 104, sliding over a plasma
chamber 106 during assembly. The disposable portion 102 includes elements that can
become exhausted or clogged over time. The disposable portion 102 can include one or more
of the following elements: filters 108, 110, 112, 114, 116, a pre-scrubber 118, a scrubber 120,
desiccant 122, optional one-way valve 123, one-way valve 124, and a mouthpiece 126. In the
depicted embodiment, the plasma chamber 106 and electrode generators therein are part of
the reusable component. When the disposable portion is connected to the reusable portion, a
gas-tight connection is established so that ensures that air that the user draws in only comes
from the inlet of the device. In some embodiments, the plasma chamber includes electrodes
(e.g., gliding arc, parallel opposed, opposed, etc.). In some embodiments, the plasma chamber

consists of a microwave cavity.

[0097] In some embodiments, the plasma chamber is part of the reusable component. In

some embodiments, the plasma chamber is part of the disposable component. The plasma
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generation elements (e.g., electrodes, antennas, stubs, etc.) can be part of either the disposable
or the reusable portion of the device. In some embodiments, a first generation element is part
of the disposable and a second generation element is part of the reusable portion of the
system. The location of the reusable portion location depends, in part, on generation element
longevity, cost, and packaging efficiency. For example, in a DC plasma system, the electrode
that wears more rapidly is part of the disposable and the other electrode is part of the reusable

portion, in some embodiments.

[0098] In an electrode-based system, placing the electrodes in the disposable can allow for
more consistent device performance and the ability to use less expensive, shorter-lasting

electrode materials (e.g., tungsten, stainless steel, copper).

[0099] Depending on the design, one or more high voltage electrical connections is used to
deliver the voltage to the disposable plasma generation elements. Other designs utilize a
plasma vortex design where there is a central electrode and a ring-shaped electrode. In some
embodiments, brushes are used. In some embodiments, ball-spring connections are used. In

some embodiments, pogo pins are used.

[00100] FIG. 6A depicts an embodiment of an inhaler device 140 with a disposable
component that includes a plasma chamber with two or more electrodes 142. Similar to the
embodiment described above, the disposable portion can also include one or more of the
following elements: filters 148, 150, 152, 154, 156, a pre-scrubber 158, a scrubber 160,
desiccant 162, one-way valves 163, 164, and a mouthpiece 166. The reusable portion of the
device makes electrical contact with the electrodes or with a corresponding electrical

connector, such as a high voltage connector 144,

[00101] FIG. 6B depicts an embodiment of an inhaler device 170 electric NO
generator with replaceable electrode and scrubber cartridge 172. The cartridge 172 is inserted
into a distal end of an enclosure 174. When fully inserted, electrical connections register for
electrodes 176 and a memory device. The device electronics can determine that there is a
cartridge, and it is fully inserted when the memory device connections have been established.
In this design, the electrodes are at a different location than the electrical connectors along the
length of the disposable cartridge. This is to locate the electrical connectors deeper within the
device, to prevent a user access and possible creepage from the high voltage connectors to the

user. In some embodiments, the outer surface of the disposable has grooves, undulations
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and/or other features that lengthen the electrical creepage distance from the high voltage

electrical connectors to the user.

[00102] The cartridge 172 and/or mouthpiece 178 can be retained within the inhaler
enclosure 174 in any number of ways, including but not limited to detents, threads, a bayonet
fitting, a taper with interference, latches, and friction. In some embodiments, an O-ring and/or
lip seal is utilized at the interface between removable components to prevent loss of NO
and/or sourcing air from uncontrolled locations (leaks into the system as the user draws air
in).

[00103] FIG. 7 depicts another exemplary embodiment of an NO inhaler device 200. A
reusable portion of the device can include an inlet filter 202, a flow sensor, a plasma sensor,
an outlet filter 204, electronics 206 and a battery 208 housed within an enclosure 210. The
filters before and after a plasma chamber 212 protect the chamber from particulate which
could reduce creepage distances and contaminate the generated NO. The enclosure is shaped
to have a pistol-grip for ergonomics. The disposable component includes a filter 212, a
scrubber 214, a second filter 216, and a mouthpiece 218 held together with a housing. The
disposable component inserts into the proximal end of the reusable component. In some
embodiments, the reusable component can detect the presence/absence of the disposable

component and only permit treatment when a disposable is present.

[00104] The presence of the disposable component can be detected in any number of
ways including electrically, optically, magnetically, or physically (e.g., button pressed by a
disposable component upon insertion). In some embodiments, the disposable component
includes an RFID chip that is detected by the reusable component. In some embodiments, a
memory chip within the disposable component makes electrical contact with the reusable
component. In some embodiments, a bar code on the disposable device is optically read by
the reusable component. In some embodiments, the force of insertion and/or latching of the
disposable component is detected by the reusable component and interpreted as disposable

insertion.

[00105] In some embodiments, an inhaler device can limit the amount of NO that goes
through the scrubber before requiring scrubber replacement. In some embodiments, the
controller within the device tracks the amount of NO generated based on the duration of NO
production and production level. In some embodiments, the device can also prompt scrubber

replacement based on the amount of time that the scrubber has been inserted and the
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expiration date of the scrubber. In some embodiments, the device can also confirm the

validity and expiration date of a scrubber before use.

[00106] FIG. 8 depicts an embodiment of a standalone NO delivery system 220 in the
form of an inhaler device, that includes an NO generation device 222, a scrubber 224, and an
optional filter 226. The presence or absence of a final filter in the gas stream can be a design
decision based at least in part on the potential for particulate in the gas stream, as well as the
potential quantity of particulate, size distribution of particulate, toxicity of the particulate and
overall risk to the patient from particulate. The system is shown delivering NO through a
mouthpiece 228, however the same system can interface with the user with a face mask or
nasal mask. In some applications, the user inhales slowly through the device over a period of
5 to 10 seconds while the system doses the gas flow with sufficient NO for a specific clinical
indication. The system can be used as rescue therapy during exacerbations, high altitude
sickness, panic attacks, or other conditions causing short term troubled breathing. In some
embodiments, the system is completely disposable. In some embodiments, the system has a
reusable component that is rechargeable or accepts replacement batteries. In some

embodiments, the scrubbing element(s) and/or filter(s) are disposable.

[00107] FIG. 9 depicts another embodiment of a NO delivery device 230 with a pistol
grip. Air enters the device through the bottom of the handle enclosure 232 and flows through
a particle filter and scrubber 234 for VOC and particulate filtration. After traveling up
through the handle, the air pathway turns towards the user and passes through the NO zone
236. Depending on the source of NO, the NO zone can include high voltage electrodes,
microwave antennas, solid material that releases NO from photochemistry, and other
methods. The NO generation/release is controlled by the NO generator in the handle. NO +
Air passes through gas conditioning elements, such as a scrubber 238 and a particulate filter
240 in a removable mouthpiece 242 before being delivered to the user. An activation switch

244 on the handle is depressed by the user to activate the device.

[00108] As explained above, a plasma chamber can generator NO in a variety of ways
and using a variety of types of electrodes. FIG. 10A depicts an embodiment of a plasma NO
generation device 250 that utilizes a plasma vortex caused by Lorentz force on current in a
magnetic field. In this design, a concentric set of electrodes consists of a magnetic ring 252
and a center electrode 254. The center electrode is positive, and the ring is ground. Current
is conducted through a plasma that forms when breakdown occurs in the annular space. The

[3393)

direction of the current is shown by the vector “i.” The top surface of the magnet is the north
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pole (magnetic “B” field shown coming out of the plane of the page). The force on the
plasma is given by the Lorentz force using the “right hand rule”, f~({ xB), and is in the
direction of the vector “f”. The result is a clockwise-rotating plasma discharge around the
ring. If the polarity of the applied voltage is reversed, the arc will travel the opposite direction

around the annular space (counter-clockwise).

[00109] When reactant gas is passed through the plasma vortex, NO is generated by
the disassociation of N2 and O2 molecules from the intense heat and energy. The arc travels
around the ring many times per second, treating the entire cross-section of gas flow. This
effect can improve gas distribution within the product gas and overall device power
efficiency. In some embodiments, the arc travels continuously around the ring for the
duration of a treatment. In some embodiments, the arc is pulsed, breaking down at random
points around the ring and terminating with the controller terminates the electrical discharge.
The speed that the arc travels around the ring is related to the current level (i), the magnetic
field strength (B) and the ring diameter (r) with larger radii requiring more time to

circumnavigate.

[00110] FIG. 10B depicts an exemplary power circuit for creating a plasma vortex. The
output of a square wave generator 260 is amplified by a transformer and passes through the
primary side of a high voltage transformer 262. The secondary side of the transformer is
electrically connected to the center electrode and magnet. In applications involving NO
generation, the treatment controller serves as the function generator, varying one or more of
the frequency, duty cycle, voltage, and current of electrical discharge pulses to vary NO
production. In some embodiments, the ring is a permanent magnet. In some embodiments, the
ring is an electromagnet. In some embodiments, the ring is plated with a high melting point

material to decrease electrode erosion (e.g., iridium, tungsten, platinum).
[00111] TANK-BASED NO DELIVERY

[00112] In some embodiments, the NO is sourced from a reservoir of NO. FIG. 11
depicts an embodiment of a NO inhaler device 270 that sources NO from a compressed gas
cartridge or NO cannister 272. The cartridge can be filled with pure NO and/or NO diluted in

another gas (e.g., nitrogen).

[00113] FIG. 11 includes an inspiratory flow path 274. A pistol grip handle includes an
electrical button switch 276 that registers a user input to the dose delivery controller 278. The

dose delivery controller 278 is powered by an internal battery 280 and controls a valve 282
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that is in fluid communication with a pressurized NO cylinder and the inspired gas flow path.
In some embodiments, the diameter of the NO flow path is sufficiently small that it restricts
the flow of the NO gas. In some embodiments, a separate critical orifice component is
included to govern the flow rate of NO into the inspiratory flow (not shown). In some
embodiments, a pressure regulator is included to reduce the pressure of NO from cylinder
pressure to a more workable pressure prior to the flow control valve (not shown). The
cylinder in this embodiment is inserted into the bottom of the pistol grip and can be replaced
as needed. The cylinder is retained within the device in one of a variety of ways, including

using friction and/or threads.

[00114] Various levels of dose control can be added to the compressed gas delivery
system. In some embodiments, the user depresses a push button to release the NO without
any limits of duration of delivery. In some embodiments, the user initiates the flow of NO
and the device controller limits the generation/delivery of NO to a therapeutic amount. In
some embodiments, NO delivery is automatically initiated by the inhaler device when flow or
pressure changes are detected in the inspiratory flow path. In some embodiments, two
parameters must be sensed prior to release of NO (e.g., clamping force at the mouthpiece and
flow within the inspiratory flow channel). In some embodiments, the user is detected by an
infrared (IR) sensor that is oriented to detect heat from a user’s mouth when the device is
inserted into a user’s mouth. Approaches like this decrease the potential for releasing NO

pulses when the device is not in the user’s mouth.

[00115] In some embodiments, the delivery system can be configured to limit the
amount of NO delivered per breath. This can be done on a fixed volume basis (e.g., 10 ml
NO) and/or a fixed concentration basis (e.g., NO flow equal to 10% proportion of measured
inspiratory flow). In some embodiments, the NO delivery is actively controlled by the device
controller (e.g., microprocessor). In some embodiments, dose control from the device is
governed by electronic hardware or mechanical components. In some embodiments, a NO
inhaler delivery device limits the amount of NO that can be delivered in an amount of time.
For example, a NO inhaler can deny dosing if the user tries to use the inhaler to receive NO at
a faster rate than prescribed or limited to. More specifically, if a device is programmed to
permit 10ml doses of 800ppm NO for 5 breaths per hour, the device will deny treatment if a
user requests a 6th dose within a 1 hour time-frame. These sort of limits may be based on
safety limits of the gas being delivered but may also be based on economics to prolong the

use of a cylinder. In some embodiments, a user is prescribed a NO dose rate (e.g., 6 mg/hr)
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and a NO inhaler device prompts the user to inhale a breath of NO periodically to maintain
the target dose rate. For example, a user has been prescribed 10 breaths of 160ppm NO per
hour to treat a pulmonary infection. The device prompts the user every 6 minutes for them to
receive a dose of NO. If the user is non-responsive, the device may escalate the issue by one
or more of the following: using a buzzer, increasing the acoustic volume of the alarm, using a
vibratory motor, alerting clinicians via a wireless link, calling the user on their phone, and

other methods.

[00116] In the event that the user tries to deliver a dose of NO prior to the next
scheduled delivery, some embodiments of the NO delivery and/or generation device prevent

NO delivery before it is time.

[00117] It should be noted that gas can be extremely cold when released from a high-
pressure cylinder, as dictated by the ideal gas law. In one embodiment of an NO inhaler
device 290 depicted in FIG. 12, the delivery of NO can occur in two stages. When a button
292 is pressed, a controller 296 controls NO delivery to the user from an intermediate
chamber 294 using a downstream valve 298 and NO from the high-pressure cylinder 297 is
released into an intermediate chamber 294 using an upstream valve 300, where the pressure
of the gas can be reduced, and the temperature of the released gas can approach ambient
temperature. This intermediate chamber only contains NO and any inert dilution gas to
prevent oxidation of NO between dose deliveries. In some embodiments (not shown), a
pressure regulator is utilized to reduce pressure from the cylinder to the pressure within the
intermediate chamber. This allows the gas pressure to be reduced in two steps, which enables
finer pressure control. In some embodiments, cylinder gas passes through a warming
manifold or over a warming block that warms the gas. The warming stage can be applied to

pure gas exiting the cylinder, the mixed inspiratory gas, or both places.

[00118] Warming can be passive, taking advantage of the warmth of the user’s body or
ambient conditions. In some embodiments, battery power in the device is utilized to warm the
manifold with resistive heating. Warming the gas prior to delivery can improve the comfort

of the patient and prevent the potential of thermal damage to patient tissues.

[00119] In some embodiments, an exemplary sequence of events is as follows: a dose
button is pressed, the downstream intermediate chamber valve is opened to release NO to the
airstream, the downstream valve is closed before the intermediate chamber pressure reaches

atmospheric pressure to prevent oxygen in the air from entering the intermediate chamber, the
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upstream valve is opened to refill the intermediate chamber, and the upstream valve is closed
after a finite amount of time or after the pressure in the intermediate chamber reaches a

target.

[00120] In some embodiments, a metering valve or orifice is used to slow the flow of
NO gas from the high compression cylinder. Control of the valves can be done by a controller

(e.g., software or electronic hardware) as shown in FIG. 12, or entirely mechanically.

[00121] FIG. 13 depicts an embodiment of a NO inhaler device 310 that sources NO
from a compressed gas cylinder or NO cannister 312. Inhalation draws gas through an
inspiratory gas flow 314. The flow of air is measured by a flow sensor 316 that is connected
to the dose controller 318. A hot wire anemometer is depicted, however other flow
measurement methods could be used as well (e.g., delta-pressure across an orifice). High
pressure NO is reduced in pressure and passes through a flow controller 320 that is controlled
by the dose controller. In some embodiments, the flow of NO is controlled to be proportional
to the inhaled air flow rate to achieve a constant concentration within the mixed inspiratory
gas. A critical orifice 322 within the inspiratory air flow path limits the air flow (and

combined flow) to a level that the NO supply can accurately dose.
[00122] INSPIRATORY FLOW CONTROL

[00123] In some embodiments, the inspiratory flow rate is limited by a critical orifice,
as shown in FIG. 13 and FIG. 14. This enables a NO generator to dose the inspiratory flow at
an accurate NO level despite NO production limitations. In some instances, the NO source
can only deliver a fixed flow rate of NO and the device releases NO into the inspiratory flow
when the inspiratory flow is within a target range to ensure accurate dosing. For example, a
simple NO source consists of a compressed NO/N2 cylinder that releases gas through a
pressure regulator. The flow rate is governed by passing through a fixed orifice and is
controlled by actuating a binary valve. In some embodiments (not shown), the orifice is
variable (e.g., a proportional valve, iris valve, etc.) and is controlled by the controller to vary
the flow rate limit. This exemplary system contains 1000ppm NO in the cylinder and flows
the gas at a fixed rate of 1 slpm. FIG. 15 depicts an exemplary graph showing how the system
can function. The inspiratory flow rate 350 begins at zero and increases. When the inspiratory
flow rate, as measured by the controller, exceeds a threshold for minimum dosing flow, the
controller opens the binary valve to release NO at a fixed flow rate. Since the inspiratory flow

rate has not reached the inspiratory flow rate limit, there is a brief amount of over-dosed
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inspiratory flow (10% in this example). The amount of overdosed inspiratory flow can be
adjusted by varying the minimum dosed threshold. If no overdosing is acceptable, then the
system waits until the inspiratory flow rate reaches the inspiratory flow rate limit prior to
initiating NO gas flow. This approach of utilizing a minimum dosing flow enables a system
to dose a larger portion of the inspired volume of gas while keeping the inhaled NO
concentration within an acceptable range. If the NO dose had been delivered earlier in the
breath depicted in FIG. 15, the level of overdose would have been higher because the 1 slpm

of NO would make up a larger fraction of the inspired gas.

[00124] Critical orifices may be passive and static or actively controlled. In some
embodiments, a NO delivery device can actively control the inhaled gas flow restriction to
maintain a more consistent mass flow rate of inspiratory gas through the system. FIG. 16
depicts an NO inhaler device 360 with an actively controlled valve or inspiratory flow
controller 362 at the air inlet that actively varies the flow restriction of the inspiratory gas
pathway in response to the measured inspiratory mass flow rate. When a user pulls hard, the
controller adjusts the valve to a smaller effective orifice size. When the user pulls softly, the
controller adjusts the valve to a larger effective orifice size to maintain a target inspiratory
flow rate. In the embodiment depicted, the controller 366 adjusts the inspiratory flow
controller based on the measured inspiratory flow rate using a flow sensor 364. In some
embodiments (not depicted), the inspiratory pressure is measured between the flow controller
and the patient and the controller can adjust the inspiratory flow controller to maintain a
specific inspiratory pressure that is associated with a target flow rate, based on prior

characterization of the device.
[00125] DOSE LEVELS AND DOSE CONTROL

[00126] Gas concentrations delivered by an inhaler device can range from low (e.g.,
0.5ppm) to the full concentration of the compressed gas cylinder (e.g., 800ppm, or 2000ppm).
In some embodiments, NO is delivered to the inspiration flow at a rate that delivers 200ppm
in a 500cc breath once every hour. In some embodiments, a target number of NO molecules
are delivered to a breath (e.g., 0.7 mg per breath). In some embodiments, a target number of
mg of NO is delivered per unit time (e.g., 6 mg/hr) where the NO device varies the amount of
NO delivered to each breath based on the prescribed dosing rate and quantity of breaths
dosed over time. In some embodiments, a NO device varies one or more of the duration, flow
rate and concentration of a NO pulse to maintain a particular dosing schedule. In

embodiments involving electrical generation of NO, NO pulse concentration is varied by
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varying plasma parameters (e.g. one or more of frequency, duration, current, reactant gas
flow). It will be understood that the concentration of NO delivered through the inhaler device
can depend on the purpose of the NO delivery. For example, the NO dose can be used to
treat infections or to dilate vessels. The range of the NO concentration can vary, and for

example, can be between 1ppm-80ppm, 1ppm-400ppm, or 1ppm-1000pm.

[00127] When a particular dosing schedule is prescribed, this information can be
programmed into the NO inhaler device controller. For example, if a user is to breath 3
breaths of NO every hour, the NO inhaler can alert the user, for example by sounding an
alarm, illuminating one or more lights, and/or vibrating, that it is time for the next dose. If the
user is expected to breath three breaths in succession, the NO inhaler can count the breaths
and trigger an alarm if the user delays too long between dosed breaths or appears to have
forgotten one of the breaths in the series. For example, if the user is to inhale 3 breaths in
succession and only inhales 2 of the three breaths, the device will sound a reminder alarm to
inform the user that they need to inhale another breath of NO. Each clinical application will
have a specific dose level and target exposure time. For example, killing bacteria requires the
NO concentration to exceed a minimum threshold for a minimum amount of time. If a user
does not administer the device in a way that results in sufficient exposure time (e.g. 2 breaths
instead of 3 breaths), the device may require the user to repeat the entire 3-breath sequence

again in some instances.

[00128] In some embodiments, NO-containing gas is delivered at a constant flow rate
when the inspiratory flow rate is at a target level, as shown in FIG. 17. FIG. 17 shows an
exemplary graph of inspiratory flow rate 380 over time and shows how the inspiratory flow
rate increases from zero up to a governed limit. While the inspiratory flow rate is within a

tolerance of that flow rate (e.g., +/- 10%), NO is delivered.

[00129] In an exemplary graph depicted in FIG. 18, NO is delivered to the user
whenever the inspiratory flow rate 390 exceeds a threshold. This ensures dosing across the
duration of the breath and ensures that there is sufficient gas flow at the end of the inspiratory
event to purge the NO device with air. Since the inspiration continues after the flow rate
decreases below the inspiratory threshold, any residual NO within the device is removed from
the device before the inspiration ends. This mitigates against the formation of NO2 within the
device between uses. The concentration of NO within the breath varies during the breath, as
depicted in FIG. 18. This is because the NO flow rate is constant while the inspiratory flow

varies. Higher inspiratory flow rates result in lower inhaled concentration of NO. This
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approach can be acceptable for applications that deliver a target quantity of NO molecules
(e.g. mg/hr dose), but may not achieve sufficient concentration in applications that require a

minimum inhaled concentration (e.g. infection treatment).

[00130] FIG. 19 depicts an exemplary graph of inspiratory flow rate 400 over time that
shows generation/delivery of a pulse of NO during an inspiratory event. In some
embodiments, the NO pulse is generated/delivered as soon as an inspiration is detected. In
some embodiments, the NO pulse is delivered at another point during the inspiration (e.g.

max inspiratory flow rate, inflection point when inspiratory flow rate begins to slow).

[00131] In some embodiments, the pulse is delivered a set amount of time after the
inspiration is detected (e.g., 0.25 seconds). FIG. 20 depicts an exemplary graph that
demonstrates that delivery of the same pulse as shown in FIG. 19 later in the inspiratory
event lines up with a period of higher flow within the inspiratory event which corelates with
lower inspired concentration and a greater volume of inspired gas dosed, thereby reaching a
larger portion of the lung. The system controller in FIG. 20 detects a breath when the
inspiratory flow rate crosses a threshold at which time the delay counter begins. Other
approaches to determining NO pulse delivery timing can be used as well. It should be noted
that although a NO inhaler delivers NO directly to the user, there is a transit time from
plasma chamber to the user. In some embodiments, this transit time is taken into account
when determining the timing of a pulse. For example, if it is desired to deliver an NO pulse
0.5 seconds into an inspiratory event and it takes roughly 50 msec to detect an inspiration and
another 25 msec transit time for the NO to reach the mouth of the user, a NO delivery device
will delay NO generation/delivery for 425 msec (500 msec minus 50 msec minus 25 msec) to

account for the delays and make the NO arrive at the target time.
[00132] FLOW ASSISTANCE

[00133] Some users have difficulty inspiring air. Requiring this subset of users to
inspire through a device can add flow resistance to their inspiratory effort. In some
embodiments, the inhaler device includes a means to propel gas to the user to supplement
their inspiratory effort (i.e., positive pressure ventilation). The inhalation assist component
can either be separate from the inhaler or integrated into it. In some embodiments, the inhaler
includes an electrical pump (e.g., motor and blower, fan, diaphragm pump) to push air

towards the user.
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[00134] In some embodiments, the pressure of a cylinder of compressed gas is utilized
to push NO-containing gas to the user. In some embodiments, a compressed gas cylinder
filled with air is utilized to propel air towards the user. In some embodiments, NO is
electrically generated in the released air. This can provide medically pure air, eliminating the
need for inlet scrubbers and/or humidity controls as well as producing NO with high purity.
FIG. 21 depicts an embodiment of an NO inhaler device 410 where inspired air is sourced
from a compressed gas cylinder 412 within the device. Flow from the compressed gas
cylinder can be controlled by either the user operating a manual valve 414 or a treatment
controller 416 within the device that detects a switch 418 activated by a user and actively
opens the gas valve. In the depicted embodiment, compressed gas flows through a valve and
anozzle 420 that control the flow and flow profile, respectively. In some embodiments, the
compressed gas consists of an oxygen/nitrogen mixture. In some embodiments, the ratio of
oxygen to nitrogen is 50/50. Higher levels of oxygen than the typical atmospheric level of

21% can improve the efficiency of NO generation and provide additional oxygen to the user.

[00135] In some embodiments, the NO delivery device depicted in FIG. 21 can be
recharged on a base station. The base station makes electrical contacts to charge the device

battery and/or compresses air into the compressed gas cylinder.

[00136] FIG. 22 depicts an embodiment of a NO inhaler device 430 that sources NO
from a compressed gas container 432 positioned in an enclosure 434. In some embodiments,
the compressed gas container is filled with pure NO. In some embodiments (as shown), the
compressed gas container is filled with a combination of NO and an inert gas (e.g., N2 or
Helium). To deploy the device, the user inserts a mouthpiece 436 into their mouth and
inhales. As they inhale, they depress a button or activation switch 438 that opens a gas valve
440 that releases the NO-containing gas into the air stream. A particle filter at the air inlet
removes any environmental particulate from the gas stream. In some embodiments, the
pressure of the NO gas container is reduced with a pressure regulator before the valve to
decrease pressure on the valve and decrease the flow rate exiting the container. Higher
concentration nitric oxide containers require less flow for a given dose. This can be
advantageous so that the change in pressure within the container is less with each pulse,

preventing excessively cold nitric oxide gas in the inspiratory flow.

[00137] FIG. 23 depicts an embodiment of a NO inhaler device 450 with smart gas
delivery. As the user inhales, they depress an activation switch 452 which is registered by the

treatment controller 454. The controller measures the flow rate of inspired gas with a flow
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sensor 456 (e.g., hot wire sensor shown). High pressure NO gas in a removable gas cylinder
458 is reduced in pressure by a pressure regulator 460. A pressure sensor 462 downstream of
the pressure regulator informs the controller of the NO gas pressure available. When the NO
gas pressure falls below a threshold, the controller can prompt the user to replace the gas
cylinder. The controller also controls a valve 464 that releases NO gas into the inspiratory gas
stream. In some embodiments, the valve is a binary valve that opens to a consistent level,
permitting NO to flow. In some embodiments, the binary valve is pulse-width modulated to
provide a target NO flow on average. In some embodiments, the valve is a proportional valve
that enables a variable flow of NO to be introduced to the inspiratory flow. In some
embodiments, the NO is introduced to the inspiratory flow proportionally. In some
embodiments, the NO is released to dose a particular portion of the inspiration (e.g.
beginning, middle, end) to treat a particular region of the airway and/or lung. An ambient
conditions sensor 466 is used by the controller to measure one or more of ambient pressure,
temperature and humidity. In some embodiments, the controller uses these measurements as
an input to an algorithm or look-up table for determining the amount of NO to release. The
system is powered by a battery. In some embodiments, the battery is built in and the device is
disposable. In some embodiments, the battery is replaceable. In other embodiments, the

battery is rechargeable.

[00138] In some embodiments, the user is able to use their muscle force and/or body
weight to help push in sufficient air with NO. FIG. 24 depicts an embodiment of an NO
inhaler device 470 where the user squeezes a grip to compress a reservoir 472 and assist their
diaphragm in inspiration. Air enters the reservoir 472 (e.g., bellows) through a check valve,
such as a one-way valve 474. When the user squeezes the grip, a scissors mechanism 476
compresses the bellows, forcing air through an inhaler 478 and to the user. In some
embodiments, the scissors mechanism includes a spring (e.g., a tension spring as shown, or a

compression spring) to assist in returning the mechanism to an initial position.

[00139] FIG. 25 depicts another embodiment of an NO device inhaler 480 with an
inhalation assist design. Air enters through a one-way valve 482 and into a reservoir 484. In
this embodiment, the reservoir is a stiff balloon, however other types of self-filling reservoirs
can be used. When the user squeezes the balloon, air within the balloon is pushed to the user
through a second one-way valve 486 and the inhaler device 488. The second 1-way valve
ensures that the balloon refills with fresh air from the environment, rather than pulling air

away from the user through the inhaler device.
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[00140] FIG. 26A depicts an embodiment of a device that utilizes the muscles of the
arm pit to compress a volume of air. Similar muscular approaches can be achieved be placing
the air reservoir between the knees or behind the knees, or between any parts of the body that

would apply a force.

[00141] FIG. 26B depicts an embodiment of a device where the user sits on a reservoir
and their body weight creates pressure to help fill their lungs. FIG. 26C depicts an
embodiment of a device where the places their foot on reservoir and applies their body
weight to pressurize air within the reservoir. In some embodiments, as shown in FIG. 26B
and FIG. 26C, the mass of the user’s body creates a static pressure head. Flow derived from
this pressure can be controlled by the inhaler device when the user initiates a breath. In some
embodiments, the user presses a pneumatic or electrical button on the inhaler device that
initiates gas flow to the user. The button press opens a valve from the pressurized air source
either directly (pneumatic valve) or indirectly (electrical circuit recognizes button press and
electrically opens the fresh air valve). In some embodiments, the air reservoir size is

sufficient to deliver pressurized air for multiple breaths.

[00142] These concepts whereby the user uses their muscle force and/or body weight
to develop pressure in a delivery gas apply to other applications in which user inhalation of a
gas can be enhanced by pressurization. For example, nebulized drug flow, vaporized drug
flow, aerosol drug delivery, dry powder drug delivery, and soft mist drug delivery. In some
embodiments, a pressure regulator is utilized to enable a constant pressure to be maintained
in the delivered gas when the user generates pressure that exceeds a target pressure. In some
embodiments, a mass flow controller is utilized to introduce a specific inspiratory gas flow
rate to the NO inhaler. The mass flow controller may be a separate device, part of the

pressure generation device or part of the inhaler.

[00143] It should be noted that pulmonary trauma can occur when positive pressures
exceed safe limits. In some embodiments, a positive pressure device includes a pressure relief
valve to protect the user from injuring their lung tissue. In some embodiments, the safety
limit is 10 cm H20 to 40 cm H20. In some embodiments, this safety limit can be adjusted by

the user and/or prescribing clinician.
[00144] GAS MIXING

[00145] FIG. 11 depicts an embodiment of a device with NO being introduced to the

air stream in the center of the flow. This can result in the NO remaining in the center of the
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flow as it enters the user. Some embodiments utilize various mixing techniques to mix the
NO with the inspiratory air for a more homogeneous mixture. This can even out the dosing
within the lung. FIG. 27A depicts an embodiment of an inhaler device 500 where the NO
flow is introduced parallel to the air stream and exits through a spray nozzle 502 (e.g., shower
head) that distributes the NO across the air flow. FIG. 27B depicts an embodiment of an
inhaler device 510 that passes the air/NO mixture through static mixing elements 512 to
create a more homogenous gas mixture. Other embodiments involve utilizing a dynamic
mixer (e.g., rotating fan) to mix the two gas streams (not shown). FIG. 27C depicts an
embodiment of an inhaler device 520 that utilizes a scrubber 522 and a filter 524 to clean the

inhaled gas stream as well as mixing.
[00146] BYPASS FLOW

[00147] Another means to reduce in the amount of effort required by the user to
receive a dose of NO is to have a bypass channel, as shown in FIG. 14. FIG. 14 illustrates an
embodiment of an NO inhaler device 300 where air enters a bypass channel 332 and merges
with the NO flow. The balance of flows between the NO channel and the bypass channel can
be managed passively or actively. In the embodiment shown, passive orifices 334, 336 are
placed in each pathway to limit the flow through each. In some embodiments, the flow
through each pathway is measured and one or more orifices are adjusted to achieve a target
mix ratio of NO containing gas and air from the bypass channel. In some embodiments, the
bypass channel is utilized for a gas other than air (e.g. oxygen). In one example, a target ratio
of 25% NO path flow to 75% bypass gas flow is targeted. The NO inhaler controller uses the
flow measurements of bypass and NO gas flow to assess the actual ratio of flows and
modulates one or more flow restrictions and/or flow controllers to drive the ratio towards the

target in a closed-loop manner.
[001438] EXHALATION ANALYSIS

[00149] In some embodiments of a NO inhaler, the device can also be used to analyze
user exhalation. Using flow and/or pressure sensors, the inhaler is able to collect information
about the exhaled gas flow. In some embodiments, the inhaler collects flow information and
integrates it to determine the volume of exhaled air. In some embodiments, this information is
utilized to determine lung capacity. In some applications, a lung capacity measurement
provides an indication of tumor size within the thoracic cavity. In some embodiments, the

calculated volume of one or more breaths is utilized to predict the tidal volume of one or
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more subsequent breaths. In one embodiment, the timing of the peak inspiratory flow rate is
marked as the mid-point of the inspiratory event. This timing point can be utilized as a guide
for delivering drugs to the first or second half of a breath. In some embodiments, the inhaler
measures the pressure that a user can generate. In some embodiments, the inhaler processes
the pressure and/or flow data to determine heart rate and degree of pulmonary hypertension
based on minor fluctuations in the measured signal. In some embodiments, the device
characterizes the breathing patterns of a patient (e.g., breath period, flow rate range, tidal
volume, inspiratory flow profile) and uses that information for predictive purposes. For
example, the typical tidal volume of a patient can be determined by calculating the average
tidal volume from a series of breaths. The device can then assume that a subsequent breath
will have a similar tidal volume. For a given tidal volume, breaths that fill with a faster flow
rate will be shorter in duration than breaths with a slower flow rate. In some embodiments,
the delivery device predicts the timing of the midpoint of a breath or the duration of a breath
based on the initial flow rate and responds by generating a NO pulse that corresponds with

the portion of the breath to be targeted (e.g., initial 1%, final 1%).
[00150] FLOW GOVERNING

[00151] Accurate concentrations of NO with inhaled air requires known flow rates. In
some embodiments, the inhaler measures the inhaled gas stream flow rate and introduces
proportionate amounts of NO. In other embodiments, the inhaler governs the gas flow to the
user so that the gas flow is more defined. In some embodiments, a critical flow restriction
(e.g., orifice, mesh, or perforated sheet) is used to prevent inhaled gas flow from exceeding
the maximum dose rate of the inhaler device. Otherwise, high flow rates of inhaled gas would
be underdosed. In some embodiments, the inhaler dynamically varies a flow restriction (for
example, using variable resistance) within the inspiratory gas flow to maintain a known mass-
flow of air as the user inhales to facilitate accurate dosing. In some embodiments, the device
controller manipulates a valve to modulate the flow restriction during an inspiratory event to
achieve a flow rate within a target range. In some embodiments, the NO device provides a
constant production (e.g., 1000 ppm.lpm) whenever the inspiratory flow is within a specified
range. This approach enables the system to be optimized for power efficiency at a specific

production level.

[00152] In some embodiments, the inhaler provides the user feedback so that they can
achieve an inspiratory flow rate within a target range. In some embodiments, the inhaler

includes an array of two or more lighted indicators. For example, one light or lamp can be
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used to indicate that the flow rate is too high, and one lamp can be used to indicate that the
flow rate is too low. In some applications, a 3rd light is utilized to indicate that the flow is
correct. Additional lamps can be utilized for finer resolution feedback. In some
embodiments, the inhaler utilizes a speaker to emit a sound indicative of the flow rate. In one
example, as the user inhales, the frequency of the sound emitted by the inhaler increases to a
maximum frequency corresponding with the target inhaled flow rate. If the user exceeds the
target flow rate, the sound frequency begins to decrease, indicating that optimal flow rate has
been exceeded. In some embodiments, the emitted sound is pulsed when the inspiratory flow

rate is too slow and becomes continuous when an acceptable flow rate has been achieved.

[00153] For systems that govern the inhaled flow rate, there are limits to what range of
inhaled flow rates can be acceptable to a user. Even a fit person will find it uncomfortable to
inhale over a period of 10 to 20 seconds. Thus, the range of flow rates that inspiration can be
limited to is finite, typically ranging from 1 to 40 Ipm. For a given inhaled volume, slower
flow rates fill the user’s lungs over more time, allowing for lower NO production levels
(ppm.lpm) during inhalation. FIG. 28 presents a table of example inspiratory volumes and
NO production levels for an electric NO generator where the inspiratory flow rate equals the
reactant gas flow rate (i.e., all of the inspired flow travels through the plasma chamber). The
FIG. 28 demonstrates how faster inspiratory flow rates require higher production levels of
NO to achieve a target concentration. By limiting the inspired flow rate, a NO generator

and/or NO delivery device can deliver sufficient NO to achieve the target.

[00154] In some embodiments, for cylinder-based NO, the NO can be packaged with
an inert carrier gas, typically nitrogen. Treatments involving NO dosing for a series of breaths
(e.g., ventilator treatment) can require supplementary oxygen due to dilution of atmospheric
oxygen levels from the NO gas mixture. For example, an 800 ppm cylinder dosing at 80ppm
(10% of cylinder concentration) will dilute the inhaled air with nitrogen and NO by 10%,
thereby reducing O2 levels from 21% to 19% in a ventilator application. Breathing a series of
breaths at lower oxygen levels can result in hypoxemia in a user, however, breathing a
discrete single breath every few minutes or more has little to no effect on user oxygenation.
In some embodiments, a user periodically inhales a breath of undiluted cylinder gas which
contains no oxygen. In some embodiments, the inhaled volume is a mixture of atmospheric

air and gas from the compressed gas source.

[00155] CONCOMITANT THERAPIES
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[00156] In some embodiments, a NO inhaler is utilized in combination with or in
sequential administration with other inhaled therapies. Inhaled NO dilates the airways and in
the pulmonary vasculature by relaxing the smooth muscle in the airway and vascular tree,
lowering the airway and vascular resistance thereby increasing airflow and pulmonary blood
flow. These effects increase the uptake of oxygen but also co-administered inhaled therapies

within airways and blood vessels of the lung.

[00157] Some inhaled medicines have low distribution within the lung pulmonary
vasculature, so the coadministration with inhaled NO may enhance the penetration of such
drugs to their target organ, be it the airways, lung tissue or pulmonary vasculature. The NO
can be delivered simultaneously with the other medicine(s) but could also be delivered prior
to or after the other medicine. The effect of inhaled NO wears off within the body in the order
of 30 to 60 seconds, so inhalation of additional medicines in that time frame would be

expected to have benefit, and closer timing may have a more pronounced effect.

[00158] An example of NO being delivered in combination with a drug is nicotine
delivery from a cigarette. Hundreds of ppm of NO are present in the cigarette smoke, having
an effect to accelerate nicotine uptake. Commercially available vaping devices deliver
nicotine without NO. In some embodiments, NO can be delivered in combination with
nicotine. This is done to accomplish a similar dose and effect as a cigarette without the

dangerous particulate and tars associated with cigarette smoke.

[00159] In some embodiments, a NO generator and/or NO delivery feature is
integrated into another inhaled medicine device. One embodiment consists of a combination
nebulizer/NO delivery device. Another embodiment consists of a combination gas blender
and NO generator. Another embodiment consists of a NO generator and drug thermal
vaporizer. In each of these examples, a user is to receive an inhaled medication in aerosol,
powder, or gaseous form. Various strategies exist for enhancing the uptake of these
substances. In some embodiments, a user first inhales one or more breaths of NO-containing
gas to dilate the airways and pulmonary vasculature and increase airflow and blood flow
through the lungs. This is followed by a subsequent series of one or more breaths of the
inhaled substance. This approach is referred to as “alternating treatments™. In some
embodiments, the user cycles between independent inhalation of NO to independent
inhalation of the other substance. In some embodiments, this can be accomplished by
switching between two devices, although this can be complicated and burdensome for the

user. In some embodiments, a single device provides alternating breaths of NO and an
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alternative substance. This greatly simplifies the therapy for the User as they only have to
focus on breathing through a single device. In one example, two breaths are dosed with NO
followed by a single breath dosed of nebulized drug, then the NO is delivered again. This can

repeat for multiple breath series.

[00160] Combining therapies into a single device also greatly simplifies the device.

The two drug delivery methods can share various system components including one or more
of the battery, user interface, microcontroller/processor, breath detection mechanism, power
supply, charging circuit, patient sensor, disposable cartridge, user display, alarm system, and

enclosure.

[00161] Various architectures and devices can be used for delivery of a combination of
NO and another drug. In some embodiments, an integrated device can include two separate
flow paths, one with a secondary drug source (e.g., nebulizer) and one with a NO source.
FIG. 29 depicts an embodiment of an inhaler device 530 with separate flow paths for NO and
a secondary drug. Reactant gas, such as ambient air, enters the system and passes through a
NO generator 532, a scrubber 534, and a filter 536 to reach a mouthpiece 538. A secondary
drug is stored in a canister 540 and introduced to an air stream by an actuator 542 (e.g., a
vibrating mesh nebulizer, a spray nozzle, a flow controller, a powdered drug introducer, etc.).
As the user inhales, the user draws gas through both gas flow streams for simultaneous drug
delivery. As depicted, the scrubber and secondary drug canister are separate components. In
some embodiments, they are combined into a single disposable assembly. This kind of
system can be used for combination therapy with other drugs delivered through an inhaler
(e.g., albuterol) to increase the uptake/efficiency of a delivered drug. There is increased drug
transport from the terminal airways to the terminal pulmonary arterioles as well as across the
alveolar wall by dilating the terminal airways that contain airway smooth muscle and by
increasing blood volume in the terminal pulmonary arterioles that is available to uptake the
drug in question. In some embodiments, NO doses for this approach are in the range of 1 to

40 ppm.

[00162] FIG. 30A depicts another embodiment of an inhaler device 550 in the form of
a drug combination delivery device. In this embodiment, the secondary drug can be heated
using a heater 552 to become a vapor and drawn into the user inspiratory flow. Part or all of
the air inspired by the user passes through a NO generator 554 and a scrubber 556 before
passing through a vaporization chamber 558 of the secondary drug and on to the user.

Independent control of the NO generator and heating element enable the combination drug
32



WO 2023/049873 PCT/US2022/076981

delivery device to deliver the two drugs according to independent delivery schedules within
or between breaths. In some embodiments, the inhaled NO levels are up to 20 or 40ppm. In
some embodiments, inhaled NO levels are up to 100ppm. In some embodiments, the inhaled
levels are up to 1000ppm, mimicking the inhaled NO levels from a cigarette. In some
embodiments, a filter is utilized to remove particles from the NO generator and scrubber (not
shown). In some embodiments, the scrubber, filter and secondary drug are packaged and
disposed of separately. In some embodiments, one or more disposable elements of the system
are packaged together. In some embodiments, the entire system is disposable. FIG. 30B
depicts a similar embodiment of an inhaler device 560 where NO-containing gas and a
vaporized secondary drug are kept separated until they enter the mouthpiece. In this
embodiment, static mixers 562 are utilized in the mouthpiece to homogenize the gas mixture

before it enters the user.

[00163] FIG. 31 depicts an exemplary embodiment of a block diagram of the control
architecture for a two-drug delivery device. FIG. 31 depicts a single
controller/microprocessor 570, however the tasks may be distributed across more than one
controller. In some embodiments, there is more than one controller for safety/redundancy. In
some embodiments, the controller receives target treatment conditions 572 and safety limits
574 from a user. In some instances, the user is the recipient of the drugs and in other
instances the user is a clinician. In some embodiments, the controller reads the target dose
and dose profile from the drug source (e.g., reading from a memory device on a cannister that
contains the drug or drug source material. The controller also monitors ambient conditions
576 (e.g., pressure, temperature, humidity) through one or more sensors. The ambient
conditions are utilized to derive an air density for determining inspired mass flow in some
instances. In other instances, the water content of the inspired air (a parameter that can be
measured directly or derived from a relative humidity measurement) is utilized to understand
the potential for condensation within the system (e.g., from compression of gas or
introduction of cold gas released from a pressure vessel). The controller utilizes one or more
sensors to measure the inspiratory flow rate 578. In some embodiments, the controller also
measures the pressure within a plasma chamber as an input to the NO generation algorithm
using one or more internal sensors 580. Various parts of the system, including the controller,
utilize power from either an internal source, such as a battery 582, or external source. In some
embodiments, the controller also manipulates the flow resistance within the inspirator gas

flow path to modulate the inspiratory flow rate with inspiratory flow control 584. The
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controller controls the NO source 586 and second drug source 588 and may receive feedback
from those functions as well. For example, in one embodiment that delivers a pressurized gas,
the controller controls a valve that releases the gas and measures the pressure of the source of

gas with a pressure sensor.

[00164] In some embodiments of a combination a NO generator/vaporization device,
heat from the plasma chamber is utilized at least in part to elevate the heat of the vaporized
drug. In some embodiments, the plasma chamber and vaporization chamber share a wall so
that heat from the plasma chamber is conducted through the wall to the drug to be vaporized.
The temperature of the drug to be vaporized is measured with a temperature sensor (e.g., IR
sensor, thermocouple, thermistor, etc.). Supplemental heat energy can be added through a
heating device (e.g., resistive heater, thermoelectric, etc.) to achieve a target temperature for

drug vaporization.

[00165] FIG. 32 depicts an embodiment of an inhaler device 590 where the secondary
drug is released using a photochemical process. A light source 592 above a chamber 594
containing the secondary drug is modulated to vary the amount of the secondary drug
released into the inspiratory stream. The inspiratory stream is generated by the user pulling
ambient air through the NO generator and system. In some embodiments, NO is generated
from a photochemical process (not shown). Photochemical processes are controlled by a
treatment controller that modulates the light output to control drug release. The device is
typically programmed with a drug release profile that is a function of one or more of duration
of exposure, light intensity, material temperature, gas pressure, age of photochemical
material, and other factors. In some embodiments, a sensor downstream of the drug source is
utilized to measure the amount of drug generated and enables closed-loop control of drug
release. In some embodiments, the light source is controlled using a pulse-width-modulated
signal. In some embodiments, light source is controlled by modulating the supply of voltage

and/or current.

[00166] In some embodiments of a photochemical release process, the area of photo-
chemical material exposed to light is controlled and the light intensity is unchanged. In some
embodiments, a window permitting light through to the surface moves across the surface of
the photosensitive material at a controlled rate, releasing a controlled amount of drug. In
some embodiments, a laser is directed to variable locations on the surface of the
photochemical material to release NO from specific locations. In some embodiments, the

laser moves in a Cartesian (XY) coordinate frame. In some embodiments, the laser moves in
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a spiral (polar coordinate frame) on a surface of drug-releasing material. In some
embodiments, a sheet of photosensitive material is unspooled and the laser/light source only
moves in an X direction (like a dot matrix printer head) to release controlled amounts of drug
from the source material. In other embodiments, both the light intensity and light location on
the photoreactive material are varied by the controller to modulate drug release. Similar
approaches to controlled NO drug release can be achieved with a heated head instead of a

laser for materials that release based on temperature.
[00167] INDEPENDENT DRUG DELIVERY CONTROL

[00168] As the user inhales, some embodiments of the device permit inspiration flow
through either the NO flow path or the secondary inhaled drug gas path. This can minimize
the potential for reaction between the NO and the other inhaled drug(s). FIG. 33 depicts an
embodiment of a two-drug NO delivery device 600 that includes a valve, such as a three-way
valve 602 at the inlet that is controlled by the device controller. The valve is positioned to
permit the flow of either NO from an NO source 604 or the secondary drug from a cannister
606, or both. In some embodiments, the valve (or combination of valves) can be configured

to permit simultaneous flow through both drug channels, or overlap of drug pulses.

[00169] In some embodiments, the system delivers NO and one or more additional
drugs sequentially within a single breath, as shown in the exemplary graph of FIG. 34. A first
drug delivery 610 begins either when inspiration is detected or when the user initiates
delivery. In some embodiments, the first drug delivery ends after a set amount of time. In
some embodiments, the first drug delivery ends after a particular amount of inspired gas has
been dosed. In some embodiments, the first drug delivery ends after a target number of
molecules of the first drug have been delivered. In some embodiments, the first drug delivery
ends after a detected event in the inspiration (e.g., peak inspiratory flow rate or minimum
inspiratory pressure). Second drug delivery 612 can begin after the first drug delivery is
complete. In some embodiments, the onset of the second drug can be delayed by a particular
amount of time. In some embodiments, not shown, the first drug can be dosed again at the
end of the breath. It should be clear that the inhaler design proposed can support any
sequence and quantity of the first drug, the second drug and/or any additional drug delivery.
Furthermore, simultaneous delivery of more than one drug (i.e., overlapping drug delivery
profiles) is also performed, as appropriate. In some embodiments, NO is delivered to one or
more breaths first to relax the smooth muscle within the patient airway and/or lung followed

by delivery of one or more additional drugs.
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[00170] In some embodiments, the controlled delivery of multiple drugs is managed by
more than one, independent controller. In some embodiments, a single controller manages
the timing and drug delivery for all drugs. Other permutations are also possible with multiple
controllers that share information to share sensor information and coordinate drug delivery.

In some applications, the device can deliver one drug without the other.

[00171] In some embodiments, the device delivers NO, air, and one or more other
drugs according to a prescribed pattern. NO is rapidly metabolized, however, one or more
breaths with no medication can also be inserted in the treatment pattern when switching
between drugs to purge the pulmonary airways and reduce drug to drug interaction further.
FIG. 35 depicts an exemplary graph showing a pattern spanning multiple breaths. A first
detected breath is dosed with drug 1, followed by two breaths with no drug delivered,
followed by drug 2, followed by a breath with no drug and then the pattern repeats. This
approach can be valuable when the effect of drug 1 takes time to have an effect and/or when
drug 1 and drug 2 are not chemically compatible. The pattern can occur within a breath or
across multiple breaths. The pattern of drug delivery can be automatically derived by the
device controller, taking into account one or more of the following: the time required to take
effect for one or both drugs, the target dose (e.g., mg/hr) of each drug, the
minimum/maximum effective amount of each drug to deliver in a pulse, the potential for
interaction between the drugs, the portion of the breath/anatomy targeted for dosing, time for
a one or both drugs to wear off, the patient breathing patter (rate, tidal volume,

inspiration/exhalation ratio, etc.) as well as other physiologic, treatment and drug-related

factors.
[00172] WEANING
[00173] In some embodiments, an inhaled device can include a weaning feature that

decreases the dose delivered of one or more drugs over time. In some embodiments, the
amount of drug delivered with each breath is decreased (e.g., lower concentration, shorter
pulse). In some embodiments, the device locks out the user for longer and periods of time to

increase the time between doses.
[00174] ARCHITECTURES FOR MULTIPLE DRUG DELIVERY

[00175] In some embodiments, NO is delivered simultaneously with another inhaled
drug. In some embodiments, the other inhaled drug is a gas at room temperature (e.g.,

oxygen, helium, nitrous oxide). In some embodiments, the other inhaled drug is a liquid at
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room temperature (e.g., albuterol, surfactant, etc.). In some embodiments, the other inhaled
drug is a solid at room temperature (e.g., powdered insulin). In some embodiments, NO is
introduced to an inspiratory gas stream in series with an additional inhaled drug source (i.e.,
both drugs are introduced into a common flow path), as depicted in an embodiment of an
inhaler device 620 show in FIG. 36A. FIG. 36A depicts NO being introduced after the second
drug. This approach works well for NO sourced from cannisters and or electric NO generated
from a separate air source, as shown in the figure. The air path to NO source shown in FIG.
36A and any filters and scrubber are not required for NO sourced from cannisters. In some
embodiments, introduction of NO to the inspiratory flow after the second drug can shorten
the transit time of NO (to minimize NO2 levels) and decreases the exposure time of the
second drug with NO. In some embodiments, a final filter (not shown) filters the combined

gas stream before it enters the use.

[00176] In some embodiments, NO and the additional inhaled drug are delivered to
two separate inspiratory flow paths that merge within an embodiment of an inhaler device
630 as shown in FIG. 36B. A filter within the mouthpiece filters the merged flow prior to
delivery to the user. In some embodiments, the two separate flow paths exit the mouthpiece
independently (separate lumens) so that the flows merge within the user, as shown in an

embodiment of an inhaler device 640 shown in FIG. 36C.

[00177] In some embodiments of an inhaler device 650 as shown in FIG. 37, NO is
generated in the main inspiratory stream. In this case, the second drug can be introduced after
NO generation to avoid passing the second medication through a plasma chamber since that
could denature the second drug and contaminate the plasma chamber. Similarly, the second
drug is typically introduced after the scrubber component to prevent interaction between the

second drug and the scrubber material.
[00178] BATTERY CHARGING

[00179] A NO inhaler device can be recharged from an external power source. In some
embodiments, the inhaler device includes an external electrical connection (e.g. USB, car
cigarette lighter, etc.). In some embodiments, a NO inhaler is inductively charged from an
external power source. In some embodiments, a charging stand is used with a NO inhaler.
The charging stand facilitates establishing the charging connections, be they electrical or
wireless (inductive). In some embodiments, the electrical charging interface is USB. In other

embodiments, charging pads are on the surface of the inhaler device and register contact with
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the charging stand when the device is nested into the charger. In some embodiments, the
electrical charging connection is covered by a boot or other component to prevent fluid and

particulate ingress.
[00180] DATA

[00181] In some embodiments, the NO inhaler device collects and stores use data.
Data can be uploaded to and downloaded from the NO inhaler device using either wired or
wireless means. In some embodiments, the charging connection is used to transfer data to and
from the device. Examples of user data collected include but are not limited to inspiratory
flow profiles (time & flow rate), and breath volume. Examples of treatment data collected
include dose frequency, average dose level, cumulative drug delivered, and time and date of
use events. Examples of device data collected include type and time stamp for any alarms,

battery level, and serial number of disposables used.
[00182] DISPOSABLE DESIGN

[00183] The disposable element houses components that are exhausted at a faster rate
than components in the main device. In some embodiments, the replaceable component
includes one or more of the following: (1) a reactant gas filter, for example a simple inlet
filter to prevent access to electrodes and initial particulate blocking (e.g., 20 micron); (2) a
NO source, such as an electrical discharge plasma chamber, microwave cavity or
bottle/container of NO, that when disposable, can be made of less expensive, shorter-lasting
materials (for example, electrical discharge electrodes could be constructed from stainless
steel, steel, and tungsten); (3) NO2 abatement material (e.g., soda lime, TEMPO, metal
organic framework (MOF), ascorbic acid); (4) a product gas particle filter for electrode
and/or scrubber particulate, such as a HEPA filter (e.g., 0.22 micron); (5) at least one memory
device (e.g., EEPROM, RFID) containing at least some of usage tracking, dose level which
may include target tidal volume to use for dosing, drug concentration (e.g. in a drug
cannister), and operating life info, including but not limited to expiration information,
number of puffs left, use expiration time, lot number, and binary information on whether or
not the scrubber has been inserted in the device; (6) desiccant material to remove moisture
from gas (e.g. the ambient air prior to plasma generation of NO), which in some
embodiments, this is done to improve dose control since production errors as great as 40%
can be attributed to humidity effects, and in some embodiments, moisture is removed to

prevent condensation within the device that may occur with increased pressure or decreased
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temperature, depending on the design; and (7) one or more one-way valves (e.g., flapper, ball
in socket, duckbill, reed) that can ensure that flow through the device is unidirectional and
prevents exhaled gases from entering the device, and valves also protect the disposable from

humid ambient air and exhaled gases when the device is not in use.
[00184] REUSABLE COMPONENT DESIGN

[00185] A reusable portion of the system can include one or more of the following
components: a battery (e.g., rechargeable battery, alkaline battery, etc.), a critical orifice to
regulate maximum flow, a dose adjustment (knob, slider, numerical input, etc.), and a user
interface. The user interface can include at least some of indicators for when to take next
dose based on disposable data, current dose setting, time until next dose, history of doses for

n days, flow rates achieved during dosing, and/or dose level history.

[00186] A flow sensor (e.g., delta pressure sensor, hot wire, etc.) can also be part of the
reusable portion of the system. In some embodiments, the flow sensor is used to determine
when max flow was achieved. In some embodiments, the flow sensor is used to determine the
direction of gas flow through the device (inhalation vs. exhalation). In some embodiments,
the flow sensor is used to measure inspiratory flow for the controller to determine the
appropriate NO flow rate. In some embodiments, a flow sensor is utilized to measure NO gas
flow. This can be done to confirm proper function or as an input into a flow control

mechanism.

[00187] Another component that can be part of the reusable portion of the system can
be electronics for producing NO, managing disposable components, managing indicators,
reading sensors and managing the battery, and/or storing information (memory). In some
embodiments, indicators include one or more of lights, vibratory motors, buzzers, and
speakers. In some embodiments, the electronics are hardware only. In some embodiments, the
electronics include a software-controlled microprocessor or FPGA. In some embodiments,

the controller keeps track of device usage and compliance logging.

[00188] MOUTHPIECE

[00189] In some embodiments, the mouthpiece is integrated into the housing. In some
embodiments, the mouthpiece can be removed to allow users to replace it as it gets worn or
dirty. In some embodiments, the mouthpiece is integrated into the disposable portion of the

system to ensure frequent replacement. The mouthpiece serves as the connector between NO
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gas pathway and user. It is sized so that the user can easily make a seal around it and draw the

gas flow rate through it.
[00190] REUSABLE DEVICE FEATURES

[00191] In some embodiments, the reusable main body can include a user interface that
includes a display that indicates the dose setting and buttons that enable a user to enter
information. The buttons may be hardware buttons or software buttons on a touch screen. In
some embodiments, the inhaler device user interface is provided in an app running on an
external device. In some embodiments, the user interface for the inhaler consists of an app on
a cell phone. Information is entered into and viewed through the cell phone app and the cell
phone wirelessly communicates settings and other information to the NO device. In some
embodiments, the user enters one or more of a password for device use, the time of day, the
desired dose schedule, doctor phone number, lung volume, inhalation flow rate threshold

values, type of disposable, type of electrodes, and other information.

[00192] EXEMPLARY USE STEPS
[00193] The following are exemplary steps that can be taken to use a NO inhaler
device:

1) User inserts disposable mouthpiece
2) Device to disposable communication - periodically or upon insertion

a. Determine if it has already been used — Alert user, disposable must be replaced

b. Determine if it has expired — Alert user, disposable must be replaced

¢. Determine if maximum number of doses delivered has been reached — Alert
user, disposable must be replaced
Read Dose setting

e. Device sets disposable use status upon insertion

i. Used flag
ii. Initiate timer to expire

f.  In some embodiments, if battery completely discharges and system starts from

cold, it requires any disposable already inserted to be discarded.
3) User fully exhales into the atmosphere to empty their lungs.

a. This is done in some embodiments to enable the system to provide a more
even dose throughout the lung without relying on diffusion-based mixing in
the lung.

4) User inhales NO gas from the device

a. In some embodiments, the device generates NO in proportion to the flow rate
through the device, as indicated by the flow sensor or pressure measurement
as a proxy for flow. In another embodiment, when the flow reaches the
governed flow rate, as dictated by a flow restriction (e.g., critical orifice) and
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indicated by the flow indicator, the device doses the flow to the appropriate
NO concentration
b. When the flow drops below a particular threshold flow level, dosing stops to
ensure no residual NO is left and all NO2 is cleared.
5) Device sets disposable information, for example, including an increment use count

[00194] SAFETY FEATURES

[00195] In some embodiments, the NO inhaler is used like a typical inhaler or
nebulizer. In some embodiments, the level of NO dosing is prescribed by a physician. In
other embodiments, NO delivery is controlled by a user but is limited in some embodiments

for safety reasons to control risk of underdosing and overdosing.

[00196] In some embodiments, the device prevents subsequent use for a period of time.
In some embodiments, the system can prevent use while the device is charging. Some
embodiments prompt replacement of the disposable components after a certain amount of use
(e.g., n treatments, or n moles of NO gas delivered). For example, a device can be prescribed
to deliver 200ppm to a breath every 10 minutes. Treatment begins when the user inhales their
first breath of 200ppm NO. The device waits a period of time, for example 10 minutes, before
permitting the user to receive another dose of NO. In some embodiments, the component
including NO2 scrubber material is replaced after a set amount of time, independent of level
of use. In some embodiments, replacement occurs because the scrubber material is in contact

with air and will become exhausted from exposure to atmospheric carbon dioxide.

[00197] In some embodiments, the device alerts the user when it is time to inhale
another breath. The notice can be in the form of an audible sound, visual indicator (e.g., light,
user interface message), a vibration, a phone call, a text message, or other means to get the
attention of the user. In some embodiments, the alert is delivered through an external device

(e.g., cell phone).

[00198] In some embodiments, user dosing is stored in the cloud to prevent users from
owning and using multiple devices in order to receive more than a safe amount of NO. NO
delivery devices check with a database in the cloud prior to treating the user to ensure that

sufficient time has elapsed since the last NO dose.

[00199] In some embodiments, a fingerprint recognition device is utilized to confirm

that the correct user is utilizing the device.
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[00200] In some embodiments, the device disables drug delivery when the mouthpiece
is not installed. This protects the user from high voltage and/or chemicals involved with NO

generation in some embodiments.

[00201] In some embodiments, the inhaler includes a drop-detection component that
actively or passively disables the device. In some embodiments, a drop-detection sensor
informs the device controller that a high-acceleration event has occurred. Some NO devices
are intentionally disabled form further user after detection of a drop to protect the user from
risk. Example risks that may present in the event of a dropped device include exposure to
high voltage, exposure to inhaled particulate (e.g., damaged filters), and gas leaks resulting in

altered dosing.

[00202] In some embodiments, two buttons must be pressed to activate drug release to
prevent unplanned drug release during handling or transport (e.g., when the device is in a

pocket).

[00203] In some embodiments, the device is disabled when the scrubber materials have
been exhausted or expired. Scrubber exhaustion can be based on one or more of the
following: the amount of NO in moles that have passed the through scrubber, the number of
breaths that have been dosed with the scrubber, the size of the scrubber, the type of scrubber,
and the amount of time the scrubber has been in service. In some embodiments, expiration is

based relatively on the date of manufacture or the date the scrubber was first put into service.
[00204] USER INTERFACE

[00205] A NO inhaler device can include a user interface. In some embodiments, the
user interface presents information related to one or more of current dose setting, remaining
gas supply, battery charge level, remaining breaths that can be dosed, fraction of breaths
dosed, count of breaths dosed, alarm sound level, alarm mute. In some embodiments, the
user interface is located on an external device (e.g., cell phone, tablet computer, etc.). The
user interface can also include settings that can be adjusted but the User and/or clinician. In
some embodiments, the adjustable treatment parameters include NO dose, inhaled volume,
secondary drug dose, dose pattern with respect to breaths, target NO concentration, target NO
molecules per breath, target NO molecules per unit of time, maximum number of breaths to

dose in an amount of time, NO pulse delay (e.g., time from breath detection event).
[00206] APPLICATIONS

[00207] Infection Prevention/Treatment
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[00208] In some embodiments, a user is prescribed NO to treat and/or combat and/or
prevent pulmonary infection. Example indications include viral infections (e.g., COVID,
SARS), bacterial infections (e.g., pneumonia), and fungal infections. In some embodiments, a
physician prescribes a particular dose to be administered a certain number of breaths a certain
number of times per day. The clinically necessary concentration to treat a particular infection
varies with infection type and degree. Current literature suggests concentrations of 200 too
1000ppm NO may be necessary for some infections. Regardless of the clinically-necessary
concentration, the NO delivery device can be sized appropriately to deliver the required

quantity of NO.

[00209] FIGS. 38A and 38B depict exemplary graphs showing the NO delivered from
a NO generation and delivery device for two flow rates, 3 slpm (FIG. 38A) and 5 slpm (FIG.
38B). The plot in FIG. 38A demonstrates NO production of 750 ppm.lpm (250ppm * 3lpm).
The plot in FIG. 38B shows another device generating 600 ppm.Ilpm (120ppm * 5 Ipm) at a
higher flow rate. NO2 levels are 5 ppm or less, which complies with OSHA permissible
exposure limit (PEL) for air. Lower NO2 levels can be achieved by higher gas flow rates

(less transit time), higher NO/NO2 ratio, and additional scrubbing (larger scrubber).
[00210] Asthma Treatment

[00211] In some embodiments, a user utilizes the NO inhaler device for treatments of
asthma on an as-needed basis. When the user experiences asthma conditions or precursors to

asthma conditions, NO treatment is administered to mitigate the conditions.
[00212] Nasal Cavity Treatment

[00213] In some embodiments, the inhaler interfaces with the patient nose (e.g. prongs,
partial mask). NO gas is introduced to the nasal cavity of the patient to treat infection. In
some embodiments, the patient inhales through their nose. In some embodiments, the patient

holds their breath so that the NO gas resides in the nasal cavity at higher concentration.

[00214] FIG. 39 depicts an embodiment of a NO generation mask 660. The mask can
be held to the patient’s head with one or more elastic bands. The patient draws ambient air in
through a NO generation device 662 (e.g., electric discharge, microwave, N204,
photochemical, etc.). The inhaled gas enters through one or more of the mouth and nose. The
patient exhales out of one or more of the mouth and nose. Exhaled gases exit through a one-
way valve 664 (e.g., flapper, ball, check, duckbill) and through a NO2 scrubber 668 and a
filter 670 prior to release into the atmosphere. A check valve 672 at exit of the NO generator
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ensure that exhaled gases do not exit through the NO generator. In the depicted embodiment,
the NO generator is self-contained and includes the NO source, inspiratory flow sensing,
ambient gas measurement, controller, and power (e.g., battery) required to generate the

desired dose of NO to the inspiratory flow.

[00215] An NO generation mask can be programmed to provide a variety of
treatments. In some embodiments, the NO generation mask is utilized to maintain blood
vessel dilation within a target region of the nasal sinus, mouth, airway and/or lung. Given the
physiologic half-life of NO being tens of seconds, the NO generation device is not required to
dose every breath in all applications. In some embodiments, the NO generation mask is
programmed to deliver a high concentration of NO (e.g., 400ppm) with every breath to

maintain a bactericidal, fungicidal or virucidal concentration within the patient to treat an

infection.
[00216] Inhaled Drug Enhancement
[00217] A NO inhaler device can be coupled with a device with inhaled drug delivery

to facilitate more effective drug uptake due to NO vasodilation and increased blood flow
through the pulmonary vasculature. This method can increase the level of drug delivered,
improve drug effectiveness, and reduce drug waste during delivery. Use of NO, a relatively
inexpensive drug, in concert with a more expensive drug can decrease the overall cost of

treatment when the level of expensive drug required is reduced.
[00218] Performance Enhancement

[00219] In some embodiments, a NO inhaler device is utilized on an as-needed basis
by a user to improve oxygen uptake. Example applications include but are not limited to
altitude adjustment/acclimation, Oz loading for sports and fitness, support catching breath
during exertion, mountaineering, aviation, and aerobic performance enhancement. In some
embodiments, the device delivers a single NO pulse profile with each dose. In some

embodiments, the NO device limits the amount of NO delivered over time to prevent over-

dosing.
[00220] Rescue Inhaler
[00221] In some embodiments, the NO inhaler is used as a rescue device to relieve

hypoxia and reduce PVR during an acute exacerbation stemming from worsening fibrotic
and/or obstructive diseases like ILD and COPD. In some embodiments, the NO device is

used to improve cardiac output in patients in an ambulance that suffer from a myocardial
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infarct (MI). This is important because the titration and drip infusion of a systemic

vasodilator cannot be initiated in an ambulance.

[00222] In some embodiments, a NO inhaler is designed to be single use and
disposable. For example, these devices are used for emergency situations and stored in first
aid kits, on ambulances, and in emergency rooms. The device is entirely self-contained,
including battery, inlet gas conditioner, plasma chamber, NO- scrubber, filter, enclosure, and
processor. In some embodiments, the device includes a battery that can last a long time on the
shelf without needing to be recharged (e.g., lithium, lithium ion, alkaline). In some
embodiments, the battery chemistry is rechargeable while others utilize a disposable battery

chemistry.

[00223] In an exemplary use scenario, a patient riding in an ambulance or military
transport is hypoxic. A caregiver takes a single use NO generation device out of its packaging
and turns the device on by toggling a switch. In some embodiments, the device begins
making a constant flow of NO automatically. Other embodiments are designed to detect a
respiratory signal from a patient inspiratory limb or other device and deliver pulsed NO
during patient inhalation. Some embodiments deliver a continuous stream of NO (e.g., 5 Ipm

of 20 ppm NO) while other devices deliver pulses of NO only during inhalation.

[00224] In some use scenarios, particularly those with a conscious patient, the patient is
asked to inhale through the device so that NO can be delivered. In other scenarios, the NO
device delivers NO to a nasal cannula or a mask for a patient to inhale. For unconscious
patients, the NO device can be attached to a ventilator circuit or manual resuscitator (AKA a
bag) to deliver NO either continuously or intermittently with inhalation events.

[00225] The device is used until NO is no longer needed or until the battery and/or
scrubber is exhausted (e.g., after 1 hour). The device is then discarded into either the normal
waste stream or biohazard waste stream, depending on whether or not there was patient contact.
In one embodiment, a disposable NO device provides 30 continuous minutes of up to 40 ppm

NO to a patient before shutting off.

[00226] In some embodiments, single use devices are maintained on a charger until their
use.
[00227] In some embodiments, a single use NO device alerts the user that it is nearing

the end of its service life. This enables the user to prepare a subsequent single-use device prior
to exhaustion of the current device in order to provide continuous NO therapy to a patient.
[00228] Packaging
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[00229] In some embodiments, NO inhaler devices are packaged singly. They are
packaged in a way that protects them from impact. They are also packaged in a way that
protects scrubbing materials from air (e.g., sealed membrane, or bag) to prevent premature
exhaustion from atmospheric CO2, environmental VOCs and from dry air. Dry air can dry out
some kinds of scrubber materials (e.g., soda lime) to the point that they no longer adequately
function. In embodiments that include desiccant for removing ambient humidity and soda lime
for removing NO2, the desiccant and soda lime are separated in the packaging via a membrane,
cap, or other means to prevent the desiccant from drying the soda lime. In some embodiments,
removal of the packaging, sealing component, membrane, or cap provides a signal to a NO
inhaler to turn on. In some embodiments, removal of the membrane establishes the battery
connection and enables a device to power on.

[00230] In some embodiments involving more than one drug, the NO inhaler device and
second drug may be packaged together or separately.

[00231] All patents, patent applications, and published references cited herein are
hereby incorporated by reference in their entirety. It will be appreciated that several of the
above-disclosed and other features and functions, or alternatives thereof, may be desirably
combined into many other different systems or application. Various alternatives,
modifications, variations, or improvements therein may be subsequently made by those

skilled in the art.
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CLAIMS

What is claimed is:

1. A drug delivery system, comprising:

a housing having a distal end with an inlet through which an inspiratory flow of air
passes into the housing, a proximal end having a patient interface attached thereto, the patient
interface being configured to interface with a user, and an inspiratory flow pathway extending
from the distal end of the housing to the proximal end of the housing;

anitric oxide (NO) source positioned within the housing, the NO source configured to
deliver NO-containing gas to the patient interface;

a secondary drug source positioned within the housing, the secondary drug source
configured to deliver a secondary drug to the patient interface; and

a controller configured to control an amount of NO-containing gas delivered from the
NO source and an amount of the secondary drug delivered from the secondary drug source
using a control scheme, the control scheme having one or more inputs relating to at least one
of the NO-containing gas, the secondary drug, the inspiratory flow pathway, and one or more
inputs from a user, the controller configured to communicate with one or more sensors
configured to collect information relating to the one or more inputs to the control scheme,

wherein at least one of the one or more inputs relates to detection of an inspiratory
event associated with the inspiratory flow.

2. The drug delivery system of claim 1, wherein the user draws gas through the patient
interface to inhale the NO-containing gas and the secondary drug simultaneously.

3. The drug delivery system of claim 1, wherein the NO-containing gas is configured to
increase uptake of the secondary drug.

4, The drug delivery system of claim 1, wherein a dose of NO-containing gas is in a
range of 1 to 80 ppm.

5. The drug delivery system of claim 1, wherein a dose of NO-containing gas is in a
range of 1 to 1000 ppm.

6. The drug delivery system of claim 1, further comprising a vaporization chamber
configured to heat the secondary drug to vaporize the secondary drug.

7. The drug delivery system of claim 1, further comprising a nebulization chamber

configured to nebulize a secondary drug.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The drug delivery system of claim 1, further comprising one or more of a pressure
regulator and a valve to control the flow of secondary drug from the secondary drug
source, the secondary drug source being in the form of a pressurized container.

The drug delivery system of claim 1, wherein the controller is configured to control
an amount of the secondary drug delivered from the secondary drug source.

The drug delivery system of claim 1, wherein the controller is configured to deliver
the NO-containing gas and the secondary drug using first and second independent
delivery schedules.

The drug delivery system of claim 1, wherein the NO source comprises a compressed
gas cylinder.

The drug delivery system of claim 1, wherein the NO source comprises an electric
NO generator.

The drug delivery system of claim 1, wherein the NO-containing gas is generated
from heating N204 to make NO2 gas and reducing the NO2 gas to NO with a
reducing agent.

The drug delivery system of claim 1, further comprising at least one of a scrubber
configured to remove NO2 from the NO-containing gas and a particle filter
configured to remove contaminants from the NO-containing gas.

The drug delivery system of claim 1, wherein the NO-containing gas is delivered from
the NO source directly to the patient interface.

The drug delivery system of claim 1, wherein the NO-containing gas is delivered from
the NO source to the patient interface via the inspiratory flow pathway.

The drug delivery system of claim 1, wherein the secondary drug is delivered from
the secondary drug source directly to the patient interface.

The drug delivery system of claim 1, wherein the secondary drug is delivered from
the secondary drug source directly to the patient interface via the inspiratory flow
pathway.

A drug delivery system, comprising:

a housing having a distal end having an inlet through which an inspiratory flow of air

passes into the housing, an inspiratory flow pathway, and a proximal end having a patient

interface attached thereto, the patient interface being configured to interface with a user;

an electric nitric oxide (NO) generator positioned in the housing and configured to

generate NO-containing gas in a plasma chamber with one or more pairs of electrodes therein

by ionizing at least a portion of the inspiratory flow of air through the plasma chamber;
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a secondary drug source positioned in the housing and configured to provide a
secondary drug; and

a controller configured to control an amount of NO-containing gas delivered from the
electric NO generator and an amount of the secondary drug from the secondary drug source
using a control scheme, the control scheme having one or more inputs relating to at least one
of the NO-containing gas, the secondary drug, the inspiratory flow of air, and one or more
inputs from a user, the controller configured to communicate with one or more sensors
configured to collect information relating to the one or more inputs to the control scheme.

20. The drug delivery system of claim 19, wherein the user draws gas through the patient
interface to inhale the NO-containing gas and the secondary drug simultaneously.

21.  The drug delivery system of claim 19, wherein the NO-containing gas is configured to
increase uptake of the secondary drug.

22. A drug delivery system, comprising:

a housing having a distal end with an inlet through which an inspiratory flow of air
passes into the housing, a proximal end having a patient interface attached thereto, the patient
interface being configured to interface with a user, and an inspiratory flow pathway extending
from the distal end of the housing to the proximal end of the housing;

anitric oxide (NO) source positioned within the housing, the NO source configured to
deliver NO-containing gas;

a secondary drug source positioned within the housing, the secondary drug source
configured to deliver a secondary drug; and

a controller configured to control an amount of NO-containing gas delivered from the
NO source and an amount of the secondary drug delivered from the secondary drug source
using a control scheme, the control scheme having one or more inputs relating to at least one
of the NO-containing gas, the secondary drug, the inspiratory flow pathway, and one or more
inputs from a user, the controller configured to communicate with one or more sensors

configured to collect information relating to the one or more inputs to the control scheme.
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