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STERILIZATION SYSTEM AND DEVICE

Cross-Reference to Related Applications

[0001]

The present application claims priority from U.S. Continuation In Part Patent
Application entitled S. N. 11/477,513, entitled “Sterilization System and
Device”, filed June 30, 2006. The present application is a Continuation-In-Part
of PCT/US2005/000173, filed on January 6, 2005, the contents of which are
incorporated herein by reference in their entirety. PCT/U $2005/000173 relies
for priority on U.S. provisional application No. 60/534,395 filed on J anuary 7,
2004; U.S. provisional application No. 60/575,421 filed June 1, 2004'; and U.S.
provisional application No. 60/564,589 having a filing date of July 23, 2004,
each of which are incorporated herein by reference in their entirety. The present
application is related to U.S. Provisional Application No. 60/542,298, filed

February 9, 2004, which is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002]

This invention relates to sterilization devices and methodologies using nitric
oxide and/or other oxides of nitrogen as the sterilant. Specifically, the invention
relates to a device and method that uses nitric oxide and/or additional oxides of

nitrogen for sterilization purposes.

BACKGROUND OF THE INVENTION

[0003)

[0004]

Steam autoclaving is the hospital standard for sterilizing most medical _
instruments. This method exposes materials to steam at 121°C at 15-20 lbs per
square inch of pressure for 15-30 minutes. Killing is mediated by heat
denaturation of proteins, DNA, and subsequent interruption of metabolic
functions. The method requires cumbersome equipment, a power supply and
plumbing, although benchtop models have fillable water tables. Aside from these
logistical problems, autoclaving is not suitable for many plastics and other heat
labile materials.

Sterilant gases can kill or control the growth of microbial contaminations. Some
of these sterilant gases include chlorine dioxide, sulfur dioxide, hydrogen
peroxide, nitric oxide, nitrogen dioxide, carbon dioxide, hydrogen sul.ﬁde,'ozone
and éthylene oxide. One problem with many of the sterilant gases is that they are
explosive in high concentrations (e.g. ethylene oxide, hydrogen peroxide,
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[0005]

[0006]

[0007]

chlorine dioxide). Thus, storing, containing and using these gases in high
concentrations represent a hazard to the user. For safety reasons, this limits the
usable concentration bf gas and creates an additional disadvantage. The
concentration of the sterilant gas must be decreased due to safety concerns, while
the exposure time must be increased to achieve effective sterilization.

Certain sterilant gases, such as chlorine dioxide, ozone and hydrogen peroxide are
difficult and expensive to transport. Many of these sterilant gases are powerful
oxidizers. Oxidizing gases afe expensive and paperwork intensive to sh_if in bulk
tanks, further complicating their use. Gases, such as ozone and chlorine dioxide,
must be generated at or near the point of usé. On-site plants for generating one
such sterilant gas, chlorine dioxide, are costly and require significant space to
implemént.

Hamilton U. S Patent No. 6,607,696 describes a device for delivering chlorine
dioxide to disinfect or stefilize a liquid or an item contained in the liquid. The
device uses a permeable sachet containing gas generating reactants, such as
sodium chlorite and citric acid, where the sachet is a receptacle permeable to
liquid and gas. Liquid can diffuse into the receptacle to reach the gas generating
réactants that then generate a gas, such as chlorine dioxide. The gas that diffuses
out of the permeable sachet is not sealed from the environment / atmosphere.
Multi-compartmental devices that employ gas-generating ingredients contained
in closed compartments that are permeable and permit the diffusion of liquids
and gases through the compartments to produce chlorine dioxide, such as the
sachet and envelope compartments used in U.S. Patents 6,602,466 and
6,607,696. Not only are these systems expensive and difficult to manufacture,
but they do not contain the generated gases in a manner that prevents their
unintended escape to the environment/atmosphere nor do they allow the user to
predictably and controllably release the gas into a sealable container that is
sealed when the contents are sterilized.

Thus, there is a need for methods and devices that generate sterilant gases at the
point of use in a safe and efficient manner. There is a further need for processes
capable of producing significant concentrations of sterilant gas without the
danger of explosion or oxidative fire. There is a need to produce greater
concentrations of NO in a short time period to allow a shorter exposure and
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[0008]

make the sterilization process more efficient. There is also a need for a system

and method to generate small amounts of sterilant gas in an economical manner.
The ability to economically generate small amounts of sterilant gases allows for
easy transportation of the sterilizing system, imparting portability to the system

not commonly found with traditional sterilization devices and methods.

Given the problems with traditional gaseous sterilants and disinfectants, there is a

need for a sterilant gas generating system and method where the risk of
explosion and oxidative fire is minimized, that produces the sterilant gas rapidly,
safely, economically, and in a scaleable manner. There is also a ﬁeéd for a
sterilant gas that can be safely used at high enon gh concentrations to ;ninimize
the time required for sterilization or disinfecting. Also, there is a need for a
sterilant gas that does not sjgniﬁcant]y alter or destroy the materials and/or
objects being sterilized, sucﬁ as.by altering the molecules of the materials being

sterilized or changing the structural form of the objéct-or material .

SUMMARY OF THE INVENTION

[0009] = The present invention provides a method to generate and use one or more oxides

[0010]

of nitrogen for the purpose of sterilization and disinfecting. These oxides of

‘nitrogen may include: nitric oxide, nitrogen dioxide, dinitrogen tetroxide or

additional oxides of nitrogen individually or in combination. By usiqg
compoundé that generate nitric oxide on acidification, and éombining the nitri'c- ’
oxide with ambient air within an exemplary device, the method generates both
water soluble and lipid soluble oxides of nitrogen each of which possess anti-
microbial properties on their own. In addition, the mixture of gases generated in
the present invention has lower oxidation potential than other sterilant gases,
making them safer to handle. Furthermore, the mixture of gases lacks the
potential for explosive hazard possessed by many currently favored sterilant
gases.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 shows a sterilization device having a sterilization chamber (SC) 12, a gas

generation chamber (GGC) 14, and a connecting tube 16 having a safety valve
18. The. SC 12 has a closure 20, a connecting port 15, and an‘exhaust ‘port 22 that
attaches to exhaust tubing 29. An exhaust valve 23 is attached to the exhaust
tubing 29. The GGC 14 contains the composition capable of generating a
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[0011]

| [0012]
[0013]
[0014]
[0015]

[0016]

[0017]

[0018]

sterilant gas (sterilant gés—generatin g composition) 24. The GGC 14 has a fitting
17 to which connecfing tubing 16 is attached, and a filling port 2.1' for adding
liquids. . '

FIG. 2 is a drawing of another embodiment of the Sterilization Chamber 12 that.
has.'a flap closure 30 for opening or sealing the SC 12.

FIG. 3 is a schematic drawing of a sterilization device 100 of the present

invention that is comprised of a hard casing with internal gas pumping and

. scrubbing functions.

FIG. 4 is a graph illustrating whether certain biologicél indicators were dead, |
alive or a mixture thereof following exposure for the indicated amount of time
(approximately one day ) to NO2 in nitrogen at concentrations of 0%, 0.025%,
0.050%,‘0.100%, 0.150%, 0.200%, 0.250%, 0.350% . Further experimental
details are .diécu'ssed in Example 31 and elsewhere in the cxamp]é;s.

FIG. 5 is a graph i]]uStratiﬁg the kill effectiveness of the expostire of. certain
biological indicators to NO in air at exposure times from 5 to 120 minutes and at
concentrations of 0 to 1% and also at 6%. Additional experimental details are
discussed in Example 31 and elsewhere in the examples.

FIG. 6 is a graph showing the kill effectiveness of NO in air at varying times and
concentrations and illustrating a region of times and concentrations that achieved’
consistent kill effectiveﬁess. Additional exﬁerimental details are discussed in
Example 31 and elsewhere in the examples. '

FIG. 7 is a pair of charts illustrating a greater degree of resolution of sterilizatioﬁ
versus incomplete sterilization of various concentrations of NO between 0 and
1% f’or varying time periods as plbtted in Figures 5 and 6 and discussed in
Example 31. The product of NO concentration multiplied by exposure time was
shown in this example to be a better indicator than NO concentration alone as a
predictor of kill effectiveness.

FIG. 8 is a chart illustrating a preferred process for sterilization involving
pulling a vacoum on a sample to be sterilized, allowing the sample to dwell at a
vacuum, adding NO ( or NO2 or other oxide or oxides of nitrogen), adding
humidified air, adding dry air and dwelling at final conditions.

The foregoing features of the invention are more readily understood by reference
to the following detailed description.
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DETAILED DESCRIPTION OF THE INVENTION

[0019]

[0020]

[0021]

[0022]

The present invention provides methods and devices that generate or use mtnc
ox1de nitrogen leX]de, and/or other oxides of nitrogen, to sterilize or disinfect
instruments, devices, materials, tools and equipment that must be stenle,
typically for medical applications. The use of nitric oxide a]one orin
combination with oxides of nitrogen that form in combination with air, as a
disinfectant and sterilant gas rnixture has several advantages over other gases..
The use of nitrogen dioxide in nitrogen, alone or in combination w1th other
oxides of nitrogen also has advantages for the sterilization of or dxsmfecﬂon of
objects and materials. Neither nitric oxide nor other oxides of mtrogen are
explosive at high concentrations..In addition, because nitric oxide and other
oxides of nitrogen have a weaker oxidizing potential than peroxides and ozone,
they al]ow.for a broader list ef materials that can be sterilized. Another
advantage to using nitric oxide and/or other nitrogeh_oxidés is that their density
is closer to that of air, and thus do not settle to the bottom of a‘closed
compartment when rnix:ed with air, as would chlorine dioxide, which is greater
than twice the density of air.

Generating a mixture of the oxides of nitrogen can have additional adv:;mtages
over pure nitric oxide and other single entity sterlhzatlon gases. Nxmc oxide i 1s
very hp]d soluble and has the ability to disrupt the lipid membranes of
microorganisms. Furthermore nitric oxide may inactivate thioproteins thereby
disrupting the functional proteins of microbes. Nitrogen dioxide is more water
soluble than nitric oxide. Finally, nitric oxide and nitrogen dioxide are )
extremely effective disruptors of DNA, causing strand breaks and other damage .
leading to an inability for the cell to function.

A mixture of nitric oxide and air will react, resulting in a mixture containing
many different oxides of nitro<v.en Specifically, the addition of NO to air, or air
to NO, results in the formation of NO, when NO reacts with the oxygen: in air,
The concentration of each nitrogen-oxide SpeC1es that is present in a mixture will
vary with temperature, pressure, and initial concentration of the nitric oxide.

In certain embodiments, nitric oxide is provided in air at concentrations between
0.35% and 1% or greater for 30 minutes or longer, preferably where the product
of NO concentration (in percentage units) and time in minutes equals
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approximately 10, 20, 30, 40, 50, 60, or more (e.g. Concentration of 0.35% times
30 minutes equals approximately 10) . In certain embodiments tﬁe relative
humidity is méintained between'approxjmately 50% and 80% (or 60% to 80%)
such as approximately 50%, 66%, 70%, and 80%. IN certain embodiments the -
NO concentration in air is supplied at approximately 0.25%, 0.35%, 0.5%, .
0.75%, 1% or greater. In certain embodiments the sample to be sterilized is first
exposed to a vacuum of approximai;e]y 0.3 inches Hg to appr;)ximately 5 inches
Hg such as 03", 0.5”, 17, 3* of 5. ’

Definitions ' ,

[0023] ° As used herein, the term “gas” or “gases” means any matter that is not in the solid
state or liquid state, but rather, has relatively low density and viscosity, expands
and contracts greatly with changeé in pressure and temperature, diffuses readily
and has the téndency to become distributed uniformly thronghout any container

[0024] As used herein, the term “ﬁitric oxide™ or “NQ” means the NO free radical or
NOQe. Asused herein, the term NOx is an abbreviation for nitrogen oxides or
the oxides of nitrogen, which are the oxides formed by nitrogen in which

-nitrogen exhibits each of its positive oxidation numbers from +1 to +5. As used
herein, the terms “nitrogen oxides” and ‘oxides of nitrogen’ and ‘NOx’ mean a
gas having one or more of the following gases, all of which contain nitrogen and '
oxygen in varying amounts: nitric oxidé (N"O) nitrogen dioxide (NO), nitrogen
trioxide (NO3), dinitrogen t.rioxide (N,03), dinitrogen tetroxide (N20.),
dinitrogen pentoxide (N20s) and nitrous oxide (N2O). Examples of preferred
sterilant gases include, but are not limited to NO, NO,, NO;3; N,03 N,04, N>Os |
N20 and mixtures thereof. Examples of the most preferred sterilant gases are
NO, NO,, N»O4 and mixtures thereof.

[0025] As used herein, the term “NO-generating” compound or composition means a
compound or composition capable of producing or releasing NO, NO,, and NO,.
As used herein, the term “sterilant gas-generating” compound or composition
means a compound or composition capable of producing or releasing a sterilant
gas. An NO-generating compound is one type of sterilant gas-generating
compound. The preferred sterilant gas-generating compounds used in the

systems, devices and methods of the present invention are carbon-based
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diazeniumdiolate compounds that generate at least 1 mole of NO per moie' of
compound.

[0026] As used herein, the term “sterilization chamber” means any gas tight chamber of
any size, whether comprised of hard or soft materials, where items to be
sterilized or decontaminated can be contained. Preferably, the sterilization
chamber is capable of (i) maintaining a vacuum; (ii) receiving a sterilizing gas;
and (iii) recei{ring air. Sterilization is a high-level of decontamination that
destroys all microbial life, including highly resistant bacterial endospores
Disinfection in an 1ntermed1ate-1evel of decontamination, which ehmmatcs '
virtually all pathogenic mlcroorgamsms with the exceptlon of bactenal spores.
As used herein, the terms “sterilize” “sterilizing” and “sterilization” mean the
killing or rémoval of all microorganisms in a material or on an object. When a
material or object is “sterili,zéd” or “sterile” there are no living organisms in or

. on a material or object. Since sterilization eliminates all miicroorganisms,. -
including endospores, a method, system aqd/or device that .s_tei'ili'zes a material or
object, therefore, also disinfects and decontaminates the material or object. As
used herein, the term “object” refers not to a feature of the invention, but rather
'to the article or material being acted upon to be sterilized and/or decontaminated
by the disclosed sterilizing rﬁethods, systems and devices. The term “object” can
also include a material to be sterilized, no matter the physiéa] form. An object‘
may include, for example, without limitation, a medical device or medical )
instrument or any other article or combination of articles for which sterilization
is desired. An object may have a wide variety of shapes and sizes and may be
made from a variety of materials (e.g., without limitation, metal, plastic, glass).

[0027] As used herein, the term “gas generation chamber” means any container, of any
size or composition, which may be used to contain a gas and/or a gas-generating
compound. Preferably, the gas generating chamber is made of a material that is
impermeable to liquid and impermeable to gas. As used herein, the term
“microbe” means any bacteria, virus, fungi, parasite,' mycobacterium a or the
like. As used herein, the term “scrubbing” means the removal or conversion of
toxic oxides of nitrogen from the exhaust stream of the sterilization device.

[0028] As vsed herein, the term “medical device” means any instrument, apparatus,
implement, machine, appliance, contrivance, implant, or other similar or related

7
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[0029]

[0030]}

[0031}

[0032]

article, including any component, part, which is intended for use, in the cure,
mitigation, treatment, or prevention of disease, of a human or animal, or intended
to affect the stfucturé or any function of the body of a human or animal; and,
which is intended to be inserted, in whole or in part, into intact tissues of a
human or animal. As used herein, the term “implant” or “implantable” means
any material or object inserted or grafted into intact tissues of a mammal.

As used herein, the term “impermeaible” means a substance, material or object
that prohibits over 95% of ahy'liquid or gas from passing or diffusing tﬁrough it,
for at least one hour. As used herein, the term “perméablc” means a substance,
material or object that allows the passage of gases and/or liquid through it.

The sterilization system and method of the present invention utilizes one or more
oxides of nitrogen (individually or in combination) to sterilize a wide variety of '
devices, instrﬁments, materials, human arig:l animal tissues, drugs, biologicals,
and a variety of medically relevant materials.

An additional sterilization system and method of the present invention employs
compounds that release a sterilant gas, preferably nitric oxide, upon acidification.
The system and method of the present invention generates nitric oxide that is
used, typically as a mixture of water soluble and lipid soluble nitrogen oxide
gases, to sterilize a wide variety of devices, instruments, materials, human and
animal tissues, drugs, biologicals, and a vafiety of medically relevant materials.
In one embodiment of the present invention, the object to be sterilized is made of
a material that is used in health related products. Examples of health related
products are, without limitation, all types of surgical instruments; cardiac surgery
products; cardiac implants; cardiovascular stents; vascular implants; orthopedic
surgery products such as surgical instruments, bone graft, bone scaffold;
orthopedic implants; dental surgery products; dental implants; gastrointestinal
implants, urinary tract implants; wound healing products; tissue engineering
products. In another embodiment of the present invention, the tissue engineering
product is a protein.

Typically, an object that is a medical device contains one or more materials, such
metals, a non-metals, a polymers or plastics, an elastomers, as well as

biologically derived materials. Preferred metals used in medical devices are
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stainless steel,‘alumjnum, nitino], cobalt chrome, and titanium. Examp]és ‘of _
nonmetals are glass, silica, and éeramic.

[0033] In another embodime.'nt of thé prcsént invention, the object to be sterilized is
made of a material that is a poiymer such as a polyester bioresgrbable polymer,
for example, without limitation, Poly(i-lactide), Poly(DL-Lactide), S0/50°
Poly(DL~lactide—co—glycolide), Poly(e-caprolactone), mixtures thereof. ‘
Preferably, the material is a bioresorbable polymer capable of being used as an
implant material and for drug delivery. Preferred polymers used in medical
devices are polyacetal, po_lyurethaﬁe, polyester, polytetraf]u(‘)roetl'lylene,'_
polyethylene, polymethylmethacry]ate; polyhydrqueth‘yl methacrylaie,
polyvinyl alcohol, polypropylene, polymethylpentene, polyetherketone,
polyphenylene oxide, polyyinyl chloride, pé]ycarbonate, polysulfone,
acrylonitrile-butadiene-styrene, polyetherimide, polyvinylidene fluoride, and
copolymers and combinations thereof. Other materivals found in medical devices
are polysiloxane, fluorinated polysiloxane, ethylene—propy]éné rdbber,
fluoroelastomer and combinatioﬁs thereof. Examples of biologically derived
materials used in medical devices include, without limitation, polylactic acid,
‘polyglycolic acid, polycaprolactone, polyparadioxanone, polytrimethylene
carbonate and their copolymers, collagen, elastin, chitin, coral, hyaluronic acid, -
bone and combinations thereof. ' |

[0034] Certain types of medical devices and implants include a bioactive coating and/or
biocompatible coating, examples of which are, without limitation, infection
resistance coating, antimicrobial coating, drug release coating, anti- .
thrombogenic coating, ]ubricious coating, heparin coating, phophoryl choline
coating, urokinase coating, rapamycin coating, and combinations thereof. The
bioactive coating can be a hydrophilic or hydrophobic coating. Further examples
of bioactive coatings and polymers include, but are not limited to polyvinyl
pyrrolidone, polyethylene glycol, polypropylene gl);col, polyethylene glycol-co-
propylene glycol, polyethylene glycol acrylate, polyéthylene glycol diacrylate,
polyethylene glycol methacrylate, pol);ethy]ené glycol dimethacrylate,
polyethylene oxide, polyvinyl alcohol, polyvinyl alcoho]-co—vinylaéeiéte;
polyhydroxyethyl metﬁacrylate, and polyhyaluronic acid, and hydrophilically
substituted derivatives, monomers, unsaturated pre-polymers, and uncrosslinked

9
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polymers with double bonds thereof. Addition bioactive coatin gs and polymers
" are po]ytetraﬂuoroeihy]ene, polyethylene, polypropylene, po]y(e.t.hylene
terephthalate), pol yeéter, polyamides, pp]yarylétes, polycarbonate, polystyrene,
polysulfone, polyethers, polyacrylates, po]ym‘cthécry]ates, po]y(Z-hydroxycthyl
methacrylate), polyurethanes, poly(siloxane)s, silicones, poly(vinyl chloride),
ﬂuorinated elastomers, synthetic rubbers, poly(phenylene oxide),
polyetherketones, acry]onitriIe-butédiene-styrene rubbers, péyetherim’ides, and
hydrophobically substituted dérivatives thereof and their precursor mor.l'omers.

[0035] In another embodiment of the present invention, the oﬁject to be sterilized is
made of a material that is a bioabsorbable polymer or a drug-bearing or drug-
eluting polymer or a mixtures thereof. In a preferred embodiment of the present
invention, the object to be sterilize;,d is an implant.

[0036] A préferred efnbpdiment of the system and method of the present invenﬁon
generates fhe gases at the point-of-use. Such point-of-use methods, systems and
devices eliminate the need for heavy tanks of potentially hazardous gases or
expensive on-site gas generation plants. The point-of-use gas generation
employed in the system and method of the present invention can be functional
without requiring electricity, which allows the method to be adapted for portable
embodiments for sterilization, disinfecting, and decontamination in austere
environments such as combat areas, refu geé' camps, etc. In one aspect, the
present invention describes a method to generate a mixture of nitrogen oxides for
sterilization and disinfecting purposes. The method requires an apparatus that |
integrates the gas generation and delivery method. The apparatus used in the
procéss may have many potential embodiments.

[0037] In a preferred embodiment of the system or device of the present invention, a
sterilization chamber is used, along ;vith a source of the sterilant gas comprised
of one or more oxides of nitrogen. The sterilization chamber may be in fluid
connectivity with the source of the sterilant gas; alternatively, the source of the
sterilant gas can be within the sterilization chamber. One preferred embodiment
includes a gas generation chamber in fluid connectivity with a sterilization
chamber. Another preferred embodiment has the gas generation chamber

contained within the sterilization chamber.
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[0038] Also preferred, are embodirﬁents of the system and method of the presem.:
invention that produces a mixture of nitrogen oxides havmg less oxidative
potential than commonly used sterilant gases, including ozone and hydrogen
peroxide. An additional advantage is that the mixture of nitrogen oxides
produced has much less explosive potential than the commoﬁly used 'sterilant.
gases, including ethylene oxide, hydrogen peroxide, and chlorine dioxide. This
allows the use of greater concentrations of the gaseous mixture the system and
method of the present invention thereby allowing less exposure time in the
sterilization cycle as known to those skilled in the art. .

[0039] Yet another advantage is tﬁat the method of the present invention is the
generation of multiple chemical species with different chemical properties for
the purpose of sterilizatioq and disinfectiné. Those skilled in the art understand
that multiple mechariisms of cell killing or deactivation are often preferred over
single mechanisms of action. Antimicrobial agents with different mechanisms of
action are often synergistic, producing a greater effect than would be expected by
simply adding the effeets from each agent together. The same principle is applied
to microbial resistance, where multiple, distinctly actling agents are used for
treatment.

. [0040] In one preferred embodlment of the method and system of the present mventlon,
NO gas is generated usmg the class of nitric oxide donors known as
diazeniumdiolates. These compounds spontaneously release NO in solution, with
rates that are proportional to the acidity of fhe solution. Highly acidic conditions
can be used tc; generate NO in the method of the present invention, generate NO
gas rapidly (complete theor.etic release of NO in < 30 sec).

[0041] A preferred embodiment of the method and system of the present invention uses
carbon-based diazeniumdiolates rather than nitrogen-based compounds. Carbon-
based diazeniumdiolates are preferred because nitrogen-based compounds are
able to form highly carcinogenic nitrosamine species, as described by
Parzuchowski et al., J Am Chem. Soc 124: 12182-91 (2002). Al.so. preferred are
carbon-based diazeniumdiolate compounds that release large amounts of NO
such as but not limited to those described in U.S. Provisional Pat. Api)l
60/542 298 (which produces greater amounts of nitric oxide per mole of
compound, as compared to the compounds disclosed in U.S Pat No. 6,232 336)
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and U.S. Provisional Pat. Appl. 60/542,298, filed February 9, 2004, which is
incorporated herein by reference in its entirety. Another embodifﬁent of the
methods and devices.of the present invention employs a sterilant gas-generating
composition that includes a nit:.rogen—based diazeniumdiolate compound.

{0042] Ina f)referred embodiment of the methods and devices of the present invention
that employ a sterilant gas-generating composition that includes a carbon-based
diazeniumdiolate compound, the carbon-based diazeniumdiojate compound

. produces quantities of NO th'at' are greater than 1 mole of NO per mole ~c.,\f the
carbon-based diazeniumdiolate compound. In yet another embodiment of the
methods and devices of the present invention, the carbon-based Tcl'iazeniumdiolate
has a carbon bearing a diazeniumdiolate group, wherein the carbon does not
comprlse part of an imidiate, thioimidate, amidine or enamine.

[0043] In yet another embodiment of the methods and devices of the present mvenuon
the carbon-based diazeniumdiolate compound has the formula:

R*-C(R"),(N20.R%)y
. wherein x is an integer from O to 2 and y is an integer from 1 to 3 and the sum of x
plus y equals 3; '
wheréin R!is not an imidiate, thioimidate, amidine or enamine;
wherein R? is selected from the group consisting of a countercation and a protecting
group on the terminal oxygen; and ‘
wherein R® is a phenyl group. -

[0044] In yet another embodiment of the methods and devices of the present invention,
the carbon-based diazeniumdiolate compound has the formula:

wherein R! is not an imidiate, thioimidate, amidine or enamine;

wherein R? is selected from the group consisting of a countercation and a protecting
group on the terminal oxygen; and

wherein R? is a phenyl In a preferred embodiment of the invention, R’ is selected
from the group consisting of an electron withdrawing group, a nitro group, an ether, a
thioether, and a non-enamine amine;

wherein the R? substituent is selected from the group consisting of aliphatic,

aromatic, and non-aromatic cyclic groups; and
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wherein fhc R substituent is selécted from the group consisting of mono- or ;ii'- _
substituted .arnino, unsubstituted amino, amhionium, alkoxy, acetoxy, aryloxy, acetamide,
aldehyde, benzyl, cyano, nitro, thio, sulfonic, vinyl, carboxyl, nitroso, tfihalosilane,
trialkylsilane, trialkylsiloxane, tﬁalkoxysiiane,-diazeniurndiolate, hydroxyl, halogen,
trihalomethyl, ketone, benzyl, and alkylthio. The countercation is selected from the gr'oub
consisting of an ammonium and other quaternary amines; and further wherein the i)rotectipg
group is selected from the group consisting of aryl, sulfonyl, glycosyl, acyl, alkyl and

olefinic groups.
R?
R N,O, R?

N2O, R2

[0045] One NO-generating compound that may be used in'the method and system of the
present invention, though with caution, is sodium nitroprusside bécause of its
_concurrent formation of cyanide in the gas generation chamber. The formation of
‘cyanide represents a human health hazard and creates a disposal safety issue for
the gas generation chamber. Nitrosothiols may also be used to generate NOin
the current invention, however nitrosothiols have .the tendency to reform after ‘
they have released NO, thus creating a chemi_cé] sink for NO and making the
release of NO unpredictable. A sterilant gas-generating composition of the
present invention, therefore, may include a nitrogen-based diazeniumdiolate
compound, such as a nitrosothiol, S-nitrosoglutathione, sodium nitroprusside,
molsidomine, an iron-sulfur nitrosyl, Rou ssin’s black salt; and mixtures thereof.
[0046] A most preferred embodiment of the system and method of the present invention,
the NO-releasing compound employed is a carbon-based diazeniumdiolatga
compound. Carbon-based diazeniumdiolate molecuies release a greater-amount
of nitric oxide and do not form nitrosamines. Preferébly, the carbon-based
diazeniumdiolate compound produces greater quantities of NO per mole.
Preferably, a C-based diazeniumdiolate compound that is capable of broducing at
least one mole of NO per mole of diazeniumdiolate is used as the sterilant gas
generating compound is used in the system and method of the present invention.

13
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[0047]

[0048]

[0049]

[0050]

Such a carbon-based diazeniumdiolate is described in U.S. provisional patent
application 60/542,298 entitled “Nitric Oxide-Releasing Mo]eculhés” filed
February 9, 2004; thé entirety qf which is hereby incorporated by referenqe. '
The system and method of the present invention pfeferably uses a C-based
diazeniumdiolate compound that does not result in the formation of carcinogenic
nitrosaminés when acidified. Another advantage of using a C-based
diazeniumdiolate compound as the preferred NO-releasing cdmpound is that it
releases a greater quantity of NO per mole of NO-releasing compound. “For
example, nitrogen-based diazeniumdiolates and nitrosothiols produce lower
quantities of NO per mole compound when 'cdmpared to the carbon-based
diazeniumdiolate compounds. Also, the use of a C-based diazeniumdiolate
compouﬁd as the preferred NO-reléasing compound allows the use of an acid to
release NO réthe_r than the copper solution required for release of NO ff-om
nitrosothiols. Yet axiothcf advantage of the method and system of the present
invention is that it has a reduced environmental impact as compared to a method
requiring a solution containing copper ions. ‘
The nitric oxide generating compounds utilized in the system and method of the

present invention provide several advantageous elements to the present

" invention. One advantage is that nitric oxide has a high degree of lipid

solubility, making it toxic to almost all‘mic.robes, which have lipid membranes
(the exception is non-enveloped viruses).

Nitrogen dioxide, and other oxides of nitrogen such as dinitrogen tetroxide, are
more water soluble than nitric oxide. These, and especially nitrogen dioxide, are
highly damaging to DNA, resulting in nitrosation and deamination of DNA bases
and single and double strand breaks. Damage to DNA is a powerful killing
mechanism. Combined, the mixture of gases in the present invention provides a
multi-pronged attack of microbes through a variety of possible mechanisms of
action. The antimicrobial benefits of a method that uses multiple mechanisms of
action, as discussed above.

Yet another advantage to the system and method of the present invention is that it
can permit the formation of small amounts of nitrous acid and nitric acid in the
water that attaches to solids in humid environments, which can enhance the
antimicrobial properties of the present invention.
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[0051] Another embodiment of the system and method of the present invention uses a
gas generating chamber that is a pressurized or non-pressurized cylinder
containing one or more oxides of nitrogen. Though this embodiment sacrifices
portability, it is useful in large scale decontaminations, such as military or other
very large equipment. The one or more oxides of nitrogen may be stored at h]gh ,
concentrations within the cylinder. Although this embodiment is less desirable
due to the hazard and added costs and paperwork involved with shipping of
concentrated pressurized gases. A more preferred method would be to di}ute the .
concentration of the one or more oxides of nitrogen within the cyiiﬁder toa’
desired concentration by mixing with n'itrogen or other inert gas incluﬁing, but
not limited to argon, helium, and neon. The gas or gas mixture can be delivered
to the sterilization chambelj through a metefed regulator in fluid connectivity
with the sterilization éhambﬁlj, or other gas delivery method known to one skilled
in the art. Another embodiment includes computer 6r_ microprocessor means to
control the delivery of sterilant gas from the gas py]inder.

{0052] .= In embodiments of the present iﬁvention where the NO-releasing entity is

" activated by acid, any acid can be used to generate NO. In one embodiment of
‘the present invention the NO donors are activated by the addition of a liquid
activator that is an aqueous acid, as described in Example 1. The liq}lid activator
may be, for example without limitation, water, an 'acid, and mixtures of water |
and acids. Due to the inco‘nvenience of handling and transporting aqueous acids,
powdered acids that are activated by water ére prefefred. ‘While any powdered
acid would be acceptable, powdered acids with low pKa are preferred because
the preferred method is to rapidly generate the NO, and low pKa acids are more .
effective. These low pKa acids include but are not limited to oxalic and maleic
acids. Generally, up to tén—fold molar excess of powdered acid is used, however
lower molar ratios may also be acceptable.

[0053] A preferred embodiment of the system and method of the present invention
includes a gas generation chamber containing both a carbon-based
diazeniumdiolate and a powdered acid, whereby the gas generation chamber
includes a rapidly sealing opening that allows the addition of a ]iquid; preferably
water, and is in fluid connectivity with the sterilization chamber so that gas
generated upon activation of the carbon-based diazeniumdiolate is transported
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into the sterilization chémber. Additional connections and/or ports may be

* included for such purposes as to apply a vacuum, if necessary, t6 release NO
gas from the chambef. Preferably, the NO gas is released into a reusable.NOx
scrubbing system. Preferred 'rr.lethods and devices of the present invention
include the scrubbing of the sterilant gas after the object is sterilized.

[0054] A desiccant may be included in the gas generation chamber to reduce moisture
during manufacture, shipping, and storage of the gas 'generatl:on chamber.
Examples of desiccants may~in'clude but not be limited to molecular sie;res, silica
gels, and other methods known to one skilled in the art. Care should be taken that .
the amount of desiccant does not prevent the generation of NO on the addition of
water.

'[(.)055] " One skilled in the art can apply Thé Ideal Gas Law, the moles of NO released
from the varfoug NO-releasing compounds, the molecular weight of the
compound in question and derive the weight of the compound necessary in the
gas generation chamber to achieve a desi'red percent of NO added to any
specified volume that comprises the sterilization chamber. For exgmp]é, 1.956

.grams of an NO-releasing compound that generates 2 moles of NO per mole of
compound having a molecular weight of 163 gms/mole is used to produce -

~ 0.0225 moles of NO and provide a concentration of 50% NO in a one liter

volume. This allows the user to control thé amount of NO added for various
sterilization applications. For example, medical practitioners may desire a more
rapid sterilization cycle, requiring higher concentrations of added NO. Those '
users who are more concerned with portability may be less sensitive to speed and
cost of the process. Longer sterilization cycles may require less of the NO-
releasing compound, i.e., less NO added. Thus, the device 100 and process offer
the flexibility to provide potential end users with options regarding cost, speed,
portability, and other utilization parameters.

[0056] In one embodiment of the present invention, a lightweight, portable device

. employing chemically generated NO as a rapid, effective sterilant which requires
no electrical power so that it can be used in austere environments.

DETAILED DESCRIPTION OF THE INVENTION

[0057] FIG. 1 shows the device 10 in its most simplistic form. The device 10 is
comprised of the subcomponents that include the sterilization chamber (SC) 12,
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the gas generaiion chamber (GGC) 14, a connecting tube 16 that allows gas to
flow from the GGC 14 to the SC 12, and a safety valve 18, along the lenéth of
the connecting tube .16 that éepar_ates the GGC 14 from the SC 12. The SC 12 has
a closure 20, a connecting port 15,-and an exhaust port 22 that attaches to
exhaust tubing 29. An exhaust valve 23 is attached to the exhaust tubiﬂg 29. The
GGC 14 contains the powdered sterilant gas-generation composition or
compound 24, which is described in detail below. The GGC 14 is further’
comprised of a female lure fitting 17 to which the connectin g tubing 16 js
attached, and a filling port 21 for.addition of liquids: Each sﬁbcomi)onent
comprising the device 10 -is described in greater d‘e;ail below. .

[0058] FIG. 1 also details.the sterilization chamber (SC) 12. The SC 12 includes a
physical container 13 comprised of a p]astié, a closure 20, that is gas '
impermeable and allows ré—,épening and re-sealing of the SC 12 for loading and
unloading of the materials to be sterilized, a conneétjng port 15 that allows a gas-
tight seal with connecting tube 16, and an exhaust port 22 that allows the
removal of the gaseous. sterilant- from the SC 12 prior to removal of the stérilized
materials. The SC 12 can be comprised of any plastic.: material that can contain a
low molecular weight gas for up to 45 minutes. Due to the short duration of the
period during which it is necessary to contain the gas, semi-gas permeable
materials may be used to construct the SC 12, alléwing for optinﬁzaﬁon of
weight, touéhness, and cdst parameters for each individual application.

[0059] Plastics used for the physical container 13 of the SC 12 may include highly
chemical resistant polymers, such as but not limited to Styrene-cthylene-butylene
modified block copolymer ;vvith-si]icone oil (for example, C-FLEX tubing), a
fluoropolymer made from Halar resin (for example, Chemfluor 367), Ethylene
Propylene Diene Monomer (EPDM), Ethylene TetrafluoroEthylene (ETFE),
Polyvinylidene Fluoride (for example, Kynar), fluoropolymers (for example,
MFA), polyketones or polyetheretherketones (PEEK), perfluoroalkoxy -
fluorocarbon (PFA), fluoroethylene-propylene (FEP), polyimide, and
polyvinylchloride (PVC). The closure 20 may be located at a variety of
locations in the SC, preferably, at a point on the SC 12 opposite from the
connecting port 15 and the exhaust port 22, or towards either side of the SC 12.
The closure 20 is preferably constructed from polyethylene. One preferred
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closure is one having inierlocking linear fasteners that are resistant to pressure
breaches, such as the U-MAXIGRIP (lllinois Tool Works, Inc. Gienview, IL).
‘While many inrer!ocl&ng linear fasteners are available, this model is parti(_:ularly
desirable due to its resistance to prcssuré breaches.

10060] An alternate embodiment for the SC 12 is shown in FIG. 2, in which the SC 12
uses a flap closure 30 that is a C-shaped 'tr,éck of interlocking plastic hooks and
ribs, sealed or opened by using a hinged zipper-like téb 31 aﬁd guide slot 32 that
separates or compresses the iht'er]ockin g components, resulting in the o_ﬁening or -
sealing of the SC 12. The flap closure 30 is positioned 1 to 2 cm from the
perimeter of the SC 12 over three contiguous sides of the SC 12, allowing for a ‘
flap of plastic from the SC 12 to be pulled back for easy loading and unloading
ofthe SC12. |

[0061] The éonnectidn port 15 allows for a gas-tight connection between the SC12 and
the connecting tube 16. Aipreferred embodiment includes a female lure fitting 25
at the top of the connection port 15 whereby the end of the connecting tube 16
can be comprised of a male lure fitting 27 or a tapered shaft desi gned to snugly
fit the female lure fitting 25. Alterations in the configuration are well within the
skill of the art, such as having the lure fitting at the top of the connection port 15
be a male lure fitting and having the end of the connecting tube 16 be a female

} lure fitting. ‘ - ,

[0062]  In one embodiment, the exhaust port 22 is a plastic flange, that is a contigﬁous
unit with 'thc'exha.ust tube that flanges out from the SC 12 and tapers into a
length of exhaust tubing 29. Exhaust tubing 29 is fitted with a valve 23 that,
when closed, seals the SC 12 from the ambient air. In a preferred embodiment,
the value 23 is a‘roller-activated compression valve is many possible
embodiments for mea'ns_ to seal the ekhaust tubing 29, known to those of skill in
the art.

[0063] The connecting tube may. be made of any flexible plastic that is relatively
resistant to chemicals. Preferred plastic materials include, but are not limited to,
C-FLEX, Chemfluor 367, EPDM, ETFE, Kynar, MFA, PEEK, PFA, FEP,
polyimide, and PVC. The length of the connecting tube should be sufficient to
allow the user to freely manipulate each chamber without disturbing the other
chamber. Typically, a length of 20 to 30 inches of connecting tube 16 is
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[0064]

[0065]

[0066]

preferred, however lengths outside the range of 20 to 30 inches are also

.func'tional. At either end of the connecting tube 16 there is a male lure fitting.
Alternatively, there is a tapéred hard plastic tip that can be inserted in the female
lure fitting to insure a fluid-tigﬁt seal.

A broad range of safety valves 18 may be used to separate the GGC 14 ffoxh the
SC 12 including, but not limited to, crimp valves, roller-activated compression
valves, and the like. Any valve that can seal the flow of fluid from the GGC 14
to the SC 12. A preferred embodiment of the present invention employs an air-
venting/vacuum breaking valve because it is self-activated. . -

Gas Generation Chamber (GGC) and gés generation compound

The GGC 14 includes a container 19 that can be cc;mpriscd of a variety of plastics

that are chemically resistant. These may include but are not be limited to C-

FLEX, Chemfluor 367, EPDM, ETFE, Kynar, MFA, PEEK, PFA, FEP,

polyimide, PVC. In a preferred embodiment, the co.nt.aincr is comprised of PFTE
and/or polyolefins. The GGC 14 includes a female lure ﬁttiﬁg 17 integrated for
attachment of the GGC i4 to thé connecting tube 16, which allows a.contiguous
flow of fluid from inside the GGC 14 to the SC 12. P.referably, the filling port 21
of the GGC 14 is a large, capped opening, which has a threaded rim protruding at
least 0.5 cm above the wall of the GGC to allow easy grasping and capping.
Another embodiment of the present invention is présented séhematicz;nlly in FIG. ~
3. The sterilization devicé 100 includes a hard case with internal gas pumping
and scrubbing means that is attached to a sealable gaé generation chamber.102.
The device 100 is in fluid connectivity with a gas geheration chamber 102,
through a sealable port 103; In a preferred embodiment, the sealable port 103
may be comprised of a double shut off quick disconnect coupling (Colder
Products St. Paul, MN) where the tubing 104 from the gas generation chamber
102 has the male of female coupling and the sealable port 103 is comprised of
the complimentary coupling. The advantage of the double shut off feature is that
disconnection is possible without opening either the gas generation chamber 102
or the sterilization chamber 101 to the local environment. Thus, the sterilant
gases are contained within the sterilization chamber 101, so that any residual gas

from the gas generation chamber 102 remains contained until the scrubbing step.
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. [006_7j The device 100 has a cofnpartment that is comprised of an electronic or hand
operated pump 105 that can be in fluid connectivity to the sterilizlation chamber
101, or nbt, dependiﬁg on the position of an intake valve 106. The intake valve
106 may be manually operatéd, or mjcroprocessdr 110 controlled. The intake
valve 106 allows the pump 105 to remove gas contained in the sterilization .
chamber 101 and the gas generation chamber 102 if it is in fluid connectivity
with the sterilization chamber 101 at the time of puxﬁp activafion. The gas is
pumped through a scrubbing‘ system 107 that deactivates and removes ;ﬁe gases
from the exhaust stream. The compartment that comprises the inner lumens of
the pump 105 and the scrubbing system 107 may or may not be fluid
connectivity with the sterilization chamber 101 depending on the position of the
intake valve 106. The device 100 is designed so that after completion of the
stex‘ilizatiqn éyc}e, activation of the valves and pump 105 draws gas from the
sterilization chamber 101 'through the intake valve 106 ihto the scrubbing system
107, through an exhaust valve 108 that directs the flow of gas out of the device
100, or back into the sterilization chamber 101 for the purpose of cycling the gas

.through the scrubbing system 107 for an additional period of time in order to
reduce the levels of gas to OSHA or other regulating agency standards or
guidelines. During such a recycling of gas, the gas that re-enters the sterilization -
chamber passes through a sterile air filter 109 to insure that any potential
microbial contaminants picked up by the gas stream (in the pump 105, scrubbing
system 107, and the necessary tubing to maintain fluid connectivity between thé
sterilization Chamber '101 and these elements) does not enter the sterilization
chafnber 101 during the gas recycling process.

[0068] There are certain risks inherent with gaseous NO that require specialized delivery
methods and handling procedures. Exposure to high concentrations of NO is
hazardous. The Occupational Health and Safety Administration (OSHA) has set
the current level of NO that poses an Immediate Danger to Life and Health at
100 parts per million (ppm) for a maximum of thirty minutes before the effects
of exposure would pose a threat to health or life. OSHA has also set the levels of
NO in the workplace at 25 ppm time weighted average for eight hours. Because
of the dangers of potentially lethal doses of NO , any device or delivery system
must include features to prevent the leakage of NO into the surrounding
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[0069]

[0070]

[0071]

environment in a manner and at levels that may raise a risk that the leaked NQ
‘might be inhaled or otherwise applied to subjects that miay be harmed by such
exposure. The formation of .nitrogen dioxide also represents a severe health
hazard. OSHA limit.s for NOz.are 1 ppm time weighted average over eight hours. -
The system of the present inventions limits the user’s exposure to the gases. 'ﬁie
systemand methods of the present invention include a sysiem that can remove
and/or detoxify the sterilant gases, otherwise known as scrubbing. The method
of the present invention preferably includes a scrubbing process that removes -
and detoxifies these gases, prior td retrieving the sterilized or disinfected
materials from the sterilization chamber. The scrubbing process, inclildes
numerous methods for removing and detoxifyin g.the NO, NO,, and NO,.
Scrubbing systems and processes may empioy an adsorbent to trap NO, and an
oxidizer to convert NO to N 02 In appropriate conditions, the sterilant gas may
be exhausted to the outside environment, where the qoﬁcehtrations of NO, NO;,
and NO, will dissipate easily. The scrubbing process may be achieved using a .
commercially availablé scrubbihg device, such as the Buchi Analytical B-414
(New Castle, DE). Ideally, the scrubbing device redﬁces the levels of NO, NO;_»_ R
"and NO, in the exhaust gas to levels below thé OSHA LTWA. Also, see, Basile

R. Dealing with Nitrogen Oxide Emissions. http://\jvww.finishers- .
management.com/may2002/nox.htm. It is also préferred that the method act
rapidly.

The method of the present invention most preferably does not expose the user to
concentrations of NO, NO; , and/or NOj that are abc;ve the OSHA limits. In a
preferred embodiment, the gases are removed from the chamber prior to opening
the chamber. In some instances such as outdoor use, the chamber may be opened
without prior removal of gases. In order to limit thie exposure to the sterilant
gases, the system and method of the present invention include a system that can
remove or detoxify the sterilant gases, otherwise kn;)wn as scrubbing.

Examples 2, 3 and 4 describe embodiments of effective scrubbing éystems that
use Purakol and Purafil Select (Purafil, Doraville, GA). One skilled in thé art
will realize that many configurations of a scrubbing system for a mixture of

oxides of nitrogen can be designed.
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In one embodiment of the present invention, the sterilization system is

"lightweight, requires no electrical (including battery) power, and can be

completely self-contained. The core of the system of a re-usable, sealable
sterilization chamber, a disposable gas generation.chamber, and connecting
tubirﬁg. The re-usable sterilization chamber can be loaded with surgical -
instruments or other materials to be sterilized, sealed, and connected to the gas

generation chamber which is pre-filled with nitric oxide (NO) donors and acidic

_activators. Water is then added to the gas generation chamber, the chamber is

sealed, and the generated gas flows into the sterilization chamber. A. gas
permeable, liquid impermeable valve separateé the two chambers to avoid mixing
the contents of the separate chambers. In one embodiment of the present
invention; the sterilant gas-generating composition is capable of releasing
sufficient quaﬁtities of NO to sterilize the object in as little as about 2 seconds to
about 30 seconds. Carbon-based diazeniumdiolate compounds are capable of )
releasing sufficient quantities.of NO to sterilize the object in as little as about 2
seconds to about 30 seconds. A duration of five minutes can be sufficient for

sterilization, although a safety margin of an additional ten minutes is prudent.

Examplel  Sterilization with Varying Quantities of Delivered Nitric Oxide

[0072]

[0073]

A blood storage container (Nexell, Iwihe, CA; Lifecell PL732 plastic tissue
culture flask) is used as the sterilization chamber. Strips of stainless steel are .
dipped in 108 CFU/ml sppruiatéd B. subtilis var. niger (as determined by ABSsos
standardization curves). The strips are allowed to air dry, placed in the
steriiization chamber, and then the sterilization chamber is heat sealed. The
sterilization chamber is evacuated using a syringe and controlling air flow with
the sterilization chamber valves. A known quantity of air is added to the vessel
using a graduated syringe.

An NO-generating donor.compound is placed in a 7 cc gas generation chamber.
The gas generation chamber is attached to the storage container through luer lock
connectors. The liquid activator, 3.0N HCI is added to the gas generation
chamber and the generated gas is allowed to flow into the sterilization chamber.
After a brief generation period, the gas is sealed in the sterilization chamber
using a compression valve.

22



WO 2008/005313 PCT/US2007/015093

[0074] Varying quantifies of NO gaé, namely 10%, 5%, 2.5% and 1 % NO, are tésted for
their efficacy in the sterilization chamber. The quantity (%) of NO gas generated
and added to the ste;ilizatiofl chamber is calculated from the number of moles of
NO required to be generated t6 result in the desired percentage of NO. This" -
calculation uses the Ideal Gas Law and formula weight of the' NO gas'—genéraﬁﬂg
.compound, which in this Example is a diazeniumdiolate NO donor, to determine
the mass of NO gas generating compound to be used.

[0075] All percentages tested, including 1%, are effective at killing 106.CFU/ml.
sporulated B. subtilis var. niger in five minutes, as dctcrrninéd by culturing of
the contaminated steel strips in LB at 37°C and vigprous shaking for ;18 hours,
followed by plating onto agar plates. Controls are identically treated with the
exception of the addition of percentages of imitrogen in place of NO. Control
stainless steel strips exhibited visible growth after 24 hours of incubation under

. the stated conditions.

Example 2 Scrubbing of NO, NO, from a portable sterilization chamber ;

[0076]) . After the sterilant gas is.used in ihe sterilization chamber, the gas in the chamber
is evacuated to another chamber containing scrubbiné media. The evacuated gas
is allowed to reside over the scrubbing media.

[0077] Two 300 ml PL732 tissue culture bags (Lifecell PL732 plastic tissue culture flask
case, Nexell, Irvine, CA) are connected to each other with fubing. A hose clamp’
is used to close one bag off from the other. An incision is made in one bag,
designated to be the ‘scrubbing’ bag, into vs;*hich a pré-measured amount of
scrubbing media (6.0 to 60 grams of Purafil Select and Purakol in a 1:1 mixture)
is added to the bag. The incision is then heat sealed. Both ba}gs are evacuated
with a syringe. Air (180 cc) is injected into the bag designated to be the
sterilization chamber. Thereafter, 20 cc of NO gas is injected to reach a final
concentration of 10% NO. The mixture of NO and air is allowed to remain in
the sterilization chamber for 5 minutes. Thereafter, fhe hose clamp is removed
and the sterilization bag is compressed to push all of the NO, gas into the
scrubbing bag containing the Purafil Select and Purakol. The hose clamp is then
secured. Immediately thereafter, samples (0.1 to 1.0 cc) of the atmbsi)here in the
scrubbing bag are taken and injected into an NO detector, which measure the
concentration of NO in parts per billion (ppb). Thereafter, 1.0 cc samples of

23



WO 2008/005313 PCT/US2007/015093

atmosphere in the scrubbing bag are taken at timed intervals and injected into the
NOy detector. Results of three successive trials are shown in Table 1. The

scrubbing materials need not be changed between successive trials.

Table 1. Serubbing of NO, gas

Time minutes Trial 1 [NO] ppb _ Trial 2 [NO] ppb Trial 3 [NO] ppb
| 0. 32556 69685 69094

5 686 : nd ' 999
6 nd 1484 - Nd
10 . 76 : nd 253
12 pd 102 Nd

nd=no data

Example 3

[0078] This example provides a method of scmbbiﬁg NO by flowing the NO, gas

through tubing filled with écrubbing media, which is connected to a container.
Tubing (30 inches of 3/8 inch ID and 2 inch OD silastic tubing) is filled with
13.3 grams of a 1:1 mixture of Purafil Select and Purakol. Some of the media is
crushed in this process. Glass wool plugs are inserted in the ends of the tubing.
Each end of the tube is connected to separate plastic tissue culture bag (Lifecell
PL.732 plastic tissue culture flask, Nexell, Irvine, CA). One bag includes an
inline valve. The bags are evacuated of atmosphere and the valve is closed. One
bag is designated the sterilization chamber, and injected with 180 cc of air and
20 cc of NO gas. The gas is allowed to remain in the sterilization back for five
minutes. The valve is then opened and the gas pushed through the tubing into the
receiving bag. A 0.5 cc sample of the atmosphere in the receiving bag is injected
into the NO, detector. The results show that the contents of the receivihg bag is

30 ppb NOy, a concentration well below the OSHA guidelines.
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Exampled  Scrubbing of NO, NO, from sterilization chamber. ,

[0079] A sealable case (Pelican. Products Inc., Torrance, CA) is modified with addmonal
ports comprised of EFC 12 Senes Quick Disconnect Couiplings (Colder Products
Company, St. Paul, MN) and a plastic shelf with a self-sealmg gasket edge ‘
which divided the case into upper and lower sections of approximately equal
‘volume:. The upper section is the sterilization chamber, which has a volume of
20.3 liters (4. 5in by 19 in by 14, 5 in). One port into the sterilization chamber is
used to introduce a known amount of NO gas into the sterilization chamber, and .
optionally, allowing for a recirculating flow. An exhaust poi't'on the oppoéite
end of the case is in the di-sconnecte(.i (sealed) state for the steps invol‘ving the
addition of NO gas and during the 5 minute time period to approximate -
sterilization cycle time. .

[0080] The lower chamber stores thf‘: pump, microprocessor and electric components if

. any, the valves, the scrubbing system, the sterile air f_ﬁltérs 'and; optionally,
additional components. The scrubbing system is connected to the exhaust port
and includes tubing ha\;ing a m;ﬂe end of the EFC 12 Series Quick Disconnect
Couplings. Distal to the exhaust port, the tubing is c.onnected .to a pump (Gas_t,
‘Benton Hz'lrbdr, MI; Model DOA-P104-AA; 35 lit/minutes flow rate), followed:
by columns that comprise the scrubbing system. One column is filled with '
Purafil Select (Doraville, GA); the other is filled with Purakol (approx1mately
200 to 300 grams of material for each column). NO is injected into the upper
sterilization chamber and held for a 5 minute period. After 5 minutes, the .
scrubbing system is en gaged by attaching the male end of the EFC 12 Series
‘Quick Disconnect Coupli'nés to the female end of the exhau.s.t ‘port, thus opening
the port; and activating the pump. Prior to pum}S activation, the pump exhaust is
reconnected to the sterilization chamber via the same port thai is used to add NO
to the sterilization chamber, using tubing ending with a male end of the EFC 12
Séries Quick Disconnect Couplings, and also compfised of a sterile air filter
(ACRO 50, Pall Corporation, Port Washington, NY). The gas from the
sterilization chamber is sampled using a syringe from an in-line sampling vessel
fitted with a rubber septum after 1 minute of pumping. The sampled gas is then
injected into and quantified by the ThermoEnvironmental (Waltham, MA) 42C
chemilluminescent NOy detector. In addition, NO from the NO storage vessel is
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injected on the machine as a positive control. The system can recirculate, for
example, by adding the gas, disconnecting the gas generation cha;nber, add -
tubing from the exhaﬁst port; back to th«_e “intake” port where the NO was‘added
originally, and, when the puni}; is turned on, the gas recycles through the system.

[0081] One set of experiments is performed in quadruplicate on the device using 1%
added NO. After one minute of recirculating the gas from the exhaust port back
through the intake port (using sterile air filters to eliminate céntaminat’ing the

_ sterilization chamber), as deécr’ibed above, sampling the gas content of 't'he
sterilization chamber and measuring showed that vinﬁally all of the.NO and NOx
components are removed. Each of the four samples barely raised the baseline of
the NO detector, resulting in a reading estimated to be approximately 2 ppb, far
below the OSHA guidelines of 25 .ppm for NO and 1 ppm for NO..

[0082] Exp?c‘riment.s ére performed using 5% added NO. One liter of air (5%) is removed
from the sealed case prior to addition of 5% NO, so that the experiment is
performed at atmospheric pressure, One liter of NO is then added to the sealed
sterilizationi chamber and allowed to remain for 5 minutes. The scrqbbing system
s then activated as described above. After one minute of gas recirculation,
samples showed approximatelj{ 4 ppb for NO and NOy, in each experiment,
again far below OSHA guidclincs. The Purafil Select and Purakol columns are
not changed over the course of these 6 ‘expé'riments.

Example 5

10083] A glass pressure vessel is connécted to a scrubbed NO gas tank source. The
pressure vessel is purged five times with Argon gas to eliminate atmospheric
oxygen (preventing formation of NO,e) and an additional three purges of NO are
used to ensure a pure NO atmosphere and consistent results of bactericidal
activity. To test the sterilization method,: Bacillus subtillis var niger 9372 is
used (after obtaining >80% endospore formation; a standard for ethylene oxide
and autoclave test sterilization), as well as organisms commonly found on the
epidermis: Staphylococcus aureus (strain 21769) and Staphylococcus
epidermides (strain 21977), and the enteric organisms: Klebsiella pneumoniae
(strain 21991) and Serratia marcesens (strain 21140). This particular Serratia
strain has been found in previous studies to be one of the most resistant bacteria
to the bactericidal effects of NO in culture. See, Raulli R et al., Recent Res
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[0084]

PCT/US2007/015093

Devel Microbiol 6; 177-183, 2002, the entire contents of which is incorporated
by reference herein. ‘ o '
The organisms are cultured ovemni ght in brain heart infusion BHL. The cultures
contain at least 10® éFU/m] ba;sed on standardized ABSsgs curves for each
organism. Stainless steel strips; 3 x 1 cm, are dipped in the cﬁlwres, and either
dried in ambient air first or placed in the pressure vessel still wet from the culture
dip. The strip§ are exposed to NO gas at atmospheric pressure for decreasing
fime periods starting with 45 minutes and working back to 5 minutes. Control -
samples are handled identically, except the pressure vessel ié gassed with

nitrogen.

Table 2. Results from Pressure Vessel Experiments at Five Minute Sterilization Cycle

Bacillus

K_lebsz'ella

Serratia | Staphylococcus Staphylococcus
subtilis marcesens epidermides pneumon.iae" . aureus

Stainless 3/3 Killed | 3/3 Killed | 3/3 Killed 3/3 Killed " 3/3 Killed

steel '

[0085] The sealed vessel is carefully opened in a laminar flow hood after all the NO ha_d
been pufged with Argon. The samples are removed asepticélly with sterilized
tongs and placed in culture tubes containing sterile BHI media. The samples are
incubated in a vi gorously‘ shaking waterbath at 35°C: The samples are observed
(digitally photographed) 24 hrs later, placed back in the waterbath and are
measured for absorbance 72 hrs later. The controls had > 10® CFU/ml after 24
hrs. The results shown in Table 2 are from three separate experiments and the
results (3/3) indicate that 3 out of 3 trials showed no bacterial growth.

Example 6

[0086] Similar to Example 1, a portable system is devised using blood storage containers

and other laboratory items. In this construct, a blood storage container (Nexell,

Irvine, CA; Lifecell PL732 plastic tissue culture flask) serves as the sterilization

chamber. It has multiple ports, is easily attached to tubing or other chambers, and
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[0087]

[0088]

[0089]

is easily cut and heat sealed for insertion and removal of contaminated/sterilized
é_amplcs. The heat seal is strong and holds well at pressure, even dxou gh1l ATM
of pressure is used eﬁperimentaliy. Two' 60 ml syringes connected to each other
and a line of tubing by a threé—Way stopcock are émployed to mix acidic buffer
in one syringe with NO-releasing diazeéniumdiolate in the other syringe. The
tubing is connected to the blood container/sterilization chamber.

The stopcock is turned so that the acidic buffer can be‘ added fo the syringe
containing the diazcniumdioiat'e. The valve is immediately closed to thg‘ buffer
syringe and opened to the sterilization chamber. The 300 cc sterilization chamber
inflates in about 15 seconds. Experiments are performed as described above,

except that the devised system is used instead of the pressure vessel.

" The test drganisms are cultured overnight in BHI. The cultures contained at least '

10° CFU/ml (100-fold greater than FDA testing guidelines) based on
standardizéd ABSsgs curvés for each organism. Stainless steel strips, 3 x 1 cm,
are dipped in the cultures, and either dried in ambient air first or placed in the
pressure vessel still wet from the culture dip. The dried samples are dipped in
sterile BHI media before being placed in the sterilization chamber. This
prototype is shown to exhibit bactericidal activity against wet dipped stainless
steel strips contaminated with B. subtilis (endosporulated), B. subtilis
(vegetative), S. marcesens, or S. epideﬁnides in 15 minutes and ip may be

possible to achieve sterilization in less time.

Table 3. Results from Fifteen Minute Sterilization Cycle

Bacillus | Bacillus | Staphylococcus | Serratia

subtilis | subtilis epidermides | marcesens
(spore)
Stainless 2/2 2/2 3/3 Killed 3/3 Killed

steel strip | Killed Killed

28



WO 2008/005313 PCT/US2007/015093

Example 7

[0090]

In this Example, the sterilization of medically relevant materials, such as needles
and plastic tubing, is tested. ‘Teflon (1/8’ ID), polyethylene (1.77 mm ID), vinyl
(0.5 mm ID) tubing and a 30 gauge disposable needle are dlpped in a bacterial
cocktail containing B. subtilis, S. marcesens, and S. epidermides at about 108
total CFU/m] The samples are placed in the sterilization chamber and sealed. In
each case, the lumen (the inner open space or cavity within the tubing) of the
tubing or the needle contained at least some visually confirmed moculum Table .
4 shows the results from the study. The controls for each matenal reached at

least 10° total CFU/ml in 24 hrs as determined by ABSses standardlzatlon curves.

[0091] Table 4. Sterilization of Medical Material's
Vinyl Tubing Polyethylene Teflon Tubing Disposable -
0.5 mmID | Tubingl77 | 1&ID | . Needle
| mm D ‘ 30 gauge.
| 15 min 2/2 Killed 2/2 Killed 2/2 Killed 2/2 Killed
Sterilization ‘
Cycle

Example8 Humidity Effects on Live Bacteria

[0092]

This Example tests several humidifying paradigms and the ability to sterilize
through a gas sterilization seal pouch. A cocktail of bacteria is used, grown to
about 10° CFU/mI and mixed in equal volume. Stainless steel strips are dipped,
allowed to dry, and subject to one of three methods: A, B and C. Method A
samples are wrapped in a moist Kimwipe. Method B samples are left dry.
Method C samples are dried and sealed in a V. Mueller™ Dual Peel Seal Pouch,
which is designed for gas and autoclave sterilizations. Samples from x.nethods B
and C are placed in the sterilization chamber with a moist Kimwipe. Placement

in the chamber is done so as to insure maximal separation of the Kimwipe and
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the sarhplc(s). The chamber is re-sealed carefully so as not to disturb the
positioning of the samples relative to the Kimwipe. Each sample.is exposed to a
15 minute sterilizatioh cycle at 1>atmosphere, removed under sterile cond?tions,
and the samples are placed in BHI media as described above. Experimental
sainiples are exposed to NO gas while control samples are handled identically,
except that the chamber is gassed with nitrogen. The results are shown in Table
5. All controls reached greater than 10° total CFU/mlvin 24 h1;s as determined by

ABS g5 standardization curves.

[0093] ° Table 5. Effect of Moisture on Sealed and Unsealed Dry Samples
Sample Method A Method B Method C
~ Moist Kimwipe A Dry Dry, Sealed
15 min Sterilization Killed "~ Killed " Killed
cycle. ' 2/2 : 2/2. 2/2
[0094]. This experiment suggests two highly significant findings. One is that sterilization

of samples contaminated with live bacteria do not require added moisture from a
Kimwipe, since NO sterilized dry samples within the chamber. The second is
that the sterilization can occur within a{ seaiéd wrapper; which can preserve the
sterility of the instrument after the chamber is opened. When this sterilization .
method employs a gas generating compound, it provides a lightweight method

that requires no electrical power and is highly transportable.

‘Example 9  Humidity Effects on Spores

[0095]

This Example illustrates the effects of humidity on the sterilization of spores
using both NO and NO»/N,O; as sterilizing gases. Tests are conducted in 300ml
glass vessels. The test procedure is as follows: Half of the vessels are humidified
by adding 40 micromilliliters of water in the vessel and sealing the vessel with
Parafilm. On the i‘nside of the vessels that are prehumidified with 40 m] of
water, water condensate is visible over the course of the tests, indicating a high
level of humidity in such vessels. The vessels into which no water was

introduced showed no condensate on the inside wall of the vessel.
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[0096]  The vessels are allowed to stand for 30 minutes. Two Tyvek sachets, each
containing a Biological Indicator manufactured by Raven: (product number
3367771 3-6100ST) are plaéed in each vessel. The vessels are purged as
follows: The vessel is evacuated to 8”Hg absolute. The Vessel is re-filled with
air to atmospheric pressure. Evacuation/filling is repeated two more times. The
vessel is evacuated to 8”Hg absolute. Sterilizing gases are introduced into the
vessel. Compressed air (9% Relative Humidity) is added until the vessel reaches
atmospheric pressure. The sachets are allowed to remain in the sterilizing
environments for either five or ten 10 minutes before being removed and the BI |
is cultured in 4 milliliters of Tryptic de Broth for 14 days at S5 — 60°C.

[0097} Results are shown in the following Table 6.

[0098] Table 6

Test Oxide of | Diluent | Nitrogen Sterilization | Humid or | Spore

Number | Nitrogen | oxid Exposure Dry Condition

Used | rde Time Condition [ in 14
Concentration | (Minutes) Days
(%) :

1 NO»/N,0O, | Air 5 5 Humid Dead

1A NO2/N2Q4 | Air 5 10 Humid | Dead

2 NO2/N2O4 | Air 5 S | Dry | Alive

2A° NO,/N,OQ4 | Air 5 10 Dry Alive

3 NO Air. 5 5 - Humid Dead

3A NO Air 5 10 Humid Dead

4 NO Air 5 5 Dry Alive

4A NO Air 5 10 | Dry Alive

5 NO,/N,Q, | Nitrogen | 5 S Humid Dead

S5A NQO,»/N,O,4 | Nitrogen | 5 10 Humid Dead

16 NO»/N,O; | Nitrogen | § 5 Dry Alive
6A NO,/N,0, | Nitrogen | 5 10 Dry Alive

These tests illustrate the importance of humidiiy in killing spores. In additiopei]

sterilization cycle tests, spores are also killed at room temperature in humidity levels

between 40% and 80% Relative Humidity.

Example 10 Testing of Powdered Acids

[0099]

A preferred sterilant gas-generating composition is comprised of a nitrogen-based

diazeniumdiolate and oxalic acid. Addition of the oxalic acid in a 10:1 molar
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ratio with the diazeniumdiolate provides produces the sterilant gas, NO, from the
" diazeniumdiolate, filling a bfood storage container in about 20 séé. This
capability eliniinates the necessity to add 3N HCl to the diazeniumdiolate to
generate NO, instead allowin'g‘the addition of water to activate the release of NO
gas. ‘The elimination of the need for ac1d makes the device 51gn1ﬁcantly more
convenient to ship, store, and use. _

[00100] A disposable, plastic gas generanon chamber that can be pre-ﬁ]]ed W1th a carbon-
based diazeniumdiolate (nitrogen-based diazeniumdiolates can p0581b1y
decompose to form carcinogenic nitrosaminés) plus an activating powdered acid,
have a large, capped opening to ease the addition of water, and have appropriate
attachment lines to transport the gas into the sterilization chamber. Other utility
lines or ﬁorts may be subsequently added to pull a vacuum if necessary, and to
release NO g’és from the chamber (throu gh a reusable NOy scrubbing system).

[00101] A pplyoleﬁh material chosen for its flexibility, puncture resistance, light weight,
and ease of manufacture. The size is approximately a flat 10 inch square. The
sterilizationi chamber’s bottom edge has a tabbed “Ziploc™ like re-sgalab]e )
opening, allowing quick and easy loading of instruments and re-sealing. - After
the user places the instruments in the pouch, the top portion of the pouch is -
sealed with a simple quick motion of the tab, resulting in a complete gas tight
seal.

[00102] One edge of the pouch sterilization chamber has an embedded tubing port and.
approximateiy 10 inches of tubing to provide a connection to the gas generation
chamber. The end of the delivery tube are “quick disconnect” fittings to
facilitate easy connection to the gas generation chamber, and each piece of
tubing has compressing roller valves_ to seal the tube.

[00103] The chamber is made of a polyolefin material, be 3.5 inches square, and has a
large hard plastic screw cap protruding from the top side of the container for
easy filling of powders and water. The chamber has a lure lock port to allow easy
connection to the sterilization chamber.

Example 11 NO Gas Generation from Nitrite Metal Salts

[00104] Nitric oxide is generated using solid nitrite metal salts (for example, sodium
nitrite, potassium nitrite, magnesium nitrite) and reacting with either a liguid acid
solution (for example, sulfuric acid , maleic acid, hydrochloric acid, nitrous acid,
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nitric acid) or proton donors in solution to form nitric oxide and/or nitrogen ‘
dioxide. Nitric oXide may also be generated by preparing solutions of nitrite
metal salts and reacting the solution with solid acid powders to form nitric oxide
and/or nitrogen diox-ide. If the; metal salt and the solid acid powders are mixed in
powder forms, the addition of water will initiate the reaction of the two boWdérs.
Nitric oxide gas is generated utilizing both nitrite metal solutions and écid '
solutions. Nitrous acid can be formed during these types of reactions; the nitrous
acid can decompose over time to form nitric oxide and mtrogen dloxxde The -
NO gas can be used to sterilize Blologlcal Indicators or objects and matenals,
using the method and system of the present mvennon.

[00105] For example, maleic acid and NaNO2 are added to a 20mL vial; the vial is placed
in 1L jar. Two BI's (Ravep Lot# 3367552) in closed sachets (tyvek facing’
toward NO generating system) are placed inside the 1L jar. SmL of water is
added to the powder using a syringe. After 10 minutes, the BI's are placed in
4mL tryptic soy broth for 14 days at 55-60°C. A]tematively, the BI's in sachets .
can be taped to the side of the lL jar taped so thz;t the tyvek faces the NO source.
Also; air may be removed from jar. A vial containing maleic acid and NaN'O2'.
‘within the jar can be injected with water using a needle. After 10 minut_és, the:
BT's are placed in 4mL tryptic soy broth for 14 days at 55-60°C. Alternatively, a
water soluble capsule can be used to hold a mixture of powdered maieic acid and
powdered NaNO2, which is then dissolved w1th water at the start of the
sterilization cycle

[00106] Table 7 illustrates a variety of combinations of sodium nitrite and maleic acid
quantities and ratios that caﬁ generate adequate quantities of NO gas to sterilize a

Biological Indicator in the time indicated.
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[00107] Table7

Maleic Acid { Amount NaNO, | Exposure time (min)
Quantity T
(2
' 1.01 ¢ - 0.503 10
1.028 0.509 10
1.001 0.5 10
1 0.504 10
1 0.518 - 10
1.01 0.504 10
1 0.506 10
-~ 1.03 0.374 10 |
1.01 0.33 10
1.16 0.332 10
1.01- 0.255 10
1 0.109 60
0.2538 *0.1258 .30
0.257 0.128 30
0.25 0.131 30
0.25( . 0.125 30
0.25 0.119 30
0.255 0.128 30
0.223 . 0.127 20
0.2477 - 0.1312 20
0.244 0.132 10
0.2478 0.1326 10 |
0.246 0.119 5

PCT/US2007/015093

'[00108] Example 12 Synthesis of a Soluble, Carbon-based Diazeniumdiolate

'[00109] While a variety of nitrogen-based diazeniumdiolates are commercially available

and would work in this application, the ability of nitrogen-based

diazeniumdiolates to form highly carcinogenic nitrosamines limits their use in

medical applications (Parzuchowski et al., 2002, cited above). The carbon-based
diazeniumdiolates cannot form nitrosamines and can produce up to-three times

more NO on a molar basis than nitrogen-based NO donors. By using a carbon-

based NO donor, the margin of safety for the product is increased while

decreasing the total weight.
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[00110]

A carbon-based diazeniumdiolates can be produced through the use of a benzyljc
intermediate. Benzyl methyl ether, PhCH;OCH3 (commercially available from
Sigma-Aldrich, St. Louis, MO) is one starting material. In a Parr pressure vessel,
3ml (0.024 moles) 6f benzyl rﬁethy] ether is added to 30 ml of methanol. To this -
solution, 11 ml (0.048 moles) of 25% sodium methoxide is added with stirfiné.
‘Oxygen is removed from the flask by alternating cycles (10) of inert gas .
pressurization and venting. The solution is then exposed to between 40 and 80.
psi NO gas at room temperature for 1 to 5 days. When no more NO gas is being
consumed, the reaction is complete, and the-head space is pufged of NO-.gas:
Diethyl ether is then addc& to precipi tate out all of the anionic diazeniumdiolated
salts, which may then be filtered and dried. The pl;oduct, PhC(NgOzNa)20CH3' is
tested for its ability to release NO using a cﬁerrﬁllunﬂnesc,ent method described
below as well as subject to structure verification by spectrophiotometry,

elemental analysis, and NMR confirmation.

[00111] An alternate synthetic scheme can be derive;d frox_n the comfnefcié]ly available

[00112]

benzyl thiocyanate (PhCH,SCN, Sigma-Aldrich, St. Louis, MO). 'In a Parr
pressure vessel, 3 g (0.020 moles) of benzyl thiqcyaﬁate is added to 30 ml of
‘tetrahydrofuran. To this solution, 40 ml (0.040 moles)of 1.0 M-sodium
silanolate is added with stirring. Oxygen is removed from the flask by altematirig
cycles ( 10 of inert gas pressurization and venting. The solution is then exposed ~
to between 40 and 80 psi NO gas at room temperature for 1 to 5 days. When no
more NO gas is being consumed, the reaction is complete, and the head space is
purged of NO gas. Diethyl ether is then be added to precipitate out all of the
anionic diazenjumdiolated éalts, which may then be filtered and dried. The
product, PhC(N,O,Na),SCN is tested for it ability to release NO using a
chemilluminescent method described below as well as subject to structure
verification by spectrophotometry, elemental analysis, and NMR confirmation.
Preferred sterilant gas-generating compounds are theée carbon-based
diazeniumdiolate compounds for generating NO because their NO release rate
under acidic conditions rapid and close to identical. The likely criteria for choice

of NO donor is yield and cost.
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.Example 13 Determination of NO Release from Diazeniumdiolates
[00113] " The method for determining the NO released from diaze_niumdiolétes is
conducted accbrding.to the method of Smith DJ et al., I Med Chem 39:1 1.48-'
1156, 1996, the entire contents of which is incorﬁorated herein. Weights of the
samples is recorded and placed in 0.1 M phosphate buffer (pH 7.4) and the .
mixture is é]lowed to stand open to the air at 25°C in a water bath. The buffer is
then purged with argon gas viaa fritted glass tube at ihc bottém of the vessel,

. such that the gaseous effluenf gas is passed through a chem.i]luminescegﬁ NO,
detector calibrated to measure NO content. Bubbling is continued until a steady
and horizontal trace is achieved, whereupon the signal is integrated over a span '
of several minutes. The number of integral units are converted to a value for
moles of NO by éompaljisons with. integrals obtained for certified gaseous
standards qf I.\IO. in helium (MG Industries, Morrisville, PA). The rate c;f NO
release over that timeé-increment, calculated by dividing the intégrated signal by
the number of minutes the integration is conducted, are plotted versus the total
elapsed time since the sample was first placed in the buffer.

Example 14 Environmental Containment of NO

[00114] All experiments involving NO are performed in a certified fume hood. NO is an
environmental pollutant and may be harmful to humans at concentrations higher
than 100 ppm. NO conta.ir_led in synthesis vessels or in sterilization chambers are
bled into a container that holds 10-fold the volume of ambient air for a duration '
of 5 minutes; This step serves to turn all of the NO into NO,. The NO, from thé
chamber then passes 6ver a column of NaOH, which effectively scrubs out the
NOs. This is a well characterized method commonly used in industrial
‘processin g (Basile, 2002). .

Example 15 Optimization of Sterilization Cycle at Ambient Temperature

[00115] The following parameters are optimized for a sterilization cycle at ambient
temperature (~22-24°C), the cycle duration percent air allowable, humidity,
internal pressure (amount of NO), and instrument characteristics (surface area of
instruments, types of instruments {i.e., narrow lumens, dead end lumens], use of
pre-packaged materials in sterilization pouches, salt-crusted instruments, protein
crusted instruments). The biological indicator (BI) organism chosen for testing is
sporulated Bacillus subtillis var niger, which is the standard organism used for
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‘Etzo process validation and is also commonly used for other sterilization pmcgsss
validation. See Hoxey EV et al., J Appl Bacteriol 58: 207-214,'1985, which is
incorporated herein by reference in its entirety.

[00116] B. subtillis var niger 9372 is cﬁltured overnight in Luria Broth (LB) media at
37°C in a shaking waterbath. This usually results in a culture of greater than 108
.CFU/ml. The ABSses is measured for each overnight culture and compared to a
standard curve to determine the approximate CFU/ml. The density of the
cultures is adjusted to 10° CFU/ml by dilution with sterile LB. The bacillus is -
sporulated according to the following method. The cultures are centrifuged at
2500 RPM (1000 x g, Sorvall GLC—i) for5 minuge_s and resuspended‘in a low
nutrient salt media as described by Sterlini and Mendelstam, Biochem J. 113:29-
37, 1969 (1969). The bacte_ria are washed t\;vice more in this sporulation media,
and the final pellet suspended in an appropriate amount of sporulation media to
retain a density of 10° CFU/ml. This method typically results in greater than 80%
endospore formation. ‘ '

[00117] Paired stainless steel strips, Teflon® tubing sections 1” long, 1/8” inner diameter
(1.D.), and (polyethylene)terephthalate (PET) strips a‘re used for general studies‘
‘of the Sterilization Cycle Pairameters studies. These three materials, stainless
steel strips, Teflon tubing and PET strips are referred t6 as the “Materials Panel”
Ttems from the Materials Panel are dipped in 10° CFU/ml of the endosporulate& '
bacillus suspension. Paired material samples are handled identically, with the
control materials being placed in a sterilizaiion charﬂber and exposed to nitrogen
under the same conditions as the group undergoing §teri1ization with NO gas.
After processing, the matérials are placed in LB media for incubation at-37°C in
a shaking waterbath for 24 hrs. The culture broth for control and processed
groups are observed visually and photographed at 24 hrs. An aliquot is removed,
serially diluted with sterile LB, and plated onto LB agar plates to determine the-
CFU/mLl. The culture is incubated for an additional 24 hrs to total 48 hrs; and if
needed the ABSsosis measured at 48 hrs (along with additional confirmatory
photographs). The inoculated 1B agar plates are incubated for 37°C and assessed
for co]oﬁy growth 24 and 48 hrs after plating. ‘

[00118] Any plate colonies that arises from materials that have been through the
sterilization process is tested to confirm the iden.tity of the bacteria as B subtillis
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var niger throungh rhorphological Gram stain and/or other rtcccssary means. The
same confirmatory step applies to any cultures in LB that turn positive. Any
tested parameter that results in matenal(s) that exhibit a B. subtilis var mger
positive culture after being exposed to the sterilization process is considered a

parameter beyond the usable range.

Example 16 Assessment of Sterilization Cycle Duration on Sterilization Efficacy

[00119]

Sterilization of the materials are tested at 5, 10, 20, 40, 80, and 120 minutes at
room temperature on the Mate'n'a]s Panel. For each processed group, a‘c.:ontrol
group is treated identically, with the exception of usin.g nitrogen gas instead of
NO. The experiments are repeated three times, and the criteria for successful
sterilization at any particular time point is 0 CFU/ml1 in all three trials. One
failure @osidve B. subtillis var niger culture) in three trials is considered a

failure at that measurement.

Example 17 Effect of Ambient Temperature on Sterilization Efficacy.

[00120]

[00121]

Items from the Materials Panel are dipped in 10° CFU/ml B. subtillis in LB. An
appropriate time point is selected using data from the previous experiment, using
_the penultimate minimal successful time point. For example, if 5 minutes is

successful, then 10 minutes is used. Experiments are performed from -10°C to

* 50°Cin ten degree mcrements Should either of the extreme temperatures fail to

produce a successful outcome the temperature is increased or decreased by 10°C
and the trial repeated until a successful outcome is reached. Cold experiments are
performed in a calibrated refrigeration unit capable of temperatures from -20° to
20° C. Beyond 20°C, the experiments are performed in a standard incubator. The
sterilization device components are equilibrated to the test temperature for 20
minutes prior to the sterilization process trial. For each processed group, there is
a control group treated identically, with the exception of using nitrogen gas
instead of NO. A successful outcome at any temperature point is 0 CFU/ml in all
three trials. One failure (positive B. subtillis var niger culture) in three trials is
considered a failure at that measurement therefore setting the limit at the

measured parameter.

One possible interdependency would be the relationship between higher ambient

temperatures and NO gas pressure used in the process. It may be reasonably
predicted that higher temperatures may result in an equal or greater degree of
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efficacy with less NO gas pressure. This would not necessarily be a problem. A
problem that may surface is the ability to humidify the sterilization chamber ~
under freezing temperature condmons In this case, the inability to humidify the
chamber may impose a limit on utilization of the process in freezing
temperatures.

Example 18 Evaluation of Optimal Humidity Conditions in the Sterilization Chamber .

[00122] A manufacmre’d sterilization chamber prototype is altered to allow the inséljtion
of a hygrometer probe. The probe is sealed inside the chamber using a non-
hardening silicon sealant. A NIST traceable hygrometer (Fisner Scfentiﬁc) with a
range of 2 to 98% relative humidity (RH) is used to measure humic'liti/ levels.
The calibration of the meter is checked once a wc;ek using dedicated nitrogen-
gassed chambers containing salt baths mixéd to generate RH environments of
between 10 to 80%, such as 11 43, and 75%. , )

[00123] . ' The method producing reproducible RH levels in the sten]zzanon chamber is
established, and thereafter, items from the.Matenal Panel are contaminated W1th_
B. subtillis, allowed to éiry in arnbient air, placed in the sterilization chamber
along with an appropriate weight of water (absorbed .on swatches) and the
‘sterilization process is testéd along the linear range of RH achievable in
increments from-10-80% RH, for example 10 to 15 % RH, 20%, 30%, 40%,
50%, 60%, 70% and 80% RH. Experiments performed at test temperatures other'
than room temperature first equilibrate at the test temperature for 20 minutes
prior to'beginning the sterilization process. Again, the penultimate minimal
effective time point is used. A successful outcome at any RH level is 0 CFU/ml
in all three trials. One failune (positive B. subtillis var niger culture) in three
trials is considered a failure at that measurement therefore setting the limit at the
measured parameter.

[00124] = For example, if the sterilization fails at 0 % RH but i 1s effective at 15%, then
additional experiments are ¢onducted to identify the precise %RH between 0
and 15 % to optimize the range of effective conditions for the humidification
and/or desiccation needed in the sterilization chamber.

Example 19 Effect of NO Gas Pressure on Sterilization Efficacy

[00125] A low pressure gauge ié fitted to the sterilization chamber tubing. A three-way
stopcock (lure lock) is adapted to the gauge directly or via a short length-of
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tubing. From there a vacuum can be pu]]éd with a 60 cc s'yringe or pump if
required. The chamber can be sealed with the stopcock, thus maiﬁtaining the
vacuum. The NO gas‘ pressure used for the sterilization trial is regulated b.y
altéring the mass of diazenium&iolate in the gas géneration chamber from the
norghal level of 6.8 gm per 1000 cc of volume. Sterilizations are attempted using
1.7,3.4, 6.3 gms (cohtrol) of diazeniumdiolate in the gas generétion chamber,
keeping the 10:1 ratio of oxalic acid throughout the eiperime‘nt. Dead space is
also accounted for. A successfal outcome is 0 CEU/ml in three trials. O.rlle failure -
(positive B. subtillis var niger culture) in three trials is considered a failure at

that measurement, therefore setting the limit at the measured parameter.

Example 20 The Effect of Ambient Air on Sterilization Efficacy

[00126] ° The inclusion or exclusion of ambient air is a critical parameter, as the ultimate

mech'anisrr; of NO sterilization in this method can include the formation of
nitrous acid (HNO3) on sﬁrface condensates. A small pércentage of ambient air
may be advantageously included in the process. The small amount of Oz
dissolved iri a humid condensate can also suffice to produce enough nitrous acid
.under conditions used in the method of the present invention.

A'low pressure gauge is fitted to the sterilization chamber tubing. A three-way

“ stopcock (lure lock) is adapted to the gauge directly or via a short length of

tubing. From there a vacuum can be pulled ‘with a 60 cc syringe or pump if
required. The chamber can be sealed with the stopcock, thus maintaining the
vacuum. Gra'duate.d syringes filled with ambient air can be attached to the
stopcock and a known quantity of air can be added to the sterilization chamber.
The amount of diazeniumdiolate in the gas generation chamber is adjusted based
on 2 mol of NO per mol of diazeniumdiolate and using the Ideal Gas Law to
reach what would be 1 ATM in 1L, or 6.8 gm per liter of volume. Dead space is
determined and be accounted for with diazeniumdiolate mass. Volumes of
ambient air representing. 1, 2.5, 5, 10, 15, and 20% in the sterilization chamber is
tested. These trials are performed at 25°C, and 2 relevant extremes of
temperature determined from experiments outlined above. Zero growth from B.
subtilis contaminated items from the Material Panel in three trials is considered a
successful outcome. One failure (positive B. subtillis var niger culture) in three
trials is considered a failure at that measurement therefore setting the limit at the
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measured parameter. A failure at the low level(s) of ambient air may be an
.indic.ation that oxygen is requiréd, thus providing further evidence that the’
mechanism of action for NO in this process may be related to the formation of
nitrous acid.

[00128] The potential for an interdependency between ambient air and humidity has been
previously discussed.

Example 21 Sterilization using a Variety of Oxides of Nitrogen

[00129] A mixture of nitric oxide and air will react, resulting in a mixture containing
many different oxides of nitrogen. The concentration of each nitrog;an-oyicide‘
species that is present in a mixture will vary with temperature, pressul.'e, and
initial concentration of the nitric oxide. The concéntrations of various nitrogen-
oxide species in air can be measured dircctly or predicted using established
methods.

[00130] .. For example, the detailed chemical kinetics of NO oxidatioh in humid air can be
simulated using available chemical kinetics software (such as CHEMKIN
software) and kinetics data fouﬁd in the literature. In one approach-to predict the
composition and concentrations of species that result.from a NO-air mixture, a
‘closed homogeneous batch-reactor model is used.

[00131] The results of the analysis for two different initial cqnce'ntrations of NO are
shown in Table 6 below. These results show that after five.minutes, the NO is
oxidized to NO2, N204, ﬁitric;, acid, nitrous acid HNO3, and smaller amounts of
N203 and N205. '
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[00132] Table8 Predicted Concentrations of Oxides of Nitrogen at Room Temperature
" (75%F) and 70% Relative Humidity

TABLE 8

Initial Mole Fraction NO in Air ' 3.00E-02 10.00E-02
Mqle Fralction NO (5 minutes) ' 7.51E-O4 ' 1.11E-03
Mole Fraction NO_2 (5 minutes) . _ 2.24E-02 5.87E-02
Mole Fraction N204 (5 minutes) 3.68E-03 2.39E-02
Mole Fraction HONO2 (5 minutes) - 3.50E-05 1.18E-04
Mole Fraction HNO2 (5 minutes) -1 2.91E-08 5.49E-08
Mole Fraction N203 (5 minutes) " 3.87E-06 1.41E-05
Mole Fraction N205 (5 minutes) 201E-11|  2.16E-10
Mole Fraction H20 (5 minutes) 2.01E-02 | 1.96E-02

[00133] Another embodiment of the system and method of the present invention uses a
sterilant gas comprised of nitrogen dioxide and/or other oxides of nitrogen such
as di-nitrogen tetroxide. These oxides of nitrogen can be generated from nitric

. oxide and air supplied by the gés generating chamber. In-another embodiment,
nitrogen dioxide and/or di-nitrogen tetroxide can be delivered from a pressurized
tank. NO; or N»O; can be stored in high concentrations in a tank or can be
diluted to lower concentrations in a mixture with either an inert gas, such as
nitrogen or argon.' Alternatively, the NO, dr N204 could be diluted with air.

[00134] The gas or gas mixture can be delivered to the sterilization chamber through a
metering regulator in fluid connectivity with the sterilization chamber or other
gas delivery method known to one skilled in the art.

Example 22 Sterilization Effectiveness Using a Variety of Oxides of Nitrogen

[00135] The experiments are conducted in glass vessels in which gases can be metered in:

. exact amounts. The tests were conducted using biological indicators made of
stainless steel disks inoculated with 10° bacillus stearothemophilus spores. The
BI disks are heat-sealed in individual TYVEK sterilization pouches and placed in
a glass vessel. The vessel is filled with various mixtures of gases following

specific protocols for the order and timing of gas introduction.
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In one protocol, the glass vessel is evacuated to 3 Hg absolute. Either NO or

NO,, as the sterilant gas, is added in an amount that corresponds to a'5%

concentration (by volume) when the vessel is completely filled with sterilant gas

and diluent gas. After 5 minutes, either air or nitrogen was added to the vessel:

until atmospheric pressure is reached. The Blis exposed to the air or'nitrogen

for 10 minutes. Thereafter, the BIS, in their pouches, are removed from the

vessel and taken to a microbiological hood. The biological indicators are

removed from the pouches and placed in tubes with sterile tryptic soy broth,

incubated at from about 55 to about 60°C, and monitored for growth..

The results of a spore study is shown in Table 9.

Table 9: Results of Spore Studies in NO and NO;

" Exp Time

5% N02 in

. 5% NOin 5% NO, in
Air with Air with N, with
Humidity | Humidity- | Humidity
Chip Chip . Chip
10 min Dead Dead Dead
Control Live Live Live -

Example 23 Sterilization Cycles Including Exposure Periods with Particular Oxides of

Nitrogen

[00138]

[00139]
[00140]
[00141]

[00142]

[00143]

The ability of the nitrogen oxide gases to penetrate an inner open space or cavity
within a tube (i.e., a lumen) and inactivate spores in the lumen is evaluated. The
spores used are those that are most résistant to the nifrogen oxide gases. -

The following configuration of lumens are tested: .

(a) 17” stainless (SS) tubes 'havjng a 2.5 mm inner diameter (ID.), bent in “«y” A
shape : "

(b) 60” polyethylene (PE) tube'having a 4.5mm ID, coiled and in Tyvek pouch

(c) 60” PE tube having a 4.5mm ID and a 1.5mm outer diameter (O.D.) PEEK

tube inside, coiled and in Tyvek pouch

Wire biological indicators are inoculated with 10° Bacillus stearothemophilus
spores (ATCC 7953), (Raven Lot 3W67583) and placed at the center point of the
tube in each of these configurations. The coiled polyethylene tubes were then

heat-sealed in a TYVEK sterilization pouch.
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.[00144]  Separately, each of the Jumen samples are tested. The stainless steel tube
(triplicate samples: SS-1, $S-2, and SS-3), the polyethylene tube, .and the
. polyethylene tube wifh the PEEK catheter were each placed in a resistomgter and
exposed to the following gas é&cle for 5 minutes at 23°C. This gaé cycle is
defined as follows: -
[00145] - The sterilization chamber / resistometer is evacuated and held at vacuum for 2
‘ minutes. NO gas is then added to the sterilization chamber uhtil the vacuum is
decreased by 1”Hg. This coﬁdiition is maintained for 2 minutes. Are is tf]en
added until the chamber reaches atmospheric¢ pressure. and the condition is held
. for 5 minutes. .
[00146] The results of the spore studies are shown in Table 10. After 14 days of
. incubation, bacterial growth is seeﬁ in all of the control samples and in none of

the éxposegl samples after 5 minutes of exposure to the gas.

[00147]
Table 10 . Results of Spore Studies in Lumens
Exposure -~ (a) (a) (a) 1)) - (©
. Time SS-1 SS-2 SS-3 PE Sheath PE Sheath
with
: . Catheter
S min " " Dead Dead Dead Dead Dead
S min Dead : Dead Dead Dead Dead
S min Dead - Dead Dead Dead Dead
Control Live Live Live Live - Live

Example 24 Effect of Insoluble Crystal Occlusion of Sterilization Efficacy

[00148] Numerous studies have demonstrated the difficulty, especially with gaseous
sterilizing agents, of killing spores occluded within water insoluble crystals.
See, for example, Abbott CF et al., J Pharm Pharmacol 8:709-720, 1956; Doyle
JE and Ernst RR, Appliéd Microbiology 15(4): 726-730, 1967. The method of
Doyle and Ernst is used for the production and isolation of spores, occlusion of
spores in crystalline calcium carbonate, and recovery of occluded spores for
deter"mination of sterilization efficacy.

[00149] Ten ml solution of 1.11 % CaCl, is prepared containing 10° spores per ml. To
this, ten ml of 1.06% Na,COj3is added rapidly and the mixture is shaken

vigorously. Crystals of Ca,COs will form immediately, occluding Jarge quantities
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of spores per ci'ystal. The cfystals are washed using distilled water in thrée'
.20,000 x g centrifugation steps. The crystals are brought back to 10mil in distilied
water and 0.2 % mct_hylccllﬁlose for easy handing. Ten pl of the crystal
suspension is blotted.onto stril;’»s of filter paper, dried at room temperature, and
further dried at 90°C for -16 hrs. » '

[00150] After exi)osure to the sterilization agent, the paper strips are placed in 25 ml of
sterile 3.0 % NH4Cl for 3 days at 0°C to dissolve the crystals. The strip and
solution is placed in a blender, followed by sonication for 5 mmutes The
samples are diluted and plated on.tryptone glucose yeast extract agar for
counting. Zero growth in three separate experiments is considered a successful
outcome. . . . :

Example 25 Sterilization Efficacy in Devices Having Long, Narrow and Dead-End Lumens

[00151] Many studie;s have docume;l_te‘d the difficulties in reliably sterilizing long,

‘ narrow, and dead-end lumens. See, for example, Aifg-MCL, Infect Contr'o]A Ster
Technol April: 26-36, 1997; and Rutala WA et a]., Infect Cfontroi Hosp
Epidemibl 19: 798-8()4; 1998. To test the ability of this sterilization process to
effectively sterilize these types of devices, non-poroﬁs Teflon tubing (< 3mm
1.D.) are cut into 125 cm lenigths and a culture of B. subtillis var niger (10°
CFU/ml) is pushed through the tubing using a 60 ml syrmge The tubing is
drained and allowed to a1r dry. Some tubing is plugged at one end with a nght
fitting plug. The gas ti ghtness of the plug is tested by applying a small amount of
air pressure using a 60 cc syringe. Alternate methods of sealing one end of the
tubing include heat sealing, solvent welding, and clafnping. Open or sealed end
tubing is coiled with care tc; not crimp the tubing and placed'.in' the sterilization .
chamber for processing. After the sterilization process is complete; the tubing is
cut into 4 inch sections and placed into sterile culture tubes containing enough
LB to completely submerge the tubing sections. Sterilization efficacy is
evaluated as described above. |

Example 26 Sterilization Efficacy in Instruments with Occluded Joints

[00152] Surgical scissors and forceps are contaminated to beyond the swivel joint by
dipping in contaminated broth at 10° CFU/ml . The swivel joint is actuated while
the instrument is submerged in bacterial broth to allow bacteria to get between
the arms of the instrument. The instrument is allowed to air dry, and subject to
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the sterilization process. Zero growth in three separate trials is considered a
successful outcome. .

Example 27 Sterilization of Insti'uments in Individual Sterilization Pouches '

[00153] Surgical scissors and forceps are contaminated to beyond the swivel joint by
dipping in contaminated broth at 10° CFU/ml. The instruments are dried and
sealed in a V. Mueller™ Dual Peel Seal Pouch Fisher Scientifié) and inserted
into the sterilization chamber of the device for processing. After processing, the
contaminated forceps are caiéfully removed from the pouches using steﬁle
technique and under sterile conditions, and placed in a culture flask containing
sterile LB media, and sterilization efficacy is assessed as described above. Zcr.o.
growth in three separate trials is considered a successful outcome. Other items,
such as léng narrow lumen tubing may also be added to this protocol for study.

Example 28 Two Stage Cpgrating Cycle

[00154] The overall sterilization effectiveness is dependant on the ability of the gas to
come in contact with the microbes, and the effectiveness with which the
sterilizing gases kill the microbes they contact. In one preferred embodiment of
the sterilizing method of the present invention, the operating cycle for the
sterilizing sterilizer maximizes both the penetration of sterilizing gases into-
deviceés, as well as the killing of the microorganisms that are contacted. The
penetration of a gas into the small crevices,. lumens, gaps, cracks, mated surfaces,
and interior surfaces of medical devices is dependant (among other things) on the
gas molecule size, diffusivity, “stickiness”, and tendency to be absorbed into or
adsorbed onto the surface of solid or liquid materials.

[00155] 1t has been found that NO has better transport properties than NO, because it is a
smaller, less “sticky” molecule. In a preferred embodiment of the present
invention, the sterilization cycle involves a two stage approach. During the first
stage, the NO is allowed to penetrate throughout the surfaces of the object to be
sterilized. During the second stage, the NO is oxidized to form NO; and other
oxides of nitrogen. The NO, and other oxides of nitrogen offer additional,
effective modes of microbial kill. This two stage approach minimizes the amount
of sterilizing gas volume and the time that is needed to sterilize a device that has

hidden surfaces and/or a complex geometry.
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[00156] One example of this preferred two stage operating cycle is conducted as follows.
The device to be sterilized is p]aced in a chamber capable of generating.and .
maintaining a vacuum as well as receiving sterilizing gases and air.. The
sterilization chamber.is sealed. The sterilization chamber is evacuated to a
vacuum level of less than 3”Hg absolute. NO gas is introduced to the evacuated
chamber in an amount that corresponds to 1 — 8% concentration in the final ’
sterilizing gas .mixture The conditions are maintained for a period of time from
about 30 seconds to about 5 rmnutes Humidified air is added unt11 the chamber .
reaches atmospheric pressure. The condmons are maintained for a penod of
time from about 30 seconds to about a few hours, depcndmg on the sterilant
concentration. The sterilization chamber is evacuated and purged with air before
the sterilized device is rcmpved. | i

[00157]  This two stage operating cyqlé is more effective at sterilizing object having a
lumen than both (1) a cycle that introduces NO and’a'ir sim'ulténeously and (2) a
cycle that introduces NO, in air or nitrogen. . .

Example 29 - Sterilization of Polymers |

[00158] To determine if a polymer, the polymer is inoculated with the spore solution,
dried and exposed to the oxides of nitrogen. After exposure, the spores are
washed off the polymer into a growth medium and incubated to assess growth.

[00159] The Effect of Nitric Oxide Sterilization Methods on Bioresorbable Pélymers.

This Example evaluates the molecular weight profile of polyester-based
bioresorbable polymers before and after sterilization treatment over time. -
Specifically, the effect of three sterilization techniques are evaluated: ethylene
oxide (EtO) treatment, gamfna irradiation and the method of the present
invention using oxides of nitrogen. The polyester materials include LACTEL®
DLPLG (poly-DL-lactide-co-glycolide, 50/50), DLPLA (poly-DL-lactide-
COOH), LPLA (poly-L-lactide) and PCL (poly-e-caprolactone) polymers
purchased from the DURECT Corporation (Pelham,. AL). Treated samples are
evaluated immediately after treatment (Day 0). Sambles are trga;ed using the
method of the present invention (or industry standard conditions for EtO (100%
EtO for.1 hour , 57°C, > 70% RH, followed by 15 hour aeration) and garhma
irradiation (26.8 kGy). For each sterilization method, untreated control samplgs
of each polymer are prepared.
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{00160]

[00161]

For all samples treated with NO;, there is no significant change in the MW profile

" of the bulk polymer. In a few samples there are some small differences noted at

the lower MW region (about 10 min retention time) of the chromatograr.n.' The
EtO treated samples change shape relative to the control samples, are difficult to
remove from the Tyvek® sterilization pouch, and adhere to thesurface of the
bag. There is no significant change in the MW profile of the bulk polymer. For
all irradiated samples tested there is a detectable change in _thé MW profile of the

_ bulk polymer.

Three sterilization treatments (NOy, EtO and irradiation) are applied to bulk
samples of four polyester bioresorbable polymers: LACTEL® DLPLG (poly-DL-
lactide-co-glycolide, 50/50), DLPLA (poly-DL-lactide-COOH), LPLA (poly-L-
lactide) and PCL .(poly-e.-caprolact‘one). The polymer samples are tested upon
recg'ipt (idf;ntiﬁed as Day 0, time point 1 by GPC Chromatography to analyze
their moleéular weight. Samples treated with the oxides of nitrogen exhibit no
significant difference in their MW profile, as compared to the control samples.
Although thie EtO treated polymer samples display no significant difference in
their MW profile, they become visually deformed relative to the control samples
and stick to the sterilization pouch. The gamma irradiated polymer samples
display a detectable change in the MW with the average molecular weight
shifting to a lower value which suggesfs frégmentation'of the bulk polymer

chains. The gamma irradidted change is most pronounced for the PCL samples.

Example 30 Protein Sterilization -

[00162]

[00163]

Under sterilization conditions known to kill stearothermophilus spores, a sample
prote.:in is tested to determine if the sterilization conditions affect the protein’s
biological function. Trypsin is used as the sample protein. The trypsin is in
powder form during the sterilization cycle and thereafter reconstituted in solution
and tested for its functionality. A biological indicator is included in the same
sterilization container as the protein powder. _

In describing representative embodiments of the invention, the specification may
have presented the method and/or process of the invention as a paﬁicular
sequence of steps. However, to the extent that the method or process does not
rely on the particular order of steps set forth herein, the method or process should
not be limited to the particular sequence of steps described. As one of ordinary
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‘skill in the-art would appreciate, other sequences of steps may be possible.
Therefore, the particular order of the steps set forth in the-specification should.
not be construed as ljnﬁtatiohs on the claims. In addition, the claims directed to
the method and/or process of ti)e invention should not be limited to the
performance of their steps in the order written, and one skilled in the art‘ can
‘readily appreciate that the sequences may be varied and still remain within the
spirit and scope of the invention.

Example 31

[00164) Additional kill studies were performed to evaluate effectiveness of varying
concentrations of NO and NO2 in air or nitrogen and additionally in ti)e presence
of humidity. Tests were conducted with biological indicators comprising
Bacillus stearothermophilus spores on statiﬁlees steel substrates (Raven 36100ST
3368092) where these indicators wére placed in Tyvek pouches or micro-
centrifuge tubes inside Tyvek pouches. Experimenia} vessels used were both
300 ml parr pressure vessels, pre-conditioned with 20 micrc')litérs'.of water to
create greater than 80% relative. humidity and also 67 liter “resistometer” using
humidified air at greater than 70% relative humidity.‘ In one batch of studies
‘biological indicators were exposed to NO2 at concentrations of 0%, 0.025%,
0.050%, 0.100%; 0.150%, 0.200%, 0.250%, 0.350% for approximately 24 hours
and then evaluated for the presence of dead spores and live.spores. Figurc 4 |
shows results of such studies that NO2 in nitrogen at concentrations above
0.200% for a 24 hour exposure killed the test spores of the biological indicator.

[00165] In another batch of kill studies, the biological indicators were exposed to NO in
air at concentrations betweén 0 and 1.00% and also at 6.0% for varying time
periods between 5 minutes and 120 minutes. Figure 5 shows results of these
experiments and that consistent kill effectiveness was demonstrated at 6% NO in
air with exposures from 5 min to 60 min and at 0.35% NO at exposure times of
60 min to 120 min. Figure 6 shows results of kill st{ldies using NO in air such
that consistent effectiveness was observed at NO cohcent,rations.at. about 0.35%
and for longer than about 60 minutes. Figure 7 shows a comparison of various
concentrations and exposure times using NO in air where the concentration of
NO (as a percentage) rﬁu]tip]ied by exposure time in minutes yields a quantity
which-can be a better indicator than NO concentration alone of kill effectiveness.
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.[00166] The foregoing disclosure of the embodiments of the-invention has been presented
for purposes of illustration and description. It is not intended to Be exhaustive or
to limit the invention to the precise forms disclosed. Many variations and
modifications of the embodirhénts described herein will be apparent to one of

ordinary skill in the art in light of the above disclosure.
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WHAT IS CLAIMED IS:

1. A method for sterilizing an object comprising the step of exposing the object to a
sterilant gas for a time period sufficient to sterilize the object, wherein the sterilant gas is

comprised of one or more oxides of nitrogen.

2. The method of claim 1, wherein the sterilant gas is generated from a sie;ﬁlani gas-

generating composition.

3. The method of claim 1, wherein the sterilant gas is selected from the group consisting

of NO, NO,, NO3_N2O3_ N304, N2Os, N;O and mixtures thereof.

4. The method of claim 1, wherein the sterilant gas is selected from the group consisting

of NO, NO,, N>O,, N,O3 and mixtures thereof.

5. The method of claim'l, wherein the object is exposed to the sterilant gas in a

sterilization chamber.

6. The method of claim S, wherein the sterilant gas is delivered to the sterilization
chamber.
7. The method of claim 5, wherein the source of the sterilant gas is located within the -

sterilization chamber.

8. The method of claim 5, wherein sterilization chamber is connected to a source of the

sterilant gas.
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9. The method of claim 8, wherein the source of the sterilant gas is a gas generating
chamber:

10. The method of claim 9, wherein the gas generating chamber is a chamber comprising
NO.

11. The method of claim 9, wherein the gas generating chamber is a pressurized chamber -
comprising NO.

12..  The method of claim 5, wherein the sterilization chamber is sealable.

13. The method of ;:}aim' 9, wherein the gas generating chamber contains ;i sterilant gas-

- generating composition.

14. The method of claim 5, wherein the sterilization chamber further comprises a

sterilant gas-generating composition.

15. The method of claim 2, wherein the sterilant gas-generating composition is

comprised of at least one sterilant gas-generating compound.

16. The method of claim 2, wherein the sterilant gas-generating composition further

comprises an acid.

17. The method of claim 5, wherein the sterilization chamber further comprises a port

for introducing gases.

18. The method of claim 1, wherein the time period is from about 30 seconds to about 20

‘minutes.
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19. The method of claim 1, wherein the time period'is from about 30 seconds to about 12

hours. -

20. The method of claim 1, wherein the time period is from about 2 minutes to about 24

hours.
21.  The method of claim 1, further comprising exposing the object to humidified air.

22.  The method of claim 1, further comi)rising exposing the object to humidified air

before, during and/or after exposure of the object to the sterilant gas.

. 23, The method of claim 5, wherein the sterilization chamber is evacuated before the

object is exposed to the sterilant gas.

24. The method of claim 5, the object is exposed to the sterilant gas fora time period

from about 30 seconds to about 60 rpiriutes prior to the introduction of humidified air.

25." The method of claim 5, wherein the object is exposed to the sterilant gas for a time

period from about 1 second to about 5 minutes prior to the introduction of humidified air.

26. The method of any of claim 5, wherein all gases entering the sterilization chamber

have been filtered.

27. A method for sterilizing an object comprising the steps of:
placing an object in a sterilization chamber; '
sealing the sterilization chamber;
evacuating the sterilization chamber;
introducing a sterilant gas t6 the evacuated chamber; wherein the sterilant

gas js comprised of one or more oxides of nitrogen;
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waiting for a time period from about 1 second to about 5 minutes;
adding humidified air to the sterilization chamber; and

waiting for time period from about 30 seconds to about 20 minutes.

28.  The method of claim S or claim 27, wherein the sterilization chamber is purged after

the object is exposed to the sterilant gas.

29.  The method of claim 5, wherein the sterilization chamber is evacuated to a vacuum

level of less than 2”Hg before introducing the sterilant gas.
30:  The method of claim 1, wherein the method is conducted at ambient pressure.

31.  The method of claim 1 or ¢laim 5, wherein the exposure to the sterilant gas includes

" humidity from about 40% to about 80%.

32.  The method of claim 5, wherein the concentration of oxygen in the sterilization

chamber is from about 0% to about 21%.

33. The method of claim 1, wherein the method is conducted at a temperature of from

about 0°C to about 90°C..

34.  The method of claim 1, wherein the method is conducted at a temperature from about

18°C to about 30°C.

35.  The method of claim 1, wherein the time period is from about 2 minutes to about 24

hours.
36. The method of claim 1, wherein the object is a medical device.
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37. The method of claim 36, wherein the medical device is an implant.
38..  The method of claim 1, wherein the object is a stent.

39. The method of claim 36, wherein the medical device is selected from the group
consisting of a cardiac surgery product, an orthopedic surgery product, and a dental surgefy

product.

40. The method of claim 1, wherein the object is an implant selected from the group
consisting of a cardiac impl anf, an orthopedic implant, a dental implant, a gastrointestinal

implant, and a vascular implant.

41. The method of claim 1, wherem the object comprises at least one matenal wherein -
said material is selected from the group consisting of Poly(L-lactide), Po]y(DL~Lact1de),

50/50 Poly(DL-lactide-co-glycolide), Poly(e-caprolactone) and mixtures thereof.

42. The method of claim 36, wherein the medical device comprises metal, non-metal,

polymer or plastic, elastomer, or biologically derived material.

43. The method of claim 36, wherein the medical device comprises a material selected
from the group consisting of stainless steel, aluminum, nitinol, cobalt chrome, titanium and

combinations thereof.

44. The method of claim 36, wherein the medical device comprises a material selected

from the group consisting of glass, silica, and ceramic.

45. © The method of claim 36, wherein the medical device comprises a material selected

from the group consisting of polyacetal, polyurethane, polyester, polytetrafluoroethylene,
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‘poly.eth);lene, bolymethylmethdcry]éte, polyhydroxyethyl methacryla'te; polyvinyl alcohol,
polypropy].ene, pol_ymethylpentene, polyetherketone, polyphenylene oxide, polyvinyl
chloride, polycarbonate, polysulfone, acry]onitrile-Eutadicne-‘styrene, polyetherimide,

'pc-)lyvinylidene fluoride, copolymers thereof and combinations thereof.

46.  The method of claim 36, wherein the medical device comprises a material ée_lected
from the group consisting of polysiloxane, fluorinated polysiloxane, ethylene-propylene

rubber, fluoroelastomer and combinations thereof.

47.  The method of claim 36, wherein the medical device comprises a material selected
from the group consisting of polylactic acid, pojyglycolic acid, polycaprolactone,
polypéradioxarione, polytrimethylene carbonate and their copolymers, collagen, elastin,

chitin, coral, hyaluronic acid, bone and combinations thereof.

48." The method of claim 36, wherein the medical device further comprises a bioactive
coating.l
49. The method of claim 48, wherein the bioactive coating is selected from the group

.consisting of a biocompatible coating, an infection resistance coating, an antimicrobial
coating, a drug release coating, an antithrombogenic coating, a lubricious coating and

combinations thereof.

50. The method of claim 48, wherein the bioactive coating is selected from the group

consisting of heparin, phophoryl choline, urokinase, rapamycin and combinations thereof.

51. The method of claim 48, wherein the bioactive coating comprises a hydrophilic or
‘hydrophobic coating.
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52.  The method of claim 48, wherein the bioactive coating comprises a polymer selectgd
from the group consisting of bolyvinyl pyrrolidone, poiy’ethylene gl.yéol, pofyp‘répylexie
glyéol, polyethylene glycol—co—pijopylene glycol, polyethylene glycol acrylate, bolyethyl,ene
glycol diacrylate, polyethylene glycol methacrylate, polyethylene glycol dimethaérylaté, .
polyethylene oxidc; polyvinyl alcohol, polyvinyl alcohol-co-vinylacetate, bolyhydroxyethyl
meth;acrylate, and polyhyaluronic acid, and hydrophilically substituted derivatives, ‘
monomers, unsaturated pr;a-polymers,‘uncrosslinked polymers, copolymé:rs thefeof alnd :

combinations thereof. -

53. The method of claim 48, wherein the bioactive coating comprises a polymer selected
from t_he group consisting of po]ytetraﬂﬁor'oethy]ene, pol yethy]éné, poiyprépylene,, '
poly(ethylene terephthalate), polyester, polyamides, polyarylates, polycarbonate,
polystyrene, po]ysulfone, po]yethérs, polyacrylates, polymethacrylates, po}y(Z;Hydroxyethyl
methacrylate), polyurethanes, poly(siloxane)s, silicones, poly(vinyl chloride), fluorinated .
elastomers, synthetic rqbbers’, poly(phenylene oxide), polyetherketones, acrylonitrile-
‘butac'liene-styrene rubbers, poyetherimides, hydrophobically substituted derivatives thereof,

their precursor monomers, copolymers thereof and combinations thereof.

54.  The method of claim 1, wherein the object is comprised of a material selected from
the group consisting of a bioabsorbable polymer, a drug-bearing polyﬁler and mixtures

thereof.

55.  The method of claim 37, wherein the implant is selected from the group consisting of
a cardiovascular stent, a peripheral drug-eluting stent, a polymer coated implant, and .

mixtures thereof.
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56. The method of claim 1, wherein the object is selected from the group consisting of an

0rth0ped~i(; bone graft and a bone.scaffold.

57.  The method of claim 1, wherein the object is a biological product, wherein the
biologiéal material is selected from the group consisting of a tissue, an organ, a wound

heéling product, and a tissue engineering product.
58. The method of claim 1, wherein the object is a p.rotein‘

59. A method for stenhzmg an object, comprising the steps of:

prov1d1ng a gas generating chamber compnsmg a sterilant gas;

joining the gas generating chamber to a sterilization chamber;

placmg an object in the stenhzatxon chamber; '

dellvermg the sterilant gas from the gas generating chamber to the sterilization
chamber, wherein the sterilant gas is comprised of one or more oxides of nitrogen; and

exposmg the object to the sterilant gas for a time penod sufficient to sterilize thc

object.

60. A method for sterilizing the object comprising the steps of:’

placing an object in a sterilization chamber in fluid connectivity with a' gas generaﬁng
chamber, wherein the gas generating chamber comprises a sterilant gas;

delivering the sterilant gas from the gas generating chamber to the sterilization

chamber, wherein the sterilant gas is comprised of one or more oxides of nitrogen.

61. A method for sterilizing an object, comprising the steps of:

providing a gas generating chamber containing a sterilant gas-generating
compbsition;

joining the gas generating chamber to a sterilization chamber;

placing an object in the sterilization chamber;

activating the sterilant gas-generating composition;

delivering the sterilant gas from the gas generating chamber to the sterilization
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chamber, wherein the sterilant gas is comprised of one or more oxides of nitrogen; and
exposing the object to the sterilant gas for a time period sufficient to sterilize the

object.

62. A method for sterilizing the object comprising the steps of:

placing an object in a sterilization chamber in fluid connectivity with a gas generating
chamber, wherein the gas generating chamber comprises a sterilant gas-generating .
composition;

activating the sterilant gas-geﬁerating,composition;

delivering the sterilant gas from the gas generating chamber to the sterilization

chamber wherein the sterilant gas is comprised of one or more oxides of nitrogen.,

63.  The method of claim 2, wherein the sterilant gas-generating composition comprises a

carbon-based diazeniumdiolate compound.

64. The method of claim 2, wherein the sterilant gas-generating composition comprises a

nitrite metal salt.

65. The method of claim 2, wherein the sterilant gas-generating cor'nposition'compﬁses' a
nitrite metal salt selected from the group consisting of sodium nitrite, potassium nitrite,

magnesium nitrite and mixtures thereof.

66. The method of claim 64, wherein the sterilant gas-generating c,ofnpositién further

comprises an acid.

67. The method of claim 66, wherein the acid is selected from the group consisting of

sulfuric acid , maleic acid, hydrochloric acid, nitrous acid, nitric acid and mixtures thereof.

68.  The method of claim 64, wherein the sterilant gas-generating composition further

comprises a proton donor.
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.69.  The method of claim 66, wherein the acid is a solid.
70.  The method of claim 64, wherein the nitrite metal salt is a solid.

71. A system or device for sterilizing an object comprising a sterilization chamber in
fluid connectivity with a source of a sterilant gas, wherein the sterilant gas is comprised of

one or more oxides of nitrogen.

72. A system or device for sterilizing a object, comprising a sterilization chamber,
wherein said sterilization chamber further comiprises a source of sterilant gas, wherein the

sterilant gas is comprised of one or more oxides of nitrogen.

73.  The system or device of claim 71-or claim 72, wherein the sterilant gas is selected

from the group consisting of NO, NO2, NO3,N>O3 , N2O4, N2Os, N>O and mixtures thereof.’

74. The sysiem or device of claim 71 or claim 72, wherein the sterilant gas is selected

from the group consisting of NO, NO2, N,Oq, N205 , and mixtures thcreof.

75. The system or device of claim 71 or claim 72, wherein the source of the sterilant gas

is a sterilant gas-generating composition.

1

76. The system or device of claim 71 or claim 72, further comprising a scrubbing system.

77. . The system or device of claim 76, wherein the scrubbing system comprises an

oxidizer to convert NO to NO».

78. The system or device of claim 76, wherein the scrubbing system comprises an
adsorbent to trap NOa.
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79. The system or device of claim 71 or claim 72, wherein the system or device wéighs

less than 20 pounds.

80. The system or device of claim 71 or claim 72, wherein the system or device is

portable.

81. .The system or device of claim 71 or claim 72, wherein the sterilization chamber is -

sealable.

82. The system or device of claim 71 or claim 72, wherein the source of the sterilant gas

is a gas generating ch amber.

83. The system or device of claim 82, wherein the gas generating chamber is a chamber -

comprising NO.

84. The system or device of claim 82, wherein the gas generating chamber is a

pressurized chamber comprising NO.

85. The system or device of claim 75, wherein the sterilant gas-generating composition is

contained in a gas generating chamber. "

86. The system or device of claim 75, wherein the sterilant gas-generating composition is

comprised of at least one sterilant gas-generating compound.

87. The system or device of claim 75, wherein the sterilant gas-generating composition

further comprises an acid.

61



WO 2008/005313 PCT/US2007/015093

88. . The system or device of claim 71 or claim 72, wherein the stérifization chamber

further comprises a port for introducing gases.

89. The system or device of claim 71 or claim 72, wherein the sterilization chamber is in

fluid connectivity with a source of air.

90. - The system or device of claim 71 or claim 72, wherein the sterilization chamber is in

fluid connectivity with a source of humidified air.

91.  The system or device of claim 90, further comprising a humidity meter to measure

the relative humidity within the sterilization chamber.

92. The system or device of claim 71 or ¢laim 72, wherein the sterilization chamber is in

fluid connectivity with a vacuum.

93. The syétem or device of claim 71 or claim 72, further comprising a gauge for

measuring the vacuum level within the sterilization chamber.

94. The system or device of claim 71 or claim 72, further comprising a heating element

to control the temperature of the sterilization chamber.

9s. The system or device of claim 71 or claim 72, further comprising a cooling element

to control the temperature of the sterilization chamber.

96. The system or device of claim 71 or claim 72, further comprising a gauge for

measuring the temperature of the sterilization chamber.
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97.  The system or device.of claim 71 or claim 72, wherein the sterilization chambér is

capable of (i) maintaining a vacuum; (ii) receiving a sterilizing gas; and.(iii) receiving air.

98. The system or device of claim 75, wherein the sterilant gas-generating composition.

comprises a carbon-based diazeniumdiolate compound.

99. The system or device of claim 75, wherein the sterilant gas-generating composition

comprises a nitrite metal salt.

100. The system or device of claim 75, wherein the sterilant gas-generating composition

ER S

comprises a nitrite metal salt selécted from the group consisting of sodium nifrite, potassium

" nitrite, magnesium nitrite;and mixtures thereof.

101. The system or device of claim 75, wherein the sterilant gas-generating composition

further comprises an acid:

102. The system or device of claim 101, wherein the acid is selected from the group
consisting of sulfuric acid, maleic acid, hydrochloric acid, nitrous aci'd, nitric acid and

mixtures thereof.

103. The system or device of claim 75, wherein the sterilant gas-generating composition

further comprises a proton donor.
104. The system or device of élairn 101, wherein the acid is a solid.

105.  The system or device of claim 99, wherein the nitrite metal salt is a solid.-
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