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BIFUNCTIONAL MATERIAL FOR NITRIC OXIDE STORAGE
AND PRODUCTION AND USE THEREOF IN THERAPY

Field of the Invention

The present invention relates to a bifunctional material comprising a zeolite

which is capable of releasably absorbing nitric oxide and producing nitric oxide from

a suitable precursor molecule.

Background to the Invention

Storage of gases in tailored porous materials is an extremely important

technology with great potential for impact in a wide variety of applications, from
energy storage and environmental remediation to biological/medical devices. The
(i, iti)

gases of interest encompass hydrogen O various different hydrocarbons , carbon

dioxide ™ and nitric oxide “*. A major drawback of gas storage materials is the
finite reservoir of gas that is available — eventually even the highest capacity materials
will run out of the stored gas, no matter how slowly it is delivered for use. For some
applications, where recharging the material with the required gas is relatively easy or
- if the material 1s completely replaced with a new gas loaded sample, this may not be
of too much concern. However, where the gas storage material needs to be in place
for a long time, the limited lifetime of stored gas may be a significant handicap. A
prime example of a situation where this could be vitally important is the use of nitric
oxide (NO) releasing materials in medical devices or implants that need to remain 1in
situ for days, months or even years. In such cases, NO release needs to last an equally

long time to ensure that the beneficial effects continue. With simple gas storage

materials, this 1s unlikely to be possible.
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NO 1s an extremely important signalling molecule in mammalian biology, and
there is increasing evidence that exogenously applied NO is beneficial in a number of
areas, including the prevention of thrombosis, the promotion of wound healing and
anti-microbial therapies.

The present inventors have recently showed how zeolites (porous alumino
silicate materials) can be used to store and deliver NO in biologically important
amounts “Y. This work showed how zeolites irreversibly adsorb large amounts of
NO, which 1s only released on the action of a trigger such as exposure to moisture.
The storage lifetime of NO in zeolites is long term (no loss of NO delivery even after
1 year’s storage) and can be tailored for a particular application by altering the
composition of the zeolite or by blending the zeolites with appropriate polymer
matrices. The use of zeolites as water softeners in detergent powder formulations also
means that their toxicology is relatively well studied, at least in terms of topical
exposure.

However, for biological applications it is not the storage capacity of the
material that is the most important feature, but the match between the rate and
duration of delivery and that required by the target application. NO 1is produced by
the endothelial cells that line normal healthy blood vessels at a rate that has been

I

estimated to be ~1 pmol min” mm™ and this mediates a number of vital functions

00000

including vasodilatation , prevention of vascular smooth muscle growth and

(X activation and adhesion. To mimic

inhibition of platelet ™ and inflammatory cell
the action of endothelial NO on the surface of a medical implant such as a stent
requires a relatively low rate of NO delivery over a considerable period of time.

However, NO also has an anti-microbial effect, and larger amounts of NO prevent

brofilm formation and can be used to kill many different organisms, even resistant
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bacterial strains such as MRSA “*")  Since many failures of medical implants can
be traced back to infection ™ this anti-microbial action of NO is also very desirable,
and could be performed by a short burst (minutes to hours) of NO on first use of the
implant. A material that delivers a burst of NO followed by a steady release of NO at
a lower level maybe the optimum behaviour for medical applications of this type. It is
expected that it will be impossible to obtain such a release profile from simple stored
NO and as such there 1s a requirement for novel materials designed to address the
above problems.

It 1s therefore amongst the objects of the present invention to obviate and/or
mitigate at least one 0f the aforementioned disadvantages.

It 1s a further object of the present invention to provide a bifunctional product

which is capable of storing NO and also producing NO from a precursor material.

Summary of the Invention

In‘ a first aspect there is provided a bifunctional material which comprises
copper and which is capable of storing nitric oxide (NO), as well as catalytically
producing nitric oxide from a suitable precursor.

The material typically comprises a zeolite and the copper may be part of, or
separate from the zeolite. In this manner, the material may comprise a single
bifunctional material; that is, a material which is capable of both storing NO and
catalytically producing NO. Alternatively the material may comprise at least two
components, a first component to store NO and a further component to catalytically

produce NO from a suitable precursor.
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In one embodiment the material comprises a zeolite comprising copper, such
as Cu(ll) which 1s capable of irreversibly releasably storing NO and producing NO
catalytically from a suitable precursor.

In a second embodiment, the material comprises a final zeolite component
which is capable of irreversibly releasably storing NO and a second Cu(I) comprising
component, such as Cu;O which can be used to catalytically produce NO from a
suitable precursor.

For the avoidance of doubt, reference to the material “being capable of
irreversibly releasably storing” is understood to relate to the material in the absence or
when storing NO.

Zeolites are a class of aluminosilicate materials (both natural and synthetic)
that contain pores and channels of dimensions that allow small molecules or ions to be
adsorbed onto the internal surfaces of the material. The general formula of the zeolite
framework is Al Si;.,O4", and it is clear that for every. aluminium in the framework,
one negative charge is introduced that must be balanced by an extra-framework
cation. These cations can be inorganic or organic in nature, and can be exchanged

- using standard ion exchange processes.

Dehydrated ‘as synthesised’ and ion exchanged zeolites with the compositions
[(M1™)y/m (M2p+)y/p] [Al;S12,04] where x can range from zero to nz, and y from Zero
to pz subject to the condition that x/n+y/p = z are preferred, wherein;

M1 and M2 are extra-framework metal cation of elements, Li, Na, K, Ca, Mg,
Fe, Cu, Mn, V, Ti, Ru, Rh, Co, Ni, Zn and Ag.

For biological, medical and/or cosmetic applications (see herein below),
preferred metal cations are those which are deemed toxicologically acceptable for

such uses, e.g. those metals which are considered to have acceptable/limited toxicity,
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particularly when presented in the framework material, although such considerations
will depend on the circumstances of the use and may be determined by the skilled
practitioner as appropriate. |

The zeolite frameworks may comprise or contain additional entities to those
described above, for example, further metal or other positively charged ions, or other
anionic species.

Further anions may include hfalogens, e.g. Cl', F, Br or I or other anions, e.g.
OH or SOy

The zeolite frameworks may in particular include species/molecules, within
guest sites, such as pores or channels, formed in the framework. Such species may be
tor example water, solvent or other molecules e.g. derived from the components used
in the manufacture of the framework.

Prior to NO adsorption (loading), the zeolite frameworks for use in the preseﬁt
invention may (or may not) be fully or partially activated. The term “activated” refers
to the zeolite framework being presented in a state in which NO may be adsorbed at
least “irreversibly” to some degree. The frameworks may inherently allow the NO to
be adsorbed irreversibly (at least to some extent), in which case, activation may not be
required, or activation may be used to increase the amount of NO which may be
adsorbed.

It required, activation generally involves the removal of guest
molecules/species from the interior of the pores and/or channels of the framework to
allow the NO to be adsorbed into the zeolite framework. The guest molecules/species
may be coordinated to the metals in the zeolite, and the activation of the framework
materials may include removal of such coordinated molecules/species. The guest

molecules/species may be nucleophiles or water.
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For example, the zeolite framework may become coordinatively activated,
wherein the activated zeolite framework includes a site available for coordination on
some or all of the metal cations that form part of the framework itself. The available
metal cations are thus available to strongly (“irreversibly”) bind NO through
coordination of the gas to the metal cation(s).

The term “irreversibly releasably store” NO refers to NO which is bound to
the material strongly and is not substantially desorbed from the material once the
nitric oxide-containing atmosphere used to load the material with the gas 1s removed,
in particular, at a reduced pressure. Without wishing to be bound by theory, this
irreversible adsorption is understood to be a chemisorption process (1.e. there is a
chemical bond formed between the nitric oxide and the zeolite framework material).
The presence of irreversibly adsorbed NO (or any other species) is indicated by a
strong hysteresis between the adsorption and desorption arms of the
adsorption/desorption isotherm.

In contrast, reversibly adsorbed NO is weakly bound to the material and
desorbs once the NO-containing atmosphere used to load the material with the gas 1s
removed. The NO adsorbed by this mechanism is thereby termed “reversibly” is
weakly bound NO.

Activation may be achieved chemically, optionally followed by other non-
chemical means or vice versa.

Chemical activation tends to remove the unwanted guest molecules from the
framework by chemical displacement of the guest molecules by the molecules of the
chosen activating chemical species. The NO itself may be used to displace the

unwanted guest molecules.
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The other, non-chemical, means for activation may include heating the zeolite
framework at ambient (e.g. atmospheric) or reduced pressure. Subjecting the
framework material to reduced pressure in absence of heat may also be used.
Methods include, for example, placing the framework under vacuum at elevated
temperatures. Preferably, zeolites are activated thermally in this manner.

Other, non-chemical means for activation include exposing the zeolite
framework to electromagnetic radiation, e.g. ultraviolet light.

Alternatively, the framework is subjected to a chemical activation procedure
followed by heating. Such method advantageously may take advantage of a step-wise
activation procedure whereby guest molecules/species are preferentially displaced ~by
a different chemical entity which becomes a guest molecule/species, which is then
removed from the framework under reduced pressure and/or heating the framework

material.
Chemical activation may be achieved using a chemical treatment method such

as exposure of the framework material to a desired chemical or a mixture of

chemicals.

Examples of suitable chemicals include solvents such as acetonitrile (CH;CN),
dimethylformamide (DMF), ethanol (EtOH) or methanol (MeOH).

Typical pressures, preferably reduced pressures, which may be used for
activation include a pressure less than atmospheric pressure, e.g. less than 1 bar, such
as from about 1 x 10™ mbar to about 1 bar.

Typical temperatures, preferably elevated temperatures, which may be used
for activation include a temperature up to about 600°C, preferably about 300 to 600°C

for optimum activation and lower temperatures (e.g. 200 to 300°C) for partial

activation.
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The guest molecules may comprise water, in which case, activation of the
framework includes full or partial dehydration of the framework material, to remove
water. Other guest molecules such as residual solvent or gases may also be removed
from the zeolite framework by the activation methods described herein.

The activation of the zeolite frameworks may also involve a change in
structure of the framework to enable nitric oxide to be adsorbed irreversibly.

The resulting zeolite framework may then be exposed to nitric oxide to load
the zeolite.

Typically, the NO loading is performed at a temperature of from -100°C to
50°C.

The loading of NO may be performed with pure NO, substantially pure NO or
with a mixture of NO and a carrier gas such as an inert gas, for example helium, argon
or other inert gas including mixtures thereof.

The loading is typically performed at or above a pressure equal to atmospheric
pressure, for example from atmospheric pressure up to a pressure of about 10 bar.
Atmospheric pressure is generally understood to mean a pressure of about 1 bar.

The NO loaded zeolite frameworks may be sealed inside airtight packaging for
storage and transport purposes.

The airtight packaging may conveniently contain a dry atmosphere under
which the zeolite framework is sealed.

Upon exposure of the NO loaded zeolite framework to a suitable nucleophile,
for example an aqueous environment such as water or blood, the NO is displaced
from the metal complex inside the zeolite framework resulting in release of NO 0as

into the aqueous environment.
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Thus, the irreversibly adsorbed NO may be considered to be releasably
adsorbed NO when conditions under which its release is triggered are applied.

The release of the irreversibly adsorbed/bound NO may be triggered by the
action of another species, e.g. one which preferentially becomes the guest in the
zeolite framework, for example, displaces and takes the place of the NO at the
coordination sphere of the metal cation in the zeolite framework. Such species
include, for example, nucleophile species, and the method of release may comprise
using a nucleophile-containing medium such as moist gas or an aqueous
medium/solution, or by other means such as subjecting the nitric oxide-containing
material to an elevated temperature or exposure to electromagnetic radiation, e.g.
ultraviolet light.

The NO loaded material may be subjected to one or more these methods to
render the irreversibly bound nitric oxide releasable, prior to subjecting the material to
conditions to actually release the irreversibly bound nitric oxide.

The NO may be released from the NO loaded zeolite when placed in air, e.g.
moist air.

For certain embodiments of the invention described herein the preferred
extraframework cation is copper, either in its +1 or +2 oxidation states (also known as
Cu(l) and Cu(ll)). This can be present as the only extraframework cation or as a
mixture with others.

The choice of particular zeolite structure will affect the properties of the
material because of their different ion exchange capacities etc. Preferred frameworks
are those with the three letter framework codes LTA, FAU, MFI, MOR, FER etc etc.
The three letter codes ®) describe the framework architecture of the zeolites (1.e. their

structure) but not the composition of the zeolite, which can vary quite widely
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according to the formula given above. Thé three letter codes have no other meaning
than as a naming system. More details of preferred zeolite materials and their loading
can be found in WO 2005/003032.

For use as a bifunctional material that both releasably stores and catalytically
produces NO the zeolites may be dehydrated or partially dehydrated and then loaded
with NO before use (for example W02005/003032). For use just to catalytically
produce NO, the zeolite can be used in its hydrated or dehydrated form without
loading with NO.

Suitable Copper (I) comprising materials include oxide materials such as
CuyO. The class of material can also include copper (I) containing zeolites. These
materials can be used in any suitable form, although high surface area solids (e.g.
porous or nanoparticulate morphologies may be preferred).

Copper (II) comprising materials (such as the zeolites) may require a reductant
(to ensure there 1s at least some copper (I) formed in situ). The reductant can be any
compound that can reduce Cu(Il) to Cu(l), and may be present naturally at the site of
use of the material or prepared and added separately. Examples of such compounds
include ascorbic acid and cysteine. Alternatively, Cu(I) may be formed in situ during
the activation process, for example during the thermal activation of a copper (II)
containing material.

The precursors used to catalytically produce NO can be those naturally
occurring in the human body (nitrite, nitrate, nitrosothiols) or synthetic NO donors
such as  S-nitroso-N-acetylpenacillamine or related analogues) and S-
nitrosoglutathione. Alternatively, endogenous precursors might be supplemented by

systemic delivery of NO from donor drugs, including conventional organic nitrates
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(e.g. glyceryl trinitrate, isosorbide dinitrate, isosorbide mononitrate), or novel
compounds such as diazeniumdiolates, syndnonimines, furoxans, and S-nitrosothiols,

The materials can be formed of a single compound (e.g. just a copper (II)
containing zeolite) or as mixtures of, for example, two components (e.g. a NO-loaded
zeolite + copper oxide) to produce the desired NO release profiles. The materials can
also be blended with, for example, polymers (such as polytetrafluoroethylene,
polyurethane, silicones etc) to provide easier processing.

It 1s particularly preferred that the materials of the present invention are
intended for use in medical applications including surgery and therapy, as well as in
cosmetic application.

Thus, according to a further aspect of the present invention there is provided a
pharmaceutical, neutraceutical or cosmetic preparation comprising a bifunctional
material as described herein comprising irreversibly releasably adsorbed nitric oxide
and being capable of catalytically producing nitric oxide from a suitable precursor
molecule together with a pharmaceutical/neutraceutical/cosmetic carrier therefor.

The present invention also provides the use of a bifunctional material
comprising irreversibly releasably adsorbed NO and being capable of catalytically
producing NO from a suitable precurosr molecule in the preparation of a medicament
for use in the treatment or prophylaxis of disease.

Diseases or medical conditions which may be treated include infections of the
skin, including dermatophyte fungi, leishmaniasis, molluscum and papilloma virus,
and mycobacterium infections, including those associated with chronic circulatory
disorders (e.g. diabetic foot ulcers). Further uses include therapeutic applications in
anti-neoplastic activities, immune response modification, treatment of Raynaud's

disease, wound healing and skin pigment modification. Yet further uses include
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treatment of restenonsis, psoriasis and eczema, and skin cancer (melanoma).
Therapies for other bacterial problems include the reduction of severe foot or body
odour problems, and in the treatment of Methicillin Resistant Staphylococcus Aureus
infections.

An area of considerable potential with respect to the invention is the coating of
or incorporation into medical devices that contact blood. Such items include medical
instruments, cannulae (arterial and venous), catheters (e.g. urinary and those used in
cardiology and surgical procedures), stents (e.g. coronary), shunts, prosthetic grafts
and extracorporeal tubing, filters and associated components used in, for example,
bypass surgery, renal dialysis and constant glucose monitoring equipment and insulin
delivery pumps used in diabetes.

According to a further aspect of the present invention there is provided a
medical article comprising a material according to the present Invention which
comprises irreversibly releasable absorbed nitric oxide and being capable of
catalytically producing nitric oxide from a suitable precursor molecule.

The material of the medical article may be provided without NO loaded
therein to allow loading with NO prior to use and/or storage of the medical device
ready for subsequent use.

Alternatively, the material of the medical article may be provided as a zeolite
material comprising releasably adsorbed NO.

Suitable medical articles for use in the present invention include stents, shunts,
catheters, cannulae, extra-corporeal tubing, filters, wound dressings, bandages, self-
adhesive plasters and patches.

The beneficial properties of NO may be advantageously employed in cosmetic

and personal hygiene applications.
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According to a further aspect of the present invention, there is provided use of
a bifunctional material comprising releasably adsorbed NO and being capable of
catalytically producing NO from a suitable precursor molecule in cosmetic and/or
personal hygiene applications.

For example the materials of the present invention may be used in cosmetic
preparations; deodorants; skin preparations such as anti-aging skin preparations and
preparations applied before, during or after hair removal by shaving or by appli(;,ation
of depilatory preparations; hair preparations; depilatory preparations and the like.

Accordingly, the present invention also provides, a cosmetic and/or personal
hygiene product comprising a material according to the present invention.

The present invention also provides, as a further aspect, a method of releasing
and producing NO comprising the steps of

(1) providing a material comprising irreversibly releasably adsorbed
nitric oxide and being capable of catalytically producing NO from
a suitable precursor molecule;

(11) contacting said material with a medium into which said NO is to be
provided, by release of the stored NO and by catalytic productidn
of NO;

Such release of NO is preferably achieved in a controlled manner, for
example, by providing a suitable material with an established controlled release
profile. For example, the material may provide an initial stored burst of NO from the
releasably stored NO, followed by a prolonged production of NO.

The medium into which the NO is to be released may be simply air

surrounding the material or may be, for example, an aqueous medium.



CA 02706507 2010-05-21
WO 2008/062160 PCT/GB2007/004367

14

The release may be performed either inside an animal body, topically to an
animal body or in non-body applications such as release into cell cultures.

The release may be performed at any suitable temperature, however room or
body temperature is preferred.

The method of releasing NO may be applied to the treatment of humans or
animals and accordingly the present invention further provides as a further aspect a
method of treatment or prophylaxis of an individual in need thereof comprising
providing a material comprising releasably adsorbed nitric oxide and being capable of
catalytically producing nitric oxide from a suitable precursor molecule and contacting
said zeolite with said individual.

The present invention will now be further described by way of example and
with reference to the figures which show:

Figure 1 shows the addition of nitrite solution (at 2.5 mins) to a buffered
solution in which solid Cu-MFI (also known as Cu-ZSM-5) has been dispersed leads
to a significant amount of NO being detected. Addition of a reducing agent (cysteine,
at 6 mins) leads to ten-fold increase in the amount of NO detected. 34umol of NO
were produced per gram of Cu-MFI with a conversion of 1.9% for 60minutes.

Figure 2 shows the addition of nitrite and cysteine solution (at 5 mins) to a
buitered solution in which solid Cu-MFI has been dispersed leads to a significant
amount of NO being detected. Removal of the Cu-MFI by centrifugation after 580
mins completely inhibits the production of NO, indicating that the activity is not due
to leached copper.

Figure 3 shows the room temperature NO adsorption/desorption isotherm for
dehydrated Cu-MFT indicating the strong hysteresis present between the adsorption

and desorption arms of the isotherm.
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Figure 4 shows the NO release profile for NO-loaded Cu-MFI on contact with
a nucleophile containing medium (water or a buffer). -

Figure 5 shows the NO release profile of the stored NO in Cu-MFI (first peak
at ~10 minutes) followed by addition of nitrite (NO,") to the solution after ~130 mins,
with significant production of NO, and subsequent addition of a reductant (cysteine,
RSH) at around 180 mins.

Figure 6 shows that the addition of nitrite to a dispersion of Cu,O in buffer
produces a large amount of NO, which is effectively constant over 180 mins.

Figure 7 shows a bifunctional mixture of a NO-storing zeolite combined with
NO production from nitrite using CuyO. The stored NO is released from the Zn-LTA:
a mimimum (due to the precision loss) of 115umol of NO per gram of Zn-LTA were
obtained. Using Zn-LTA instead of Cu-MF]I, increased the NO storage by a factor of
80. After 200 minutes the zeolite is still releasing a significant amount of NO, but
addition of NaNO, (25uL, 0.05M) increases the NO produced significantly. An
increase of ppb.s was obtained during one hour which means a NO delivery of
27.6umol of NO per gram of Cu,O.

Figure 8 (A) shows chemiluminescence measurements indicate that release of
gas NO-loaded copper-exchanged zeolite-X is complete by ~150 minutes, but that the
delivery of NO can be extended at a considerably enhanced flux by adding nitrite
anions (25 pL, 0.05 M) to the solution. (B) The cumulative NO delivery profile for
the experiment shown in Figure 1A. (C) Addition of 25 puL of 0.005 M nitrite ions to
the solution approximately matches the rate of release of residual stored NO at 60
minutes indicating that NO is delivered by both mechanisms simultaneously.

Subsequent aliquots of added nitrite give rise to broadly similar increases in NO flux.
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Examples

Example 1. Cu-containing MFT Zeolite to produce NO catalytically from nitrite.

Samples of copper (II)-exchanged MFI materials were prepared using standard
synthesis and ion exchange techniques ™). Copper ions, particularly Cu*, have been
shown by several workers to be suitable catalysts for the reduction of nitrite to NO,
both in biological systems (such as the enzyme nitrite reductase) and in inorganic
systems in solution. Nitrite is particularly attractive as it is a naturally occuﬁ‘ing.
substrate in mammalian blood at reasonable (high nM) levels. We therefore tested the
Cu-MFI for activity in this reaction using chemiluminescence to detect NO. On
exposing a dispersion of the zeolite powder (0.0007g) in buffer (MOPSO pH 7.3) to
25 uL of 0.05 M sodium nitrite a significant amount of NO was produced (Figure 1).
Addition of a reducing agent (cysteine, 0.25 mL, 5 x 1.0'4 M) to the solution increased
the amount of NO formed considerably (up to ~ten fold), confirming that the active
copper species in the zeolite is likely to be Cu™, in agreement with previous studies of
the mechanism of nitrite reduction. Leaching of copper out of the zeolite into solution
can be ruled out as a significant source of catalysis by removal of the zeolite from the
sample using a centrifuge and confirmation that the solution itself produced no further
NO on addition of nitrite (Figure 2).

0.000?g of Cu-MFI was put in a sealed vial containing 2.6ml of buffer
(MOPSO pH=7.3). Nitrogen was bubbled through the solution for at least 2 min
before the beginning of the experiment to remove all oxygen. 25uL of NaNO, 0.05M
were added (producing the first increase in the production of NO) followed by
0.25mL of cysteine 5.10*M. Due to some liquid evaporation that often occurs for
long time measurement, the curve is fluctuating after 450min. 211umole of NO were

produced per gram of Cu-MF]I, with a conversion rate of 11.8% for 580min.
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After measurement, the sample was put 1in a glass tube KIMAX® (Aldrich)
and centrifuged for 1h30min at 6000rpm. Then, the supernatant was extracted and
centrifuged again 1h30min. This process was repeated again 2 times (at the end
4x1h30=6h of centrifugation). Finally, the sample was put in a sealed vial and

measured again (new addition of NaNO2 and RSH (cysteine)).

Example 2. Bifunctional NO storage and NO catalytic production by Cu-MFI

A sample of copper (II) exchanged zeolite was prepared as in Example 1.
Figure 3 shows the adsorption/desorption 1sotherm for NO on Cu-ZSM-5 at room
temperature, showing the hysteresis on desorption that makes for suitable gas storage
materials. Room temperature infra red spectroscopy measurements of NO on Cu-MFI
indicate that any copper dinitrosyls formed are slowly transformed into copper-
complexed nitrite (NO3") ions and so not all the adsorbed NO 1s available for release
&%) " On storage, the nitrogen containing species are mostly NO, which 1s available for
release, together with nitrite, which is potentially available for transformation back
into NO. Chemiluminescence measurements of the NO released by this material on

contact with water (in the form of a buffer) confirm that the releasable NO storage
capacity of Cu-MFI(1-2 umol of NO per g of zeolite) 1s considerably less NO than

that adsorbed initially (Fig 4), which is consistent with the findings from IR (18). To
the sample of Cu-MFI now dispersed in buffer an aliquot of nitrite anion was added
(using the same method as described in example 1). Once again a significant amount
of NO was produced indicating that Cu-MFTI 1s a bifinctional material that can both
store and catalytically produce NO. The act of storing NO does not affect the

material’s ability to catalytically produce NO (Figure 5).
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The buffer was first introduced in the sealed vial and nitrogen was bubbled
through the solution for 2 minutes and measured so as to have a baseline (red curve).
Then the vial opened, 0.019g of Cu-MFI was introduced as quick as possible (green
curve) and the vial sealed again. Nitrogen was still bubbled through the solution
during the experiment. Cu-MFT stored with NO released 1,4.10°° mol of NO/g of Cu-
MFI. After 130min, 25pL of NaNO, 0.05M were added (blue curve, first Increase)
followed (180 min) by the addition of 0.25mL of RSH 5.10*M (blue curve, second
increase). A high amount of catalytic NO was produced: 13.1umol/g of Cu-MFI with
a conversion rate of 20.3% for 300min. It should be noticed that a part of what is
called “catalytic NO” can also be associated with the NO delivery coming from NO

storage within Cu-MFT and hence the conversion rate has to be carefully considered.

Example 3. Catalytic NO production using Cu,O from nitrite.

The increase in NO production on addition of a reductant to the zeolites
indicates that the active cation could be Cu+. Copper (I) oxide (Cuy0) contains only

Cut. On exposing a dispersion of Cu,0 the powder in buffer (MOPSO pH 7.3) to 25
pL of 0.05 M sodium nitrite a significant amount of NO was produced (Figure 6).

The amount of NO produced is effectively constant over 3 hours and shows no sign of
decreasing. Note no reductant is required for this to reaction to occur.

Cuy0 (0.0010g) was weighed in the vial. When the vial was sealed, 2.6 mL of
buffer (MOPSO) were added and nitrogen was bubbled through the solution for 2
min. Then, 25uL of NaNO, 0.05M were added. Around 61umol of NO/g of CuO

were produced with a conversion rate of 4.9% for 175min.
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Example 4. A bifunctional mixture of a NO-storing zeolite combined with NO
production from nitrite using Cu,0.

Other zeolites, particularly those based on zeolite-A have very high capacity

‘for NO storage. A mixture of such a material with copper (I) oxide has the potential
to release stored NO plus produce NO catalytically from nitrite.

A mix of Zn-LTA and copper (I) oxide was studied. A previous study made in
this research group showed that Zn-LTA was able to store a higher quantity of nitric
oxide which can counterbalance the small amount obtained with Cu/ZSM-5 while
copper (I) oxide provided the active specie, copper (I). Results are presented in
Figure 7.

First, a measurement of copper (I) oxide (0.0021g) in MOPSO buffer to define
the baseline (red curve). Then, the sealed vial was opened and Zn-LTA stored with
nitric oxide (0.0066g) was introduced (green curve). Then the vial was sealed again.
When a constant delivery of nitric oxide was obtained, nitrites and cysteine were
added (blue curve). As the production of nitric oxide is high, the nitric oxide analyzer
automatically changed the scale to low sensitivity. To avoid this, the analyzer was
fixed to a high sensitivity, inducing a loss of precision (flat curve) for the highest

values obtained with NO storage.

Example S: In situ rechargeable gas storage using bifunctional zeolites

Materials and Methods

Synthesis of Cu- FAU X:
In polyethylene bottles, sodium aluminate (46.423g, 0.5663mol, Riedel de

Haén, Al as Al,O3 50-56%, Na as Na,O 40-45% and Fe as Fe,Os 0.05%), was added
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to distilled water (72.095g, 4.005mol). Then, sodium hydroxide (5.38¢g, 0.1345mol,
Fisher Scientific, 99.56%, 40g/mol) was introduced to adjust the sodium
concentration in the batch. The mix was stirred until dissolution at 100°C (using a
heating plate with a temperature controlj. The resultant gel (23.853g) was added to
distilled water (145.718g, 8.095mol) and sodium hydroxide (14.099g, 0.3525mol),
and mixed until dissolution. Finally, this gel was combined quickly with a sodium
silicate solution (52.331g, 0.2160mol, Riedel de Haén, NaOH 10%, SiO2 27%,
242.23g/mol, d=1.39) and stirred for 30 minutes. The crystallization took place at
90°C during 8 hours without stirring in autoclaves. The product was filtered and
washed till the pH was below 10. The product (13.2898g) was obtained with a yield

of 75.3%.

Copper exchange:
Copper nitrate (6.0453g, 0.025mol, Alfa Aesar 98%, 241.6g/mol) was

dissolved 1n distilled water (100mL) in a conical flak equipped with a stirring bar.
Then, 1g of zeolite was added and both were stirred during 24h at room temperature.
The product was recovered by filtration and washed three times with distilled water to
remove the metal precursor from the outer surface of the zeolite. Finally, the product

was dried at room temperature.

Characterization of Cu-FAU X:
A Stoe diffractometer system (Bragg-Brentano assembly) combined with the
Stoe WinX " software were used. The sample was inserted in between two plastic

films (one was coated with pure petroleum jelly from Vaseline®) which were inserted
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in the sample-holder. XRD showed that the synthesized compound was the one
expected.
ICP (Argilent 7500a ICP-MS) was used to estimate the copper exchange
within the zeolites as well as to check the Si/Al ratio. Cu FAU X was mixed with
Teflon (1:4, pressed using a 13mm die) so as to make pellets for laser ablation and

measured under argon flow. The copper exchange equalled 49.2%.

uantification of NO release using chemiluminescence experiments:

The buffer (2.6mL, pH7.4, MOPSO) was placed in a sealed vial equipped with
a stirring bar and nitrogen was bubbled trough the solution 10 minutes before starting
the experiment. Then, Cu FAU X stored with NO was introduced quickly into the
vial and the measurements started imﬁlediately. Note that Cu FAU X stored with NO
was previously kept in a sealed glass ampoule. Usually, the NO release was
monitored for at least 60minutes and then nitrites were added. Experiments were
recorded at room temperature (22°C) with a gas flow rate of 175mL/min.

Extra-framework copper (II) ions are easily incorporated into zeolites, such as
those with the zeolite-X (FAU) framework type, by standard ion exchange
procedures, and such a material stores ~10 pmoles olf deliverable NO per g of zeolite.
The gas 1s released on contact with water with a relatively short-lived burst, followed
by a steadily decreasing release of a small amount of NO that lasts for about 100.,-150
minutes. The lifetime of NO delivery is significantly extended at fluxes several
orders of magnitude greater than needed for biological applications by adding 25 uL
of 0.05 M nitrite ions to a simulated physiological fluid (2.6 mL, pH 7.4, [NO;] = 470
uM) in contact with the zeolite (Figures 8A and 8B). This delivers NO at an average

rate of ~0.2 pmol per min per g of zeolite that lasts much longer than the release of
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any stored NO. The effect is not due to copper leaching from the zeolites, as removal
of the solid by filtration completely inhibits the NO production. A nitrite
concentration of 47uM leads to NO production that approximately matches the
release of stored NO at t=60 mins (~ 0.02 pmol min™, Figure 8C). Subsequent
additional aliquots of nitrite produce broadly similar increases in NO flux. This
experiment indicates that NO is being delivered through both mechanisms
simultaneously .and that the amounts of NO produced are approximatély additive.
Nitrite concentrations as low as 1-5 pM lead to measurable NO fluxes, indicating that
it may be possible to use endogenous nitrite as the substrate.

The most surprising feature of this work is that copper-exchanged zeolites are
extremely well known for their ability to destroy NO in deNOx catalysis. That they
can be used to produce NO in biologically relevant quantities goes against the
traditional uses of copper-containing zeolites. The NO-producing reaction is also of
significant mechanistic interest as no reducing agent was added to the system. It is
known that Cu(l) is the most effective catalyst for NO production from nitrite *"'.
Dehydration followed by adsorption of NO produces some Cu(l) species in zeolites,
and this is clearly enough to allow the significant transformation of nitrite to NO.
Without the stored NO component very little Cu(l) is present, especially in the
presence of water, and so no NO is produced on addition of nitrite. The NO pre-
adsorption step reduces some Cu(Il) to Cu(I) and allows the reaction to proceed.

This new concept in extended lifetime gas storage materials may be of use in
biological applications. It might be extremely useful for applications such as anti-
bacterial/anti-thrombotic coatings, where the initial burst of stored NO acts to kill
bacteria quickly, preventing initial infection, while the slow production of NO from

the zeolite prevents platelet activation and cell adhesion on contact with blood.
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The embodiments of the invention in which an exclusive property or privilege 1s

claimed are defined as follows:

1. A bifunctional zeolite material which comprises extra-framework copper cations,

irreversibly releasably stored nitric oxide (NO) and an NO precursor, wherein the

bifunctional zeolite material is capable of catalytically producing NO from the precursor.

2. The bifunctional zeolite material according to claim 1, comprising copper as

Cu(II) which is capable of irreversibly releasably storing NO and producing NO

catalytically from the precursor.

3. The bifunctional zeolite material according to claim 1, further comprising extra-
framework metal cations each consisting of L1, Na, K, Ca, Mg, Fe, Mn, V, Ti1, Ru, Rh,
Co, N1, Zn or Ag.

4, The bifunctional zeolite material according to any one of claims 1 to 3, wherein

the zeolite framework comprises further metal 1ons and/or other positively charged 10ns,

and/or anionic species.

5. The bifunctional zeolite material according to claim 4, wherein the anionic

species each consist of CI, F-, Br', I', OH™ or SOy

6. The bifunctional zeolite material according to any one of claims 1 to 5, wherein

the zeolite framework includes species within pores or channels of the zeolite framework.

7. The bifunctional zeolite material according to claim 6, wherein the species each

consist of water, solvent, molecules derived from the components used 1n the

manufacture of the framework, or nucleophiles.

8. The bifunctional zeolite material according to any one of claims 1 to 7, wherein
the bifunctional zeolite material is sealed inside airtight packaging for storage and

transport purposes.
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9. The bitunctional zeolite material according to claim 8, wherein the airtight

packaging contains a dry atmosphere under which the zeolite framework is sealed.

10. The bifunctional zeolite material according to any one of claims 1 to 9, wherein

the NO precursor comprises a NO precursor naturally occurring in the human body or

wherein the NO precursor comprises a synthetic NO donor.

11.  The bifunctional material according to claim 10, wherein the NO precursor

naturally occurring in the human body is nitrite, nitrate, or nitrosothiol.

12. The bifunctional material according to claim 10, wherein the synthetic NO donor

1s S-nitroso-N-acetylpenacillamine or a related analogue, or S-nitrosogluthione.

13.  The bifunctional zeolite material according to any one of claims 1 to 12, blended

with a polymer.

14. A pharmaceutical, neutraceutical or cosmetic preparation comprising the
bifunctional zeolite material as defined in any one of claims 1 to 13, together with a

pharmaceutical/neutraceutical/cosmetic carrier therefor.

15. Use of the bifunctional zeolite material as defined in any one of claims 1 to 13, or
the pharmaceutical, neutraceutical or cosmetic preparation as defined in claim 14, in the
preparation of a medicament for use in the treatment or prophylaxis of disease; wherein

the disease 1s an infection of the skin, or a mycobacterium infection.

16. The use according to claim 15, wherein the infection of the skin is dermatophyte

fungi, leishmaniasis, molluscum or papilloma virus.

17. The use according to claim 15, wherein the mycobacterium infection is a

mycobacterium infection associated with a chronic circulatory disorder.
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18. A medical article comprising the bifunctional zeolite material as defined 1n any
one of claims 1 to 13.
19. The medical article according to claim 18, wherein the medical article 1s in the

form of a stent, a shunt, a catheter, a cannula, an extra-corporeal tubing, a filter, a blood
and 1nsulin pump component, a constant glucose monitoring tubing, a cannula/catheter,

an artificial pancreas, a wound dressing, a bandage, or a self-adhesive plaster or patch.

20. Use of the bifunctional zeolite material as defined in any one of claims 1 to 13 1n

cosmetic and/or personal hygiene applications.

21. A cosmetic and/or personal hygiene product comprising the bifunctional zeolite

material as defined in any one of claims 1 to 13.

22. A method of releasing and producing NO comprising the steps of:

(1) providing a bifunctional zeolite material which comprises extra-
framework copper cations, irreversibly releasably stored nitric oxide (NO)
and an NO precursor, wherein the bifunctional zeolite material 1s capable
of catalytically producing NO from the precursor; and

(11) contacting said material with a non-animal or non-human medium into
which said NO is to be provided, and thereby releasing the stored NO and
catalytically producing NO from the precursor.

23. The method according to claim 22, wherein the zeolite framework 1s fully or

partially activated and the fully or partially activated zeolite framework is then exposed

to NO to thereby irreversibly releasably store NO.

24.  The method according to claim 23, wherein the zeolite framework 1s activated by

the removal of species from the pores and/or channels of the zeolite framework.

25. The method according to claim 23 or 24, wherein the zeolite framework is

activated chemically.
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26.  The method according to claim 25, wherein the zeolite framework 1s activated by

other non-chemical means before or after being activated chemically.

27.  The method according to claim 26, wherein the zeolite framework 1s activated by

heat after being activated chemically.

28. The method according to any one of claims 23 to 27, wherein the fully or partially

activated zeolite framework 1s exposed to NO or with a mixture of NO and a carrier gas.

29.  The method according to claim 28, wherein the carrier gas 1s an 1nert gas.

30.  The method according to claim 29, wherein the inert gas comprises helium,

argon, another inert gas, or any mixture thereof.
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