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The two above-identified patent applications are

hereby incorporated herein by reference.

Field Of The Invention

This invention relates to percutaneously delivering
oxygen and/or other gases to tissue for the treatment of
cardiovascular disease and/or for other treatment
purposes. Among other things, the method and apparatus
disclosed herein may be used to reduce the risks of
ischemic events during an angioplasty procedure and/or a
plaque removal procedure, to improve healing of hypoxic
tissues, and/or to slow down restenosis after vascular

interventions.

Background Of The Invention

A percutaneous transluminal angioplasty (PTA) of
blood vessels, including the coronary arteries (PTCA),
is a very common procedure to reduce vessel narrowing
(i.e., stenosis) that obstructs blood flow to tissue,
egspecially human organs. The angioplasty procedure

typically involves inflating a balloon within the
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constricted region of the blood vessel so as to re-open
the blood vessel. The success rates of coronary
angioplasty procedures are typically inversely related
to (1) the extent of the vascular disease, and (ii) the
patient’s intolerance to myocardial ischemia (i.e.,
blood flow obstruction) during the temporary blood
vessel occlusion which is associated with a PTA
procedure.

More particularly, one of the principle limitations
of a coronary angioplasty procedure is the complete
obstruction of blood flow during the inflation of the
angioplasty balloon. After a short period of balloon
occlusion, patients experience myocardial ischemia due
to the interruption of oxygenated blood to the
myocardium. Myocardial ischemia is usually indicated by
angina pectoris and/or cardiac arrhythmias.

In the past, several perfusion balloon catheters
have been developed to overcome the problem of total
blood flow obstruction during percutaneous coronary
interventions. By way of example but not limitation,

U.S. Patent No. 4,944,745 (Sograd) discloses a perfusion
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balloon catheter that allows passive perfusion of blood
through a catheter whose balloon is obstructing blood
flow. U.S. Patent No. 4,909,252 (Goldberger) discloses
a perfusion balloon catheter with a central opening
which allows blood flow through the catheter when the
balloon is fully inflated. U.S. Patent No. 5,087,247
(Horn et al.) discloses a balloon perfusion catheter
with an elongated flexible perfusion shaft, with
multiple openings proximal and distal to the balloon, in
order to permit blood flow through an artery during
balloon inflation. International Patent Publication No.
WO 9732626 (Cox et al.) discloses an inflatable balloon
envelope allowing blood passage during inflation of the
device.

While such perfusion balloon catheters permit some
continued blood flow while their balloons are inflated,
they are nonetheless limited to a flow rate which is
something less than the normal flow rate of the blood
passing through the vessel. In other words, perfusion
balloon catheters can provide, at best, only some

fraction of the normal flow rate which existed in the

OXIRA-5



WO 2009/061927 PCT/US2008/082648

blood vessel prior to insertion of the catheter and
inflation of the balloon. Thus, when perfusion balloon
catheters are placed into relatively small arteries
(e.g., the coronary arteries) which already have modest
flow rates, the further reduction of an already-low flow
rate is frequently clinically unacceptable. The
inadequacies of the perfusion balloon catheter were
characterized in a publication by Ferrari et al.
(Coronary Artery Disease, 1997) who conclude their
studies with the statement that in "high-risk patients
dependent on adequate coronary perfusion, autoperfusion
balloons are not able to provide sufficient distal
coronary blood flow during balloon inflation™.

Insufficient blood flow distal to an inflated
balloon causes ischemia and hence hypoxia (i.e., oxygen
deprivation) in tissue (e.g., the end organs) because
the oxygenation of tissue previously supplied with blood
is reduced.

For this reason, angioplasty in the coronary
arteries is a relatively high risk procedure in patients

who require dilatation of the unprotected trunk of the
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left main coronary artery. Tan et al. (Circulation,
2001) concluded that although percutaneous balloon
interventions are a generally accepted treatment
modality for coronary artery disease, left main PTCA
procedures remain a high risk procedure for the patient.
Another limitation of a coronary angioplasty is
restenosis. Restenosis after a PTCA procedure has been
successfully inhibited by ionizing radiation therapy
(i.e., brachytherapy) applied prior to, or shortly
after, angioplasty. Thus, vascular brachytherapy using
radicactive sources has become a new treatment option to
prevent restenosis. More particularly, radioactive
stents disclosed in U.S. Patent No. 5,059,166 (Fischell
et al.) and/or radioactive catheters disclosed in U.S.
Patent No. 5,199,939 (Dake et al.) have been used to
minimize or eliminate neointimal hyperplasia after
angioplasty. However, the logistical complexities of
using radiation sources in coronary arteries, and
radiation safety issues, have prompted researchers to
improve the irradiation technology. To this end, U.S.

Patent No. 5,951,458 (Hastings et al.) discloses a
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radiation catheter that releases oxidizing agents such
as HyO0, to prevent restenosis after a cardiovascular
intervention. The method described by Hastings et al.
helps to reduce the radiation doses, or treatment times,
necessary to prevent restenosis.

Oxygenated perfluorocarbon (PFC) emulsions have
been used to treat ischemic and hypoxic disorders.
Oxygen-transferable PFC emulsions became known as
artificial blood substitutes more than twenty years ago.
By way of example but not limitation, in U.S. Patent No.
3,958,014 (Watanabe et al.) and U.S. Patent No.
4,252,827 (Yokoyama et al.), perfluorocarbon (PFC)
emulsions are disclosed that have a small PFC “particle”
size of 0.02 microns to 0.25 microns, and which were
injected into the bloodstream. Additionally, U.S.
Patent No. 4,445,500 (Osterholm) teaches that oxygenated
perfluorocarbon (PFC) emulsions can be injected into the
cerebrospinal pathway to improve aerobic respiration of
tissue. Furthermore, U.S. Patent No. 4,795,423
(Osterholm) discloses an intraocular perfusion with

perfluorinated substances to treat ischemic retinopathy.
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Unfortunately, clinical experience has shown that
the current approaches for using PFCs to oxygenate
tissue are highly problematic. More particularly, and
as will hereinafter be discussed in further detail, the
current approaches for using perfluorocarbons (PFCs)
prevent the use of “pure” PFC solutions and, instead,
require the use of PFC emulsions. These emulsions
themselves introduce a whole new set of problems which
effectively limit the clinical use of PFCs in the
bloodstream.

More particularly, it has been found that a pure
perfluorocarbon (PFC) solution, with or without a
Ypassenger” gas (e.g., oxygen), cannot be safely
injected directly into the arterial or venous
bloodstream, e.g., using a standard intravenous (IV)
line or syringe. This is because introducing pure PFC
solutions in this manner creates dangerous (and
potentially fatal) embolisms in the bloodstream. These
embolisms are created due to the fact that the PFCs are
hydrophobic and are not soluble in blood. Thus, when a

pure PFC solution is injected directly into the
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bloodstream (e.g., for hyperoxic medical therapy), the
PFC tends to aggregate into relatively large bodies (or
“particles”) within the bloodstream. These relatively
large aggregations of PFC tend to create embolisms in
the bloodstream. For this reason, introducing pure PFCs
(with or without a “passenger” gas) directly into the
bloodstream, without the provision of some sort of PFC-
dispersing mechanism, is not feasible due to the
creation of dangerous embolisms.

Furthermore, it is not possible to eliminate the
problematic PFC aggregations by simply diluting the PFC
with another liquid prior to its introduction into the
bloodstream, because the PFCs are not easily soluble in
biocompatible fluids (e.g., the PFCs are insoluble in
saline). Thus, the PFC tends to re-aggregate even when
it is diluted with another liquid, so that the
problematic PFC aggregations remain.

As a result, and as noted above, emulsifying agents
(such as egg vyolk, phospholipids, Pluronic-F68 and other
emulsifiers) have been added to the PFC prior to the

injection of the PFC into the bloodstream, whereby to
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“break up” the PFC particles and minimize aggregations
of the PFC within the bloodstream. See, for example,
U.S. Patent Nos. 3,958,014 (Watanabe et al.), 4,252,827
(Yokoyama et al.), 4,445,500 (Osterholm) and 4,795,423
(Osterholm). Thus, with the prior art approach,
emulsifying agents are used as a PFC-dispersing
mechanism to break up the PFC and prevent the
problematic PFC aggregations which can lead to
embolisms.

However, clinical studies in humans evaluating such
PFC emulsions (e.g., Fluosol and others) have shown that
the use of these emulsions, infused into blood with the
PFC for hyperoxic therapy, can cause respiratory
insufficiency and pulmonary edema (Wall TC et al.,
Circulation 1994), most likely due to fluid overload and
subsequent congestive heart failure. Thus, PFC
emulsions can be considered as PFC “particles” (i.e.,
aggregations) that are accompanied by large quantities
of another therapeutic agent (i.e., the emulsifier)
which serves to emulsify (i.e., disperse) the pure PFC

within the bloodstream. However, these large quantities
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of additional therapeutic agent (i.e., the emulsifier)
in turn significantly increase intravascular volumes and
thereby induce unwanted side effects such as respiratory
insufficiency and pulmonary edema.

In addition, PFC emulsions are capable of uploading
and releasing, per unit of volume, far less oxygen than
a pure PFC solution. Thus, where emulsions are added to
the PFC in order to avoid the creation of embolisms, it
is generally necessary to provide additional systemic
oxygenation to the patient via the lung (e.g., by
breathing 100% oxygen) so as to create a sufficiently
therapeutic oxygen tension of the PFC emulsions (Kim HW
et al., Artificial Organs, Vol. 28, No. 9 2004).
However, such intensive systemic oxygenation is normally
to be avoided clinically, due to the adverse affects of
elevated oxygen concentration on the lungs (e.g., oxygen
toxicity) (Kim HW et al., Artificial Organs, Vol. 28,
No. 9 2004).

Moreover, the use of emulsions to disperse the PFC
in blood can also cause allergic reactions in the

patient. Mattrey et al. showed that PFC emulsions can
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cause allergic reactions (Mattrey RF et al., Radiology
1987). More particularly, in an investigation of
Fluosol-DA 20% as a contrast agent using Pluoronic-F68
and others as emulsifiers for PFC in humans, it was
reported that Fluosol-DA 20% caused allergic reactions
which are most likely triggered by complement activation
of the substance Pluoronic-Fe68 (Mattrey RF et al.,
Radiology 1987). Since pure PFCs are chemically inert
and contain no emulsifiers, no allergic reactions are to
be expected when using pure PFCs in the blood; thus it
has been concluded that it is the presence the
emulsifiers which trigger the allergic reaction in the
patient.

For these reasons, using oxygenated PFCs in
conjunction with emulsifiers to prevent hypoxia has not
heretofore been clinically successful.

Thus it will be seen that pure PFCs (with or
without a “passenger” gas) cannot be introduced directly
into the bloodstream without also providing some PFC-
dispersing mechanism to prevent embolisms. However, it

will also be seen that the prior art approach of using
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emulsions as the PFC-dispersing mechanism for the PFC
introduces a whole new set of problems which effectively
limit the clinical use of PFCs in the bloodstream.

For these reasons, prior art PFC systems for
delivering oxygen to tissue have not heretofore been

clinically successful.

Summary Of The Invention

The present invention provides a radically new
(i.e., non-emulsifier) PFC-dispersing mechanism to
permit the introduction of a pure PFC solution in the
bloodstream while preventing the formation of large,
embolism-inducing PFC aggregations in the bloodstream.

More particularly, the present invention employs a
carefully constructed porous membrane (which may also be
referred to as a porous substrate) to safely dispense
pure, chemically inert PFCs directly into the
bloodstream at sufficiently low rates, and in
sufficiently small bodies, as to prevent the creation of
the aforementioned large PFC aggregations which lead to

embolisms.
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This carefully constructed porous membrane may be
mounted on, and/or disposed within and/or otherwise
carried by, a catheter or wire or other intravascular
device or structure (e.g., an atherectomy device, a
stent, etc.); a pure PFC solution loaded into the porous
membrane; and the catheter or wire or other
intravascular device or structure advanced into the
vascular system of the patient so that the porous
membrane is located at a selected site within the
bloodstream; whereupon the porous membrane will act as a
PFC-dispersing mechanism to dispense the pure PFC
solution directly into the bloodstream - in a carefully
controlled, highly dispersed manner - so that micro-,
nano-, and subnano- sized guantities of PFC molecules
safely enter the bloodstream, without the occurrence of
large, embolism-inducing PFC aggregations. The pure PFC
solution preferably carries a sizable quantity of
therapeutic gas (e.g., oxygen) therein, so that the gas-
rich (e.g., oxygen-rich) PFC solution can deliver the
therapeutic gas to downstream tissue (e.g., for

oxygenation purposes.
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An important aspect of the present invention is
that the porous membrane must be carefully constructed
SO as to permit the gas-rich (e.g., oxygen-rich) PFC to
enter the bloodstream at the appropriate rate. 1In fact,
it has been discovered that it is important to form the
porous membrane with a porosity which permits the gas-
rich PFC to disperse into the bloodstream in very small
volumes, and at a highly controlled rate which is both
(i) sufficiently high to provide therapeutic benefit to
the patient by the delivery of adequate quantities of
therapeutic gas (e.g., oxygen) molecules to tissue, and
(ii) sufficiently low so as to avoid the creation of
embolisms in the bloodstream, even when using pure PFC
solutions.

In practice, it has been discovered that, for a
catheter or wire or other intravascular device or
structure (e.g., atherectomy device, stent, etc.) placed
into an artery having a typical rate of blood flow,
forming the porous membrane with a porosity in the range
of 0.001-200 microns, and preferably in the range of 20-

200 microns, permits appropriate dispersion of the gas-
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rich PFC into the bloodstream without inducing
embolisms.

It has been discovered that a pore size of greater
than 200 microns can increase the likelihood of creating
embolisms in the bloodstream.

It has also been discovered that a pore size which
is too small (e.g., less than 20 microns) can make it
difficult to deliver enough gas molecules to a site to
provide certain therapeutic benefits. Thus, for
example, where it is desired to provide oxygenation
therapy in larger diameter blood vessels, it may not be
desirable to use a pore size of less than 20 microns,
since this may not provide enough oxygen molecules to
the downstream tissue. However, where the oxygenation
therapy is to be provided in smaller diameter vessels,
or where gsome other, non-oxygenation therapy is to be
provided to the patient, smaller quantities of
therapeutic gas molecules may be adequate, in which case
smaller pore sizes (e.g., 0.001 microns) may be

satisfactory.
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It has been discovered that, for oxygenation
therapy, a pore size of 20-200 microns provides
excellent therapeutic benefits while still preventing
the creation of embolisms.

In one preferred form of the invention, there is
provided a system comprising:

a hollow tube having a distal end, a proximal end,
and a lumen extending between the distal end and the
proximal end;

at least a portion of the tube comprising a porous
membrane; and

a gas-rich perfluorocarbon solution incorporated in
the porous membrane;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:

(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to

prevent the creation of embolisms in the blood, with the
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elution of the gas-rich perfluorocarbon solution into
the blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the
blood.

In another form of the invention, there is provided
a system comprising:

a medical wire;

at least a portion of the medical wire comprising a
porous membrane; and

a gas-rich perfluorocarbon solution incorporated in
the porous membrane;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:

(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and
(ii) when the porous membrane is positioned in

blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich fluorocarbon solution into the

blood varying between minutes and several hours,
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depending on the temperature and the hemodynamics of the
blood.

In another form of the invention, there is provided
a method for treating a patient, comprising:

providing:

(i) a hollow tube having a distal end, a
proximal end, and a lumen extending between the distal
end and the proximal end, at least a portion of the tube
comprising a porous membrane; and

(ii) a gas-rich perfluorocarbon solution;

loading the gas-rich perfluorocarbon solution into
the porous membrane; and

positioning the tube in the vascular system of the
patient so that porous membrane is exposed to blood;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:

(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out

of the porous membrane, in aggregations small enough to
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prevent the creation of embolisms in the blood, with the
elution of the gas-rich perfluorocarbon solution into
the blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the
5 blood.
In another form of the invention, there is provided
a method for treating a patient, comprising:
providing:
(i) a medical wire, at least a portion of the
10 medical wire comprising a porous membrane; and
(ii) a gas-rich perfluorocarbon solution;
loading the gas-rich perfluorocarbon solution into
the porous membrane; and
positioning the medical wire in the vascular system
15 of the patient so that porous membrane is exposed to
blood;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:
(i) the gas-rich perfluorocarbon solution is

20 effectively incorporated into the porous membrane; and
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(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich perfluorocarbon solution into
the blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the
blood.

In another form of the invention, there is provided
an intravascular treatment device comprising:

an intravascular device having a distal end and a
proximal end;

at least a portion of the intravascular device
comprising a porous membrane; and

a perfluorocarbon solution incorporated in the
porous membrane;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:

(i) the perfluorocarbon solution is

effectively incorporated into the porous membrane; and
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(ii) when the porous membrane is positioned in
blood, the perfluorocarbon solution elutes out of the
porous membrane, in aggregations small enough to prevent
the creation of embolisms in the blood.

In another form of the invention, there is provided
a method for treating a patient, comprising:
providing:

an intravascular device having a distal end
and a proximal end;

at least a portion of the intravascular device
comprising a porous membrane; and

a perfluorocarbon solution;

loading the perfluorocarbon solution into the
porous membrane; and

positioning the intravascular device in the
vascular system of the patient so that porous membrane
is exposed to blood;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:

(i) the perfluorocarbon solution is

effectively incorporated into the porous membrane; and
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(ii) when the porous membrane is positioned in
blood, the perfluorocarbon solution elutes out of the
porous membrane, in aggregations small enough to prevent
the creation of embolisms in the blood.

In another form of the invention, there is provided
an intravascular treatment device comprising:

an intravascular device having a distal end and a
proximal end; and

at least a portion of the intravascular device
comprising a porous membrane;

wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that when a
perfluorocarbon solution is introduced to the porous
membrane:

(i) the perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the perfluorocarbon solution elutes out of the
porous membrane, in aggregations small enough to prevent

the creation of embolisms in the blood.
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Brief Description Of The Drawings

These and other objects, features and advantages of
the present invention will be more fully disclosed in,
or rendered obvious by, the following detailed
description of the preferred embodiments of the
invention, which is to be considered together with the
accompanying drawings wherein like numbers refer to like
parts, and further wherein:

Fig. 1 is a schematic view of a novel catheter
formed in accordance with the present invention;

Figs. 2 and 3 are schematic views illustrating the
porous membrane of the novel catheter of Fig. 1, and how
the gas-rich (e.g., oxygen-rich) PFC elutes out of the
porous membrane;

Figs. 4-7 are schematic views showing how the
catheter’s porous membrane may be loaded with gas-rich
(e.g., oxygen-rich) PFC;

Figs. 8-10 are schematic views illustrating how a
balloon catheter, incorporating the porous membrane and
the gas-rich PFC of the present invention, may be

deployed in a blood vessel, so that the gas-rich PFC
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elutes out of the porous membrane and into the
bloodstream;

Fig. 11 is a schematic view showing another
catheter formed in accordance with the present
invention, wherein the catheter comprises multiple
layers of porous membrane;

Figs. 12-16 are schematic views showing a balloon
catheter formed in accordance with the present
invention, and how it may be used to apply gas-rich
(e.g., oxygen-rich) PFC directly to the walls of a blood
vessel;

Fig. 17 is a schematic perspective view of a
microporous, or nanoporous, thin film membrane, with the
pores releasably storing the gas-rich (oxygen-rich) PFC
in accordance with the present invention, wherein the
microporous oOr nanoporous membrane may be (i) part of a
medical device inserted into a blood vessel, and/or (ii)
used as a tissue patch for the improved closure of
wounds and/or the topical treatment of surface tissue;

Fig. 18 is a schematic longitudinal view of a novel

balloon catheter formed in accordance with the present
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invention, with the balloon carrying the porous membrane
and with the porous membrane carrying the gas-rich
(e.g., oxygen-rich) PFC in accordance with the present
invention;

Fig. 19 is a schematic longitudinal view of a stent
delivery system comprising a porous membrane for
appropriately dispersing a supply of gas-rich (e.g.,
oxygen-rich) PFC - in this embodiment, the porous
membrane is located on the shaft of the catheter,
proximally and/or distally to the balloon;

Fig. 20 is a schematic cross-sectional view of the
distal part of a medical device (e.g., a catheter)
containing a porous membrane holding a supply of gas-
rich (e.g., oxygen-rich) PFC, with the porous membrane
being encompassed by a housing which seals off the
porous membrane (and its supply of gas-rich PFC) in
accordance with the present invention;

Fig. 21 is a schematic view showing a medical wire
formed in accordance with the present invention, wherein
the porous membrane is disposed on the exterior of the

wire;
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Fig. 22 is a schematic view showing a medical wire
formed in accordance with the present invention, wherein
the wire is cannulated, and further wherein the porous
membrane is in the form of a tube disposed within the
cannulated wire; and

Fig. 23 is a schematic view showing a medical wire
formed in accordance with the present invention, wherein
the wire is cannulated, and further wherein the porous
membrane is in the form of a wick disposed within the

interior of the cannulated wire.

Detailed Description Of The Preferred Embodiments

In General
As noted above, it has been found that a pure PFC
solution, with or without a “passenger” gas saturation,
cannot be safely injected directly into the arterial or
venous bloodstream, e.g., using a standard intravenous
(IV) line or syringe. This is because introducing pure
PFC solutions in this manner creates dangerous embolisms

in the blood. These embolisms are created due to the
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fact that the PFCs are hydrophobic and are not soluble
in blood. Thus, when the PFC is injected directly into
the bloodstream of a patient, the PFC tends to aggregate
into relatively large bodies (or “particles”) within the
bloodstream. These relatively large aggregations of PFC
tend to create embolisms in the bloodstream. For this
reason, introducing pure PFCs (with or without a
“passenger” gas) directly into the bloodstream of the
patient, without using some sort of PFC-dispersing
mechanism to “break up” the large PFC aggregations (or
“particles”), is not feasible due to the creation of
embolisms.

However, as also noted above, the use of
emulsifiers as the PFC-dispersing mechanism introduces a
whole new set of problems. Among other things, the use
of emulsifiers as the PFC-dispersing mechanism can cause
respiratory insufficiency and pulmonary edema, require
the use of additional systemic oxygenation via the lung
(with the associated risk of oxygen toxicity), and may

cause allergic reactions.
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Thus, a new PFC-dispersing mechanism is needed in
order to permit a pure PFC solution (with or without
“passenger” gas) to be safely and efficaciously
introduced into the bloodstream.

The present invention provides a radically new
(i.e., non-emulsifier) PFC-dispersing mechanism to
permit the introduction of a pure PFC solution in the
bloodstream while preventing the formation of large,
embolism-inducing PFC aggregations in the bloodstream.

More particularly, the present invention employs a
carefully constructed porous membrane (which may also be
referred to as a porous substrate) to safely dispense
pure, chemically inert PFCs directly into the
bloodstream at sufficiently low rates, and in
sufficiently small bodies, to prevent the creation of
the aforementioned large PFC aggregations which lead to
embolisms.

This carefully constructed porous membrane may be
mounted on a catheter or wire or other device or
intravascular structure (e.g., an atherectomy device, a

stent, etc.); a pure PFC solution loaded into the porous
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membrane; and the catheter or wire or other
intravascular device structure advanced into the
vascular system of the patient so that the porous
membrane is located at a selected site within the
bloodstream; whereupon the porous membrane will act as a
PFC-dispersing mechanism to dispense the pure PFC
solution directly into the bloodstream - in a carefully
controlled, highly dispersed manner - so that micro-,
nano-, and subnano- sized guantities of PFC molecules
safely enter the bloodstream, without the occurrence of
large, embolism-inducing PFC aggregations. The pure PFC
solution carries a sizable quantity of therapeutic gas
(e.g., oxygen) therein, so that the gas-rich (e.g.,
oxygen-rich) PFC solution can deliver the therapeutic
gas to downstream tissue (e.g., for oxygenation
purposes) .

An important aspect of the present invention is
that the porous membrane must be carefully constructed
SO as to permit the gas-rich (e.g., oxygen-rich) PFC to
enter the bloodstream at the appropriate rate. 1In fact,

it has been discovered that it is important to form the
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porous membrane with a porosity which permits the gas-
rich PFC to disperse into the bloodstream in very small
volumes, and at a highly controlled rate which is both
(i) sufficiently high to provide therapeutic benefit to
the patient by the delivery of adequate quantities of
therapeutic gas (e.g., oxygen) molecules to tissue, and
(ii) sufficiently low so as to avoid the creation of
embolisms in the bloodstream, even when using pure PFC
solutions.

In practice, it has been discovered that, for a
catheter or wire or other intravascular device or
structure (e.g., atherectomy device, stent, etc.) placed
into an artery having a typical rate of blood flow,
forming the porous membrane with a porosity in the range
of 0.001-200 microns, and preferably in the range of 20-
200 microns, permits appropriate dispersion of the gas-
rich PFC into the bloodstream without inducing
embolisms.

It has also been discovered that a pore size of
greater than 200 microns can increase the likelihood of

creating embolisms in the bloodstream.
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It has also been discovered that a pore size which
is too small (e.g., less than 20 microns) can make it
difficult to deliver enough gas molecules to a site to
provide certain therapeutic benefits. Thus, for
example, where it is desired to provide oxygenation
therapy in larger diameter blood vessels, it may not be
desirable to use a pore size of less than 20 microns,
since this may not provide enough oxygen molecules to
the downstream tissue. However, where the oxygenation
therapy is to be provided in smaller blood vessels, or
where some other, non-oxygenation therapy is to be
provided to the patient, smaller quantities of
therapeutic gas molecules may be adequate, in which case
smaller pore sizes (e.g., 0.001 microns) may be
satisfactory.

It has been discovered that, for oxygenation
therapy, a pore size of 20-200 microns provides
excellent therapeutic benefits while still preventing

the creation of embolisms.

Construction Details
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The present invention uses pure perfluorocarbon
(PFC) as a media for delivering therapeutic gas
molecules (e.g., 0,, NO, CO, etc., or any combination
thereof) to cells at a target site. Although any PFC
media may be used, PFO (perfluoro-n-octane) is
preferred. As used herein, the term “pure PFC” is
intended to mean a PFC solution with or without a gas
therein, but which does not include emulsifiers
therewith. Thus, the term “pure PFC” as used herein is
intended to mean non-emulsified PFC. Furthermore,
wherever the term “PFC” is used herein, it is intended
to refer to pure (i.e., non-emulsified) PFC, unless it
is otherwise stated.

The PFC is loaded with the desired therapeutic gas
molecules (i.e., the “passenger” gas) until a certain
percentage of saturation is achieved (preferably 100%).
Preferably, the gas-rich (e.g., oxygen-rich) PFC is
produced under normobaric or hyperbaric conditions at a
production facility and then stored in a vial until use
(e.g., until the gas-rich PFC is loaded into the porous

membrane in the operating room).
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As noted above, with prior art approaches,
introducing a pure PFC solution (with or without gas
molecules) directly into the bloodstream (e.g., via a
needle) is not clinically acceptable due to the creation
of dangerous embolisms. As also noted above, it is not
practical to dilute the PFC with another liquid prior to
injection, so as to reduce PFC aggregations in the
bloodstream, due to the insoluble nature of the PFCs.
Furthermore, as also noted above, it is not practical to
use emulsifiers to disperse the PFCs within the
bloodstream, since the use of emulsifiers can lead to
problems of high fluid volume, less efficient oxygen
delivery and possible allergic reactions.

The invention described herein overcomes these
problems by dispensing a pure, chemically-inert PFC
solution (with “passenger” therapeutic gas molecules
carried therein) directly into the bloodstream, using a
porous membrane (also sometimes referred to as a porous
substrate) as a PFC-dispersing mechanism. The porous
membrane dispenses the pure PFC solution directly into

the bloodstream in a carefully controlled, highly
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dispersed manner so that micro-, nano-, and subnano-
sized quantities of the PFC molecules enter the
bloodstream. These tiny quantities of PFC molecules are
small enough to avoid the creation of dangerous
embolisms in the bloodstream.

Therefore, the present invention provides a unique
approach for solving the aforementioned problems
associated with prior art PFC delivery and makes it
possible - for the first time - to clinically use a pure
(i.e., non-emulsified) PFC solution to deliver a
therapeutic gas (e.g., oxygen) to treat a medical
condition (e.g., to prevent ischemia).

More particularly, the present invention provides a
safe and effective way to deliver a gas-rich (e.qg.,
oxygen-rich) PFC solution directly into the bloodstream,
without the creation of embolisms, by loading the gas-
rich PFC into a porous membrane which is part of a
catheter or wire or other intravascular device or
structure (e.g., atherectomy device, stent, etc.). The
porous membrane is specifically constructed so that the

PFCs elute out of the porous membrane, and are dispersed
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into the bloodstream, in a highly controlled manner, at
a reproducible rate, and in small enough volumes, to
avoid the creation of dangerous embolisms. This makes
it practical, for the first time, to introduce a pure
(i.e., non-emulsified) PFC solution directly into the
bloodstream, without the risk of embolisms.

To this end, the porous membrane is formed out of a
suitable porous material, e.g., Teflon, polyethylene,
polyethylene terephthalate, nylon, silicon, cellulose
acetate, etc. The porous material has a porosity which
permits the gas-rich (e.g., oxygen-rich) PFC to be
loaded into the porous membrane outside of the body and
then, once the porous membrane is positioned in the
bloodstream, to automatically disperse out of the porous
material and into the bloodstream in very small volumes,
and at a highly controlled rate which is both (i)
sufficiently high to provide therapeutic benefit to the
patient by the delivery of adeguate quantities of
therapeutic gas molecules to tissue, and (ii)

sufficiently low so as to avoid the creation of fluid
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overload and/or embolisms in the bloodstream, even when
using pure PFCs.

In practice, for oxygenation applications, forming
the porous membrane with a porosity in the range of 20-
200 microns has been found to permit appropriate
dispersion of the oxygen-rich PFC into the bloodstream
to adequately oxygenate tissue without causing
embolisms. It has been found, however, that a pore size
of >200 microns will tend to increase the likelihood of
embolisms. Reducing the pore size of the porous
membrane to the range of 0.001-20 microns further
decreases the size of the PFC particles and hence
further reduces the possibility of embolisms. However,
it is believed that less PFC can be uploaded (per unit
of membrane surface area, per unit of time) when the
substrate is nanoporous and, in oxygenation
applications, it may be necessary to use larger (e.g.,
20-200 micron) pore sizes when the PFC is to be used to
oxygenate tissue in larger diameter blood vessels.
However, smaller pore sizes (e.g., 0.001-20 microns) may

still be satisfactory when the PFC is being used to
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oxygenate tissue from within smaller diameter blood
vessels, or when the therapeutic gas is something other
than oxygen.

Further, it is believed that less PFC can be held
in a porous membrane with smaller pore sizes than with a
porous membrane with larger pore sizes. Thus, where
substantial quantities of gas must be delivered to the
tissue, and where it is desired to use smaller pore
sizes, the overall surface area of the porous membrane
may need to be increased, and/or the thickness of the
porous membrane may need to be increased, in order to
provide an adequate guantity of the therapeutic gas to
the tissue.

Thus, a porous membrane formed with an appropriate
pore size can be used to dispense the gas-rich (oxygen-
rich) PFC into the bloodstream while limiting the size
of the PFC aggregations within the bloodstream. For
oxygenation applications, a pore size of 20-200 microns
has been found to provide excellent therapeutic benefit

while still preventing the creation of embolisms.
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As noted above, the porous membrane (i.e., the
porous substrate) preferably comprises an appropriate
polymer. Teflon, polyethylene, polyethylene
terephthalate, nylon, silicone, and cellulose acetate,
etc. may all be used to form the porous membrane. The
porous membrane preferably comprises a hydrophobic
material which binds the hydrophobic perfluorocarbon
(PFC) solution non-covalently via London forces (named
after Fritz London, the German-American physicist).
London forces are exhibited by non-polar molecules
because electron density moves about a molecule
probabilistically. The London forces become stronger
with larger amounts of surface contact. Greater
surface area contact means closer interaction between
different molecules. A porous membrane with a
porosity of between 0.001 and 200 microns, and
preferably between 20 and 200 microns, offers a
sufficient surface area, and is therefore ideal, for
PFC applications where the PFC is to be released into
the bloodstream in relatively small (i.e., non-

embolism-causing) aggregations.
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If the hydrophobic (non-polar) porous membrane is
brought into contact with the hydrophobic (non-polar)
perfluorocarbon (PFC) solution, the contact angle (e.g.,
wettability) of the pores of the porous membrane is 0°,
which means that the PFC solution will be taken up by
the porous membrane. In contrast, when the hydrophobic
porous membrane is brought into contact with water or
saline, the contact angle (e.g., wettability) is about
120°. The water or saline solution will therefore not
be taken up by the hydrophobic porous membrane, and the
perfluorocarbon (PFC) solution will not be diluted by
other fluids, e.g., the water or saline solution.

The carefully-selected porosity of the hydrophobic
polymer substrate (i.e., the porous membrane) allows the
pure perfluorocarbon (PFC) solution to disperse into the
bloodstream in PFC “particles” of micro, nano and sub-
nano sizes. Forming the porous membrane out of polymers
with a pore size of 0.001-200 microns, and preferably
20-200 microns, provides an effective incorporation of
the gas-rich (oxygen-rich) perfluorocarbon (PFC)

solution into the porous membrane, and provides a safe
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and effective rate of dispersion of the PFC solution
into blood. A pore size above 200 microns increases the
aggregation of the perfluorocarbon (PFC) molecules into
the large aggregates that increase the likelihood of
creating dangerous embolisms in blood. Therefore, a
pore size above 200 microns is generally not preferred
in the present invention.

Due to the construction of the porous membrane,
predominantly nano- and micro- sized PFC aggregates (or
“particles”) are dispersed from the surface of the
porous membrane into the bloodstream. In order to
achieve a sufficient amount of oxygen delivery into
blood so as to create a substantial hyperoxia in the
blood for hyperoxic therapy, a sufficient amount of the
nano- and micro- PFC particles have to be released from
the surface of a catheter or wire or other intravascular
device or structure (e.g., atherectomy device, stent,
etc.) introduced into the bloodstream. Of course, many
different catheter configurations, or wire
configurations, or intravascular device or structure

configurations, are possible, and many different porous
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membrane lengths (and/or surface areas) and porosities
are possible, so it should be appreciated that
variations and combinations of length (and/or surface
area) /porosity/thickness may be employed in order to
achieve the desired degree of gas deployment without the
creation of embolisms. Furthermore, it should be
appreciated that many different degrees of gas
deployment may be desirable, depending on the
therapeutic gas therapy which is to be effected (e.g.,
oxygenation or otherwise), the size of the blood vessel
involved (e.g., larger or smaller), the quantity of
tissue to be treated (e.g., oxygenated), etc.

In animal studies using a porous membrane to
dispense a pure PFC solution carrying oxygen molecules,
the actual pore size of the porous membrane was set to a
mean size of 100 microns (range 20-200 microns). Animal
studies in rabbits and pigs, studying the safety and
efficacy of a catheter comprising a polymer membrane
having a mean pore size of 100 microns (range 20-200
microns), clearly indicated that pores in the range of

20-200 microns are capable of delivering sufficient
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oxygen-rich perfluorocarbon (PFC) particles to blood so
as to provide effective hyperoxic therapy. Moreover, in
two different animal models of rabbits and pigs, no
embolization of the PFC particles was detected in any of
the studied animals. Pathology of pig hearts revealed
that no perfluorocarbon (PFC) particles could be
detected in the small arterioles and capillaries of the
heart muscle (i.e., vessels of the end organ), and thus
it was concluded that no embolization of the PFC
particles had occurred during use of the inventive
catheter in blood.

The amount (i.e., the quantity of molecules) of
uptake of the gas-rich PFC solution into the porous
membrane, and the amount (i.e., the quantity of
molecules) of release of the gas-rich PFC solution from
the porous membrane into the bloodstream generally
depends on the length, the thickness and the porosity of
the substrate membrane. The rate of release of the gas-
rich PFC solution from the porous membrane into the
bloodstream generally depends on the pore size of the

porous membrane. Therefore, in order to induce adeguate
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hyperoxic therapy with the present invention, e.g.,
elevating the oxygen tension of the blood for hyperoxic
therapy without inducing embolisms, the pore size of the
substrate (i.e., porous membrane) should preferably be
in the range of 20-200 microns for blood vessels of a
typical size.

The pore size required to achieve the desired rate
of dispersion is effectively determined by the size of
the PFC molecules, and is not dependent upon the type or
concentration of the therapeutic gas molecules which are
bound to the PFC. Thus, a catheter having a porous
membrane with a porosity of 0.001-200 microns can be
used to safely deliver PFC carrying substantially any
therapeutic gas molecule (e.g., 0, NO, CO, etc., or any
combination thereof), at substantially any percentage of
saturation (up to 100% saturation).

As noted above, in practice, it has been found that
the pore size of the porous membrane governs the rate of
release of the PFC from the catheter. Furthermore, it
has been found that the surface area (i.e., length and

circumference) and thickness of the porous membrane,
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together with the pore size, governs the total volume of
PFC which may be carried by the device (and hence the
total volume of the therapeutic “passenger” gas which
may be carried by the medical device).

In one preferred form of the present invention, the
porous membrane comprises multiple layers, with the
multiple layers being deployed one on top of another.

And in one preferred form of the present invention,
the porous membrane comprises multiple layers, with the
porosity of the layers varying from one another. More
particularly, in one preferred form of the present
invention, the innermost layers of the porous membrane
(i.e., those lying closest to the center axis of the
catheter or wire or other intravascular device or
structure) comprise relatively large pore sizes so as to
accommodate relatively large amounts of PFC and so as to
release that PFC to the outermost layers of the porous
membrane as rapidly as the PFC may be accepted by the
outermost layers of the porous membrane. At the same
time, however, it is preferred that the outermost layers

of the porous membrane (i.e., those contacting the
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bloodstream) be provided with smaller pore sizes (e.g.,
in the range of 0.001-200 microns, and preferably in the
range of 20-200 microns) so as to control the rate of
release of the PFC from the catheter in order to avoid
the creation of dangerous embolisms.

At the time of use, the catheter (or wire or other
intravascular device or structure) is immersed in a vial
of gas-rich PFC so that its porous membrane is loaded
with the gas-rich PFC, similar to how a sponge is loaded
with water. The catheter (or wire or other
intravascular device or structure) is then inserted into
the vascular system of the patient. Due to the
carefully selected porosity of the porous membrane, the
gas-rich PFC then elutes out of the porous membrane and
disperses into the patient’s bloodstream at a rate which
limits aggregations of the gas-rich (e.g., oxygen-rich)
PFC within the bloodstream to a relatively small size,
e.g., 0.001-200 microns. This controlled dispersion of
the gas-rich PFC from the porous membrane into the
bloodstream prevents embolisms from occurring while

still providing sufficient quantities of the therapeutic
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gas (e.g., oxygen) molecules to provide the desired
treatment to the patient. In other words, the porous
membrane is carefully engineered so as to elute the gas-
rich (e.g., oxygen-rich) PFC at a rate which effectively
disperses the PFC in the bloodstream so as to avoid the
creation of embolisms. Thus, the present invention
permits the direct introduction of pure PFC solutions
into the bloodstream, without requiring the use of
emulsifiers to avoid the creation of embolisms (and
hence without the aforementioned disadvantages
associated with the use of emulsifiers).

As the gas-rich PFC travels downstream, most of the
gas molecules remain attached to the PFC. Some of the
gas molecules may also be released from the PFC into the
blood. The gas molecules which are released from the
PFC into the blood may or may not be picked up by
various blood components (e.g., hemoglobin).

At the target tissue site, the gas (e.g., oxygen)
molecules bound to the PFC are released to the cells of
the patient’s tissue. It will be appreciated that the

manner in which the gas molecules are released from the
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PFC is dependent upon both the hemodynamics of the blood
environment and time, in much the same way that oxygen
molecules are normally released from the blood
components of the patient.

More particularly, the gas-rich PFC enters the
target tissue region. Due to the fact that the gas
(e.g., oxygen) concentration (“tension”) in the cells is
lower than the gas (e.g., oxygen) concentration
(“tension”) in the capillary blood, the gas-rich PFC
releases the therapeutic gas (e.g., oxygen) molecules.
The therapeutic (e.g., oxygen) molecules can then enter
the cells of the patient’s tissue.

At the target tissue site, the PFC molecules are
also available to pick up waste materials (e.g., gases
such as carbon dioxide) and carry those waste materials
away from the target site, in essentially the same
manner that hemoglobin carries away waste materials from
the cells. More particularly, the carbon dioxide (CO;)
level increases after cellular activity, and therefore
the CO, concentration (“tension”) in the cells is higher

than the CO, concentration (“tension”) in the capillary
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blood. As a result, the CO, molecules move from the
cells into the capillary blood and become

attached to the “gas-poor” PFC, which has previously
given up its “passenger” gas (e.g., oxygen) to the
cells. The PFC, now loaded with CO,, enters the venous
bloodstream and is transported to the lungs, where the
CO,; is expelled from the body.

It should also be appreciated that the PFC solution
incorporated in the porous membrane need not necessarily
carry a therapeutic gas. More particularly, where the
primary concern is to remove waste materials (e.g.,
carbon dioxide) from tissue, the PFC solution loaded
into the porous membrane may not be loaded with, or at
least may not be completely saturated with, a
therapeutic gas. In this case, the gas-poor PFC
solution (which is still released safely from the porous
membrane without the creation of embolisms) can pick up
waste materials (e.g., carbon dioxide) at the tissue and
carry it downstream for purging (e.g., by the lungs).

The present invention may be incorporated in

various medical devices, in the form of wvarious
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embodiments, according to the therapy which is to be
provided to the patient.

More particularly, in one form of the present
invention, there is provided a therapeutic gas delivery
apparatus (e.g., a catheter or wire or other
intravascular device or structure) for the treatment of
disorders (e.g., cardiovascular diseases) that allows
the local diffusion of a gas-rich (e.g., oxygen-rich)
PFC solution into blood (and/or tissue), whereby to
deliver that gas to the blood (and/or tissue). The
invention is characterized by a porous membrane which is
part of an appropriate medical device, with the porous
membrane being impregnated with a gas-loaded (e.g., O,
NO, CO, etc.) perfluorocarbon (PFC) solution, e.g., by
the application of a heating or cooling solution, or by
utilizing heating or cooling apparatus such as
resistance heaters, thermoelectric heaters and/or
coolers, etc.).

The release kinetics of the PFC solution from the
porous membrane may be modulated by controlled

temperature changes of the environment. In other words,
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the rate of release of the PFC solution from the porous
membrane may be modulated by heating or cooling the PFC
solution and porous membrane.

The PFC-impregnated porous membrane is preferably
sealed in a protective housing made of plastic or metal,
allowing the medical device to be pre-loaded with the
gas-rich (e.g., oxygen-rich) PFC solution and then
stored without the loss of the therapeutic gas and/or
the gas-carrying PFC solution.

One of the goals of the present invention is to
improve oxygen supply to ischemic organs during an
angioplasty procedure. For instance, the present
invention may be used to prolong balloon inflation times
during high-risk PTCA procedures such as balloon or
stent treatment of the trunk of the left main coronary
artery. Moreover, the present invention may be used to
reduce the extent of acute or subacute myocardial
infarction and ischemic stroke. The gas-rich PFC
prevents cell death by providing oxygen and other gases,
such as nitric oxide (NO) and/or carbon monoxide (CO),

thereby preventing excessive inflammation of an organ’s
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tissue. This can be particularly true in infarctions
with massive inflammation occurring as a response to
tissue damage, where adding small amounts of nitric
oxide (NO) and/or carbon monoxide (CO) to oxygen may
reduce the negative effects of inflammatory cells such
as neutrophils and macrophages. In other words, where
infarctions have massive inflammation, providing a PFC
solution rich in oxygen and smaller amounts of nitric
oxide (NO) and/or carbon monoxide (CQO) can have
substantial therapeutic benefit.

Furthermore, in another embodiment characterized by
a setting of cardiac arrest, the present invention may
be used to oxygenate the body via the endovascular
approach while chest compressions are performed. Thus,
the body will be oxygenated without a ventilation of the
lung during the resuscitation.

Furthermore, the invention disclosed herein may be
utilized to reduce restenosis following an angioplasty
procedure.

The invention disclosed herein presents a novel

approach for an angioplasty procedure (including a stent
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implantation) by improving not only the acute safety of
the procedure but also the long-term outcome of the
procedure.

In a similar manner, the present invention also may
be used to prolong procedure times for plagque removal
procedure times with atherectomy devices, for example,
atherectomy devices that use mechanical blades or laser
energy as a means to extract or ablate atherosclerotic
plagque within an artery.

A major aspect of the present invention is the
local delivery of oxygen (or other therapeutic gases)
into blood (and/or tissue) via a perfluorocarbon (PFC)
solution delivered via a percutaneously deliverable
device. In addition, with the present invention, the
local delivery of oxygen (or other therapeutic gases)
can be achieved without requiring the use of software,
electronic equipment, or mechanical pumping equipment or
hardware (e.g., pumps, chambers, computers, bubble
detectors, etc.). The gas-rich (e.g., oxygen-rich) PFC
is released to the target area from a porous membrane

carried by a catheter (e.g., a tube catheter, a balloon
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catheter, a perfusion balloon catheter, etc.) or a wire
(e.g., a coronary wire, a guidewire, etc.) or other
intravascular device or structure (e.g., an atherectomy
device, a stent, etc.).

The apparatus presented herein allows for the local
diffusion of an oxygen-rich PFC solution into hypoxic
target tissues, where oxygen is safely released from the
PFC into the bloodstream and increases the oxygen
tension of the target tissue.

A porous membrane is used to releasably hold the
gas-rich PFC on the device. Preferably the porous
membrane comprises a polymer. During the manufacture of
the porous membrane polymer, the porosity of the basic
polymer material is induced in the range of 0.001-200
microns, and preferably in the range of 20-200 microns.

The porous membrane may be formed as an integral
part of an appropriate medical device, or it may be
securely attached to the medical device, or it may be
securely attached to another component which is itself

attached to the medical device.
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In addition, a surface or portion of the catheter
or wire or other intravascular device or structure which
itself comes in contact with the bloodstream may be
manufactured (e.g., etched or chemically treated) so as
to induce the desired porosity on such surface or
portion of the catheter or wire or other intravascular
device or structure, so as to create the desired
porosity in the range of 0.001-200 microns in order to
releasably hold and safely disperse the gas-rich (e.g.,
oxygen-rich) PFC. It should be noted that a catheter
and/or wire and/or other intravascular device or
structure with a surface so treated so as to create the
desired porosity may also be configured so as to further
incorporate a porous membrane(s) within one or more
lumens of the catheter or wire or other intravascular
device or structure.

It is disclosed herein that the microporous
material is carried by a medical device, and the medical
device is impregnated with a gas-rich (e.g., oxygen-
rich) PFC solution. Perfusion channels carrying liquids

around the medical device may also be provided to allow
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the perfusion of warm and/or cold liquids so as to
modulate the release of the gas-rich (e.g., oxygen-rich)
PFC from the porous membrane. These induced local
temperature changes modulate (i.e., increase or
decrease) the rate of release of the PFC solution from
the porous membrane, whereby to modulate the rate of
delivery of the therapeutic gas (e.g., oxygen) molecules
to the tissue.

Polymer tubes formed out of a porous structure
and/or incorporating a porous material, and impregnated
with oxygenated perfluorocarbon (PFC) solutions, may be
used to supplement oxygen delivery to the blood during a
cardiopulmonary bypass procedure.

Modified stent delivery catheters, (e.g., balloon
catheters with a pre-mounted stent), and/or perfusion
balloon catheters, and/or wires (e.g., cardiac wires,
guidewires, etc.) and/or arterial plague-removing
atherectomy devices, and/or other intravascular devices
or structures are all among the preferred embodiments of
the invention. The porous membrane may be dispersed

substantially anywhere on the medical device, including
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on an outer surface of the device, an interior surface
of the device, and on the outer surface of any balloon
carried by those devices. Endovascular stents
themselves may also be coated with a thin film porous
membrane which incorporates the gas-rich (e.g., oxygen-
rich) perfluorocarbon (PFC) solution.

For restenosis prevention, the local delivery of a
oxygenated perfluorocarbon (PFC) solution may be
combined with the application of ionizing radiation or
low energy ultraviolet light so as to increase the
production of oxygen free radicals in the target cell of
an arterial wall. The effect of increased oxygen free
radical production on the proliferating target cell in
the arterial wall is DNA damage, which will cause a
reduction of restenosis formation.

A therapeutic device that provides local tissue
oxygenation may also be applied to other fields of
vascular medicine. By way of example but not
limitation, wound healing of skin in patients with
peripheral occlusive arterial disease and impaired blood

flow in the lower limb organs may be significantly
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improved with the local delivery of an oxygenated
perfluorocarbon (PFC) solution via a skin patch placed
onto the ischemic skin, where the skin patch includes
the porous membrane therein. These oxygenated tissue
patches promote the growth of new blood vessels into the
area of ischemia, for instance in surgically-opened
wounds. Gangrenes of the lower limb due to
arteriosclerosis may be reduced in size through the use
of the present invention.

By way of example but not limitation, the tissue
patch carrying the gas-rich PFC solution may be
incorporated in a bandage or other wound dressing.

In addition, these skin patches can deliver
therapeutic gases in addition to oxygen.

Furthermore, these oxygenated tissue patches can be
used to oxygenate tissue other than skin. By way of
example but not limitation, these oxygenated tissue
patches can be used to topically apply a gas-rich (e.g.,
oxygen-rich) PFC to internal tissues (e.g., the
intestines), whereby to supply a therapeutic gas (e.g.,

oxygen) to such tissues.
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Thus, in one form of the present invention, there
is provided a tissue patch for delivering a therapeutic
gas to tissue, wherein the tissue patch comprises a
porous membrane which is impregnated with a gas-rich PFC
solution.

In another preferred embodiment of the present
invention, the porous membrane is located on the surface
of a balloon of an angioplasty catheter. The porous
membrane comprises a porous polymer, preferably at a
thickness of between 0.5-4 mm (and most preferably at a
thickness of between 0.6-1.4 mm). Among other things,
the thickness of the porous membrane may be constrained
by the inner diameter of the guiding catheter used,
i.e., in the case of coronary and cerebal artery guiding
catheters, the limit of membrane thickness might
typically be in the range of 1-2 mm. The porous
membrane can be integrated into the balloon, and/or into
the catheter shaft structure, or can be wrapped around
the balloon and/or the catheter shaft structure. The
thin film porous polymer membrane is impregnated with an

oxygenated perfluorocarbon (PFC) solution. The porous
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membrane is preferably sealed within a housing so as to
prevent premature release of the gas-rich PFC (and/or
the therapeutic gas itself). Prior to the intended
angioplasty procedure, the housing is removed from the
medical device, and the medical device is then advanced
into the bloodstream. At the target site, the porous
membrane may be brought into contact with the vessel
wall. The release kinetics of the gas-rich PFC may also
be modified by changes of local temperature between
about 0 degrees Celsius and 50 degrees Celsius, e.g., by
the injection of cold and/or warm fluids via the guiding
catheter prior to inflation of the balloon. The oxygen
enters the blood vessel wall by diffusion. Direct
contact of the medical device with the target tissue
typically improves oxygen delivery. The local increase
in oxygen molecules creates an excess of oxygen free
radicals when either (i) ionizing radiation with beta-
particle emitters (such as Sr-90/Y-90 or P-32) 1is
applied to the target area, or (ii) ultraviolet light is
applied to the target area. A simultaneous application

of the oxygenated PFC solution with vessel irradiation
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(using ionizing radiation or ultraviolet light) is the
preferred treatment modality for restenosis prevention.

The oxygen saturation of an end organ increases
with improved oxygenated blood flow. Therefore, in
another embodiment of the present invention, the
oxygenated PFC is released from a perfusion balloon
catheter. The perfusion balloon catheter provides for
the flow of blood from the proximal end of the occluding
balloon into the vascular bed distal to the occluding
balloon (i.e., blockage), and thus increases the
distribution of the oxygenated perfluorocarbon (PFC)
solution to the end organ. Perfusion of blood through
the occluded balloon is permitted, and the blood is
oxygenated at the proximal end of the balloon, upstream
of the balloon (i.e., upstream of the blood flow
blockage), so that the oxygenated blood can flow past
the balloon to the tissue.

In yet another embodiment of the present invention,
the oxygenated PFC is delivered from a porous membrane
which is part of a flexible coronary wire or other

medical wire device or structure. 1In a preferred
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embodiment, the metallic wire is in the form of a
flexible hypo-tube, whereby the wire has a lumen that
extends from its proximal end through to the distal tip.
The porous membrane, which carries the gas-rich PFC
solution, is configured such that the porous membrane is
positioned inside the lumen, and can extend within a
portion of the lumen or from the proximal end all the
way to the distal tip of the metallic wire. For
example, the porous membrane could be modified to form a
thread-like structure or structures. The gas-rich PFC
solution is introduced into the porous membrane from the
proximal end of the metallic wire through a delivery
mechanism (e.g., including but not limited to a syringe)
in the appropriate dose or dosages. In addition, the
gas-rich PFC solution could be introduced into the
porous membrane by a means providing for continuous
delivery, which can be a powered device (e.g., including
but not limited to an infusion pump) or a passive device
(e.g., including but not limited to a gravity-fed drip,
much like how a intravenous solution is infused from an

IV bag). Then, as the porous membrane is loaded with
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the ligquid oxygen carrier (i.e., the gas-rich PFC) at
the proximal end of the metallic wire, capillary action
enables the absorption of the gas-rich PFC from the
proximal portion of the modified porous membrane through
to the distal end of the modified porous membrane, much
like dipping the proximal end of a strip of dry facial
tissue into water and watching the water being absorbed
up into the tissue to the distal end of the strip of
tissue. Then, at the tip of the metallic wire where the
distal end of porous membrane terminates, the release
kinetics of the gas-rich PFC into the bloodstream (as
described herein) draws the gas-rich PFC from the porous
membrane at the tip of the flexible hypo-tube wire and
into the bloodstream. Thus, the gas-rich PFC can be
impregnated throughout the length of the modified porous
membrane contained within the internal lumen of the wire
and then be dispersed out the tip of the flexible
metallic wire and into the blood stream, either in
dosages or via a continuous flow, at rates which are
both (i) sufficiently high to provide therapeutic

benefit of the delivery of adegquately high therapeutic
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gas molecules to tissue, and (ii) sufficiently low so as
to avoid the creation of fluid overload and/or large
particle embolisms in the bloodstream.

In a similar manner, the membrane carrying the
liguid perfluorocarbon (PFC) solution can be modified
such that the oxygen carrier membrane forms a tube
around a retrievable metallic core that is positioned
within the wire lumen. The wire containing the core
within it can be advanced beyond the lesion (i.e.,
coronary obstruction) in the distal coronary artery.
Then, as the core holding the porous membrane tube
within the wire is held at a fixed position, the wire
can be retracted an appropriate distance to expose the
tube-shaped carrier membrane so as to allow the tube
carrying the oxygen source (i.e., the oxygen-rich PFC
solution) to dwell in the bloodstream. Thereafter, in
all of the aforementioned flexible wire embodiments, a
conventional balloon catheter can be advanced over the
wire to a treatment zone preferentially proximal to the
oxygen delivery source. These aforementioned embodiments

permit prolonged balloon inflation as a result of
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allowing simultaneous oxygen delivery distal to the
lesion during balloon inflation, thus eliminating the
risk of myocardial ischemia during balloon inflation.
Additionally, supplemental oxygen can continue to be
delivered after balloon inflation. It should be noted
that it may be desirable to advance a balloon catheter
over the wire to a treatment zone distal to the oxygen
delivery source, depending on the anatomical structure
of the blood vessels, so as to allow dispersement of
gas-rich PFC before and after balloon inflation.

In yet another embodiment, the distal tip of a
coronary wire is coated with the porous membrane
carrying the liquid perfluorocarbon (PFC) solution.
Alternatively, the porous membrane carrying the gas-rich
PFC solution is modified such that the porous membrane
forms a tube around the wire. The wire is placed in the
distal coronary artery, and the porous membrane is
allowed to dwell in the bloodstream so as to dispense
the gas-rich PFC solution into the bloodstream.
Thereafter, a conventional balloon catheter can be

advanced over the wire to a treatment zone, which may be
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proximal or distal to where the gas-rich PFC was
released. If desired, the tubular porous membrane can
be withdrawn from the wire prior to advancing the
balloon catheter over the wire, or the balloon catheter
can be advanced over the tubular porous membrane. In
either case, this approach permits prolonged balloon
inflation without inducing myocardial ischemia.

In some cases it may be preferably to place the
porous membrane inside of the lumen of a guidewire. For
oxygen delivery, a length of ePTFE “tubing” is placed
inside the wire lumen. Because the wire may be designed
with an 0.014” outer diameter (which is a typical
maximum outer diameter of a coronary wire), it may not
always be possible to place the ePTFE tube on the
outside of the wire in the case where an angioplasty
catheter is to be advanced over the wire. Note that a
huge clinical advantage can be obtained where a catheter
is to be advanced over an oxygen-delivering wire, thus
simultaneously providing balloon dilatation and

oxygenation delivery distal to the obstruction.
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In yet another embodiment of the present invention,
the wire is porous. The wire is impregnated with the
gas-rich PFC at its distal tip or along its length.

In yet another embodiment of the present invention,
the distal tip of the wire forms a plastic thread which
is tightly connected to the metallic portion of the

wire.

Illustrated Embodiments

Looking now at Figs. 1-3, there is shown a catheter
100 which comprises a shaft 105 comprising a porous
membrane 110. Porous membrane 110 is saturated with a
gas-rich (e.g., oxygen-rich) PFC solution 115 which is
contained in pores 120 formed in porous membrane 110.
Porous membrane 110 is preferably formed out of a
polymer (e.g., Teflon, polyethylene, polyethylene
terephthalate, nylon, silicone, cellulose acetate,
etc.). Porous membrane 110 is formed with a porosity
which permits gas-rich PFCs to be loaded into the porous
membrane and thereafter to be dispersed into the

bloodstream at a rate which is both (i) sufficiently
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high to provide therapeutic benefit by the delivery of a
sufficient quantitiy of gas molecules to tissue, and
(ii) sufficiently low so as to avoid the creation of
fluid overload and/or large PFC-particle embolisms in
the bloodstream.

In practice, for a catheter placed into an artery
having a typical blood flow, forming the porous membrane
with a porosity in the range of 0.001-200 microns has
been found to permit appropriate dispersion of the gas-
rich PFC into the bloodstream. However, it has also
been found that a pore size of >200 microns will
increase the likelihood of embolisms. Thus, it is
desired to keep the pore size in the range of 0.001-200
microns. This pore size tends to limit gas-rich PFC
aggregations within the bloodstream to a very small
size, e.g., 0.001-200 microns, which has been found to
provide therapeutic benefit while still preventing the
creation of embolisms. For oxygenation applications,
the porous membrane preferably has a pore size in the

range of 20-200 microns.
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The pore size required to achieve the desired rate
and volume of PFC dispersion is effectively determined
by the size of the PFC molecules, and is not dependent
upon the type or concentration of the therapeutic gas
molecules which are bound to the PFC. Thus, a catheter
having a porous membrane with a porosity of 0.001-200
microns can be used to deliver PFCs carrying
substantially any therapeutic molecule (e.g., 0., NO, COQ,
etc., or any combination thereof), at substantially any
percentage of saturation.

Looking now at Figs. 4-7, at the time of use, the
catheter 100 is immersed in a vial 125 of pure, gas-rich
PFC so that the porous membrane is loaded with the gas-
rich PFC, in a manner similar to how a sponge is loaded
with water.

Looking next at Fig. 8, catheter 100
(preferentially a monorail balloon catheter or a stent
delivery balloon catheter) is then inserted into the
vascular system (e.g., blood vessel 130) of the patient,
so that porous membrane 110 comes into contact with the

patient’s blood 135. Due to the carefully selected
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porosity of porous membrane 110, gas-rich PFC 115 is
dispersed out of the porous membrane and into the
bloodstream of the patient at a rate which limits
aggregations of the gas-rich PFC to a very small size,
e.g., one which avoids the creation of embolisms even
when using pure (i.e., non-emulsified) PFC. It is this
controlled release of the gas-rich PFC from the porous
membrane which prevents embolisms.

As the gas-rich PFC travels downstream, most of the
gas molecules remain attached to the PFC molecules.

Some of the gas molecules, however, may also be released
from the PFC molecules into the blood. The gas
molecules which are released from the PFC molecules into
the blood may or may not be picked up by hemoglobin or
other blood components.

At the target tissue site, the gas molecules bound
to the PFC are released to the cells. It will be
appreciated that the manner in which the gas molecules
are released from the PFC is dependent upon both the

hemodynamics of the blood environment and time, in much
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the same way that oxygen is normally released from
hemoglobin.

More particularly, gas rich PFC enters the target
tissue region. Due to the fact that oxygen tension in
the cells is lower than the oxygen tension in the
capillary blood, the oxygen-rich PFC releases its oxygen
molecules. The oxygen molecules can then enter the
cells.

At the target site, PFC molecules are also
available to pick up waste materials (e.g., gases such
as CQOy) and carry them away from the target site, in
essentially the same manner that hemoglobin carries away
waste materials from cells. More particularly, the CO,
level increases in a cell after cellular activity, and
therefore the CO, tension in the cells is higher than the
CO,; tension in the capillary blood. The CO, molecules
move from the cell into the capillary blood and become
attached to the “gas-poor” PFC (which has previously
given up its oxygen). The PFC, now loaded with COg,
enters the venous bloodstream and is transported to the

lungs, at which time the CO, is expelled.
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It should also be appreciated that the PFC solution
incorporated in the porous membrane need not necessarily
carry a therapeutic gas. More particularly, where the
primary concern is to remove waste materials (e.g.,
carbon dioxide) from tissue, the PFC solution loaded
into the porous membrane may not be loaded with, or at
least may not be completely saturated with, a
therapeutic gas. In this case, the gas-poor PFC
solution (which is still released safely from the porous
membrane without the creation of embolisms) can pick up
waste materials (e.g., carbon dioxide) at the tissue and
carry it downstream for purging (e.g., at the lungs).

Still looking now at Fig. 8, to the extent that
catheter 100 is formed with a balloon 140, the balloon
may be inflated as shown in Fig. 9, e.g., so as to
dilate the vessel and/or to set a stent. It will be
appreciated that as the balloon is inflated, the blood
vessel may be occluded. However, inasmuch as the tissue
downstream of the balloon has previously been super-
oxygenated with oxygen-rich PFC delivered by in-dwelling

catheter 100 prior to balloon inflation, longer periods
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of occlusion, with less detrimental results, may be
achieved. Alternatively, and/or additionally, shaft 105
of catheter 100 may be cannulated so as to provide an
oxygen delivery catheter, whereby to permit blood flow
through the catheter even when the balloon is inflated.
Thereafter, as shown in Fig. 10, balloon 140 may be
deflated, whereby to permit continued delivery of gas-
rich PFC, removal of waste materials (e.g. CO;), and the
withdrawal of catheter 100 from blood wvessel 130.
Significantly, in one preferred form of the present
invention, catheter 100 can be placed into a blood
vessel and left to dwell there for several minutes
before balloon inflation, whereby to permit the tissue
downstream of the lesion to be pre-conditioned with a
supply of PFC-delivered oxygen. As a result, when the
balloon is subsequently inflated, the patient can
tolerate “standard” balloon inflation times with less or
no pain. In addition, longer periods of balloon
inflation can be achieved with less risk of ischemia,
less risk of tissue damage, and less risk of arrhythmias

that otherwise could result due to hypoxia.
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Furthermore, after balloon deflation, the catheter
can be maintained in position within the blood vessel so
as to continue to deliver oxygen-rich PFC to the
downstream tissue and remove waste materials (e.g. COy),
S0 as to extend the therapeutic event.

If desired, balloon 140 (and preferentially a so-
called “Rapid Exchange”, or stent delivery, balloon) may
be omitted from shaft 105 of catheter 100.

Furthermore, and looking now at Fig. 11, porous
membrane 110 may be deployed in single or multiple
layers substantially anywhere along shaft 105. 1In the
case of a monorail balloon catheter or stent delivery
system, the length of the porous membrane may be limited
to the opening of the catheter shaft at the point at
which the guidewire channel exits. A catheter of this
construction may be used solely as a source of oxygen
delivery or, alternatively, the catheter may be
configured to deliver working tools, including
visualization devices and atherectomy devices, to an

internal site even as tissue downstream of the site has
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been, and continues to be, oxygenated by the gas-rich
PFC.

In another preferred construction of the present
invention, porous membrane 110 may be applied to the
walls of balloon 140, in order to deliver oxygen (or
another gas) directly to the walls of blood vessel 130.
See, for example, Figs. 12-16. 1In this construction,
balloon 140 may donate oxygen and/or other gases to the
bloodstream prior to balloon inflation, and thereafter
topically apply the oxygen and/or other gases to the
walls of the blood vessel during balloon inflation.

The present invention may be incorporated in still
other embodiments.

Thus, for example, Fig. 17 shows a perspective view
of a porous thin film membrane 1 with pores 2,
functioning as a flexible porous substrate for a liguid
oxygen carrier 3 in accordance with the present
invention. An oxygenated perfluorocarbon (PFC) solution
is incorporated in the porous substrate and elutes from
the porous substrate. The ligquid oxygen carrier (i.e.,

the oxygenated PFC) diffuses freely out of the porous
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thin film membrane. Studies on the release kinetics of
the oxygenated perfluorocarbons (PFCs) from different
polymer membranes show that dispersion of the oxygenated
perfluorocarbon (PFC) solution from such a membrane into
tissue or blood varies between minutes and several
hours, depending on the temperature of the environment.
Polymers with small pore sizes, preferably of 0.001-200
microns, produce an effective delivery mechanism for
oxygenated perfluorocarbon (PFC) solutions. The
temperature-dependent release feature of the porous
membrane may be used for all of the vascular devices
described herein such as tubes, balloons, endovascular
stents, wires, atherectomy devices, or tissue patches
aimed at modifying the oxygen supply to tissues of
various body organs. The release kinetics from the
substrate can be controlled by injection of fluids of 0-
50°C making direct or indirect contact with the porous
substrate carrying the oxygenated perfluorocarbon (PFC)
solution.

Fig. 18 shows a schematic longitudinal view of a

balloon catheter 4, with the porous substrate 6 being
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tightly connected with the balloon 5, and with the
porous substrate being impregnated with the oxygen
carrier (i.e., the oxygen-rich PFC solution). The
oxygen carrier solution is incorporated into a membrane
7 which is attached to the surface of the balloon. The
liguid oxygen carrier is an oxygenated perfluorocarbon
(PFC) solution. A "guidewire" lumen 8 allows
positioning of the balloon in the artery with a wire.
This guidewire may be a flexible wire 25 emitting
ionizing radiation 26 from incorporated beta-particle
emitters such as Sr-90/Y-90 (strontium/yttrium) or P-32
(phosphorus) or ultraviolet light (UV) waves 27. 1In the
first case, the flexible wire 25 may be partially coated
with the beta-particle-emitters 26 and in the latter
case, the flexible wire 25 is an ultraviolet light
waveguide connected to an ultraviolet light source and
having a surface structure within the balloon 5 to
radially emit the UV waves 27. The shaft of the
catheter 9 includes an inflation channel 10 for
inflation of a balloon with fluids or contrast agents to

visualize the balloon under fluoroscopy.
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Fig. 19 shows a schematic longitudinal view of a
perfusion balloon catheter 11 serving as the substrate
source 6 for the liquid oxygen carrier (i.e., the
oxygenated PFC solution). In this embodiment, the
oxygen delivery source membrane 7 is located on the
surface of the balloon 5 and proximally 12 and distally
13 to the balloon end of the catheter 11 on the shaft 9
of the catheter. The shaft 9 of the perfusion balloon
catheter includes the guidewire lumen 8, a balloon
inflation lumen 14, and a perfusion fluid lumen 15. The
perfusion fluid lumen 15 allows perfusion of blood or
transport of therapeutic fluids (temperature between 0-
50 degrees C) through the inflated balloon. The
perfusion fluid lumen 15 is designed to allow injection
of therapeutic ligquids or drugs with temperatures
between 0 degrees C and 50 degrees C to modify the
release kinetics of the oxygen carrier from the
substrate. Holes beyond the proximal end 16 of the
balloon connect a pathway for blood through the shaft 9
of the perfusion balloon catheter to the distal end of

the catheter 17. The perfusion fluid lumen 15 connects
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to the holes at the proximal end 16 and distal end 17 of
the balloon. The perfusion holes 16, 17 penetrate
through the membrane 12, 13 carrying the liquid oxygen
carrier (i.e., the PFC solution). Thus, blood perfusion
through the balloon carries blood that is oxygenated by
the membrane at the proximal end of the inflated balloon
and is oxygenated beyond the distal end of the inflated
balloon by the membrane after passage through the
balloon. The guidewire 25 contains the oxygen carrier 7
at its distal tip 28. A stent 29 is mounted on the
deflated balloon 5. Upon inflation of the balloon via
its lumen 14, the stent 29 is expanded and deployed into
the vessel.

Fig. 20 shows a schematic cross-sectional view of a
medical device containing a liquid oxygen delivery
source being encompassed by a removable housing sealing
off the impregnated source in accordance with the
present invention. The oxygen delivery source such as a
perfusion balloon catheter 18 with an attached thin film
membrane 19 incorporating the oxygen carrier (i.e., the

oxygen-rich PFC solution) is placed in a container 21

OXIRA-5

PCT/US2008/082648



WO 2009/061927 PCT/US2008/082648

_80_

filled with a liquid oxygen carrier solution 20. The
container eliminates any dissipation of liquid or
oxygen, and is used as a storage place for the oxygen
delivery source. The inner part 22 of the shaft of the
perfusion catheter contains a guidewire lumen 23 and
perfusion fluid lumen 24 for the perfusion of blood or
therapeutic fluids.

Looking next at Fig. 21, there is shown a
medical wire 200. Medical wire 200 may be coronary
wire, a guide wire, etc. Medical wire 200 comprises a
shaft 205. At least a portion of shaft 205 comprises a
porous membrane 210 for carrying a gas-rich (e.qg.,
oxygen-rich) PFC solution in accordance with the present
invention. Porous membrane 210 may be formed as an
integral part of shaft 205, or it may be formed as a
separate element and secured to shaft 205 in ways well
known in the art (e.g., by bonding).

Looking next at Fig. 22, there is shown a medical
wire 300. Medical wire 300 may be coronary wire, a
guide wire, etc. Medical wire 300 comprises a shaft 305

and a central lumen 310. A porous membrane 315 is
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disposed within the interior of lumen 310. Porous
membrane 315 is preferably in the form of a hollow tube
disposed within lumen 310 of medical wire 300. Porous
membrane 310 is constructed to carry a gas-rich (e.g.,
oxygen-rich) PFC solution in accordance with the present
invention.

Looking next at Fig. 23, there is shown a medical
wire 400. Medical wire 400 may be a coronary wire, a
guidewire, etc. Medical wire 400 comprises a shaft 405
and a central lumen 410. A porous membrane 415 is
disposed within the interior of lumen 410. Porous
membrane 415 is preferably in the form of a single body
substantially completely filling lumen 410 so as to form
a wick-like structure. Porous membrane 415 is
constructed so as to carry a gas-rich (e.g., oxygen-
rich) PFC solution, and safely dispense the same into
the bloodstream without the creation of dangerous
embolisms, in accordance with the present invention.
Furthermore, because porous membrane 415 is configured
to form a wick-like structure within shaft 405 of

medical wire 400, porous membrane 415 can be used to
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transport gas-rich (e.g., oxygen-rich) PFC to the distal
tip of medical wire 400, whereupon the gas-rich PFC may
be safely released into the bloodstream.

In one preferred construction, and as shown in Fig.
23, porous membrane 415 extends all of the way from the
proximal end of medical wire 400 to the distal tip of
medical wire 400. In this construction, porous membrane
415 can be pre-loaded with the gas-rich PFC solution
prior to deploying the medical wire in the bloodstream
of the patient. Alternatively, with this construction,
the proximal end of porous membrane 415 can be placed in
contact with a reservoir of gas-rich PFC after medical
wire 400 has been deployed in the bloodstream of the
patient, whereupon porous membrane 415 will “wick” the
gas-rich PFC solution from the proximal end of porous
membrane 415 to the distal tip of porous membrane 415,
where it is released into the bloodstream of the
patient.

In another preferred construction, porous membrane
415 extends along only a portion of lumen 410. More

particularly, in this alternative construction, porous
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membrane 415 extends from the distal tip of medical wire
400 back along a portion of the length of lumen 410. 1In
this construction, the gas-rich PFC solution can be
introduced into the proximal end of lumen 410 (either
before or after medical wire 400 is deployed in the
patient), whereupon porous membrane 415 will “wick” the
gas-rich PFC solution down the remainder of lumen 410 to
the distal tip of porous membrane 415, where it is
released into the bloodstream of the patient.

The invention described herein consists of a gas
(e.g., 0, NO, CO, etc., or a combination of these gases)
delivery source for local rescue of ischemic tissue.

The invention consists of porous polymer membranes being
part of a medical device from which a liquid gas carrier
(i.e., the gas-rich PFC) is locally or systemically
released. The porous membrane impregnated with the
ligquid gas carrier may be a part of a tube, a balloon, a
perfusion balloon, a stent, and a wire. The porous
membrane is preferably sealed with a removable housing

to allow storage of the medical device.
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Modifications

It is to be understood that the present invention
is by no means limited to the particular constructions
herein disclosed and/or shown in the drawings, but also
comprises any modifications or equivalents within the

scope of the invention.
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What Is Claimed Is:

1. A system comprising:
a hollow tube having a distal end, a proximal end,
5 and a lumen extending between the distal end and the
proximal end;
at least a portion of the tube comprising a porous
membrane; and
a gas-rich perfluorocarbon solution incorporated in
10 the porous membrane;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:
(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and
15 (ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich perfluorocarbon solution into

20 the blood varying between minutes and several hours,
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depending on the temperature and the hemodynamics of the

blood.

2. A system according to claim 1 wherein at least
a portion of the porous membrane is located within the

hollow tube.

3. A system according to claim 1 wherein at least
a portion of the porous membrane is located on an outer

surface of the hollow tube.

4. A system according to claim 1 wherein the
hollow tube and the porous membrane are configured so
that liquid may pass through the porous membrane as it

enters and exits the lumen.

5. A system according to claim 1 wherein the

hollow tube comprises an inflatable balloon.

6. A system according to claim 5 wherein the

porous membrane is mounted to a surface of the balloon.
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7. A system according to claim 5 wherein the
hollow tube and inflatable balloon are in the form of a

balloon catheter.

3. A system according to claim 1 further
comprising a removable housing disposed around the

porous membrane.

9. A system according to claim 1 wherein the
hollow tube further comprises a plurality of holes
formed in the sidewall of the hollow tube and
communicating with the lumen of the hollow tube, and
further wherein the porous membrane is disposed adjacent

to the plurality of holes.

10. A system according to claim 1 wherein the

system further comprises a coronary wire.

11. A system according to claim 10 wherein a tip

of the coronary wire comprises a porous membrane,
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wherein a gas-rich perfluorocarbon solution is
incorporated in the porous membrane, and further wherein
the porous membrane has a porosity in the range of
0.001-200 microns, in order that:

(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich fluorocarbon solution into the
blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the

blood.

12. A system according to claim 10 wherein the

coronary wire further comprises an ionizing radiation

source.
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13. A system according to claim 12 wherein the
ionizing radiation source comprises a beta-particle

emitter.

14. A system according to claim 10 wherein the
coronary wire further comprises an ultraviolet light

source.

15. A system according to claim 1 wherein the

porous membrane comprises a porous polymer.

16. A system according to claim 15 wherein the
porous polymer is selected from the group consisting of
Teflon, polyethylene, polyethylene terephtalate, nylon,

silicone, and cellulose acetate.

17. A system according to claim 1 wherein the

porous membrane is lipophilic.

18. A system according to claim 1 wherein the

system further comprises a housing for protectively
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covering the porous membrane in order to prevent the
loss of the gas-rich perfluorocarbon solution and/or

gas.

19. A system according to claim 1 wherein the
system further comprises a fluid for passage through the
lumen, and further wherein the fluid is at a temperature

of between about 0°C and about 50°C.

20. A system according to claim 1 wherein the

hollow tube further comprises a stent.

21. A system according to claim 1 wherein the
lumen of the hollow tube is configured to modulate
release kinetics of the gas-rich perfluorocarbon
solution by enabling fluid injection at temperatures

between about 0°C and about 50°C.

22. A system according to claim 1 wherein the gas-

rich perfluorocarbon solution comprises an oxygen-rich
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perfluorocarbon solution, and further wherein the porous

membrane has a porosity in the range of 20-200 microns.

23. A system according to claim 1 wherein the
porous membrane comprises a plurality of layers, with
the plurality of layers being deployed one on top of

another.

24, A system according to claim 23 wherein the
porosity of a least two of the layers vary from one

another.

25. A system according to claim 24 wherein an
inner-more layer has a larger porosity than an outer-

more layer.

26. A system according to claim 24 wherein the
gas-rich perfluorocarbon solution comprises an oxygen-
rich perfluorocarbon solution, and further wherein the

outermost layer has a porosity in the range of 20-200
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microns, and an inner-more layer has a porosity greater

than 200 microns.

27. A system according to claim 2 wherein the
5 porous membrane substantially fills the lumen along

substantially the entire length of the lumen.

28. A system according to claim 27 wherein the
porous membrane substantially fills the lumen along only

10 a portion of the length of the lumen.

29. A system according to claim 28 wherein the

porous membrane fills the distal end of the lumen.

15 30. A system according to claim 1 wherein the

hollow tube comprises a catheter.

31. A system according to claim 1 wherein the
hollow tube comprises a medical wire.
20

32. A system comprising:
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a medical wire;
at least a portion of the medical wire comprising a
porous membrane; and
a gas-rich perfluorocarbon solution incorporated in
5 the porous membrane;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:
(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and
10 (ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich fluorocarbon solution into the
15 blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the

blood.

33. A system according to claim 32 wherein the

20 porous membrane comprises a porous polymer.
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34. A system according to claim 33 wherein the
porous polymer is selected from the group consisting of
Teflon, polyethylene, polyethylene terephtalate, nylon,

silicone, and cellulose acetate.

35. A system according to claim 32 wherein the

porous membrane is lipophilic.

36. A system according to claim 32 wherein the
system further comprises a housing for protectively
covering the porous membrane in order to prevent the
loss of the gas-rich perfluorocarbon solution and/or

gas.

37. A system according to claim 32 wherein the
gas-rich perfluorocarbon solution comprises an oxygen-—
rich perfluorocarbon solution, and further wherein the
porous membrane has a porosity in the range of 20-200

microns.
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38. A system according to claim 32 wherein the
porous membrane comprises a plurality of layers, with
the plurality of layers being deployed one on top of

another.

39. A system according to claim 38 wherein the
porosity of a least two of the layers vary from one

another.

40. A system according to claim 39 wherein an
inner-more layer has a larger porosity than an outer-

more layer.

41. A system according to claim 40 wherein the
gas-rich perfluorocarbon solution comprises an oxygen-—
rich perfluorocarbon solution, and further wherein the
outermost layer has a porosity in the range of 20-200
microns, and an inner-more layer has a porosity greater

than 200 microns.
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42. A system according to claim 32 wherein the

medical wire comprises a coronary wire.

43. A system according to claim 32 wherein the

5 medical wire comprises a guidewire.

44, A method for treating a patient, comprising:
providing:
(i) a hollow tube having a distal end, a
10 proximal end, and a lumen extending between the distal
end and the proximal end, at least a portion of the tube
comprising a porous membrane; and
(ii) a gas-rich perfluorocarbon solution;
loading the gas-rich perfluorocarbon solution into
15 the porous membrane; and
positioning the tube in the vascular system of the
patient so that porous membrane is exposed to blood;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:
20 (i) the gas-rich perfluorocarbon solution is

effectively incorporated into the porous membrane; and
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(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich perfluorocarbon solution into
the blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the

blood.

45. A method according to claim 44 wherein the
gas-rich perfluorocarbon solution comprises an oxygen-—
rich perfluorocarbon solution, and further wherein the
porous membrane has a porosity in the range of 20-200

microns.

46. A method according to claim 44 wherein loading

the gas-rich perfluorocarbon solution into the porous

membrane comprises immersing the porous membrane in a

vial containing the gas-rich perfluorocarbon solution.

47. A method for treating a patient, comprising:
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providing:
(i) a medical wire, at least a portion of the
medical wire comprising a porous membrane; and
(ii) a gas-rich perfluorocarbon solution;
loading the gas-rich perfluorocarbon solution into
the porous membrane; and
positioning the medical wire in the vascular system
of the patient so that porous membrane is exposed to
blood;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that:
(i) the gas-rich perfluorocarbon solution is
effectively incorporated into the porous membrane; and
(ii) when the porous membrane is positioned in
blood, the gas-rich perfluorocarbon solution elutes out
of the porous membrane, in aggregations small enough to
prevent the creation of embolisms in the blood, with the
elution of the gas-rich perfluorocarbon solution into
the blood varying between minutes and several hours,
depending on the temperature and the hemodynamics of the

blood.
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48. A method according to claim 47 wherein the
gas-rich perfluorocarbon solution comprises an oxygen-

rich perfluorocarbon solution, and further wherein the

5 porous membrane has a porosity in the range of 20-200
microns.
49. A method according to claim 48 wherein loading

the gas-rich perfluorocarbon solution into the porous
10 membrane comprises immersing the porous membrane in a

vial containing the gas-rich perfluorocarbon solution.

50. An intravascular treatment device comprising:
an intravascular device having a distal end and a
15 proximal end;
at least a portion of the intravascular device
comprising a porous membrane; and
a perfluorocarbon solution incorporated in the
porous membrane;
20 wherein the porous membrane has a porosity in the

range of 0.001-200 microns, in order that:
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(i) the perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the perfluorocarbon solution elutes out of the
porous membrane, in aggregations small enough to prevent

the creation of embolisms in the blood.

51. An intravascular treatment device according to
claim 50 wherein the intravascular device comprises a

hollow tube having a lumen formed therein.

52. An intravascular treatment device according to
claim 50 wherein the intravascular device comprises a

medical wire.

53. An intravascular treatment device according to

claim 50 wherein the perfluorocarbon solution carries a

therapeutic gas therein.

54. An intravascular treatment device according to

claim 53 wherein the therapeutic gas comprises at least
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one of the group consisting of oxygen, nitric oxide and

carbon monoxide.

55. An intravascular treatment device according to
5 claim 50 wherein the perfluorocarbon solution does not

carry a therapeutic gas therein.

56. A method for treating a patient, comprising:
providing:
10 an intravascular device having a distal end
and a proximal end;
at least a portion of the intravascular device
comprising a porous membrane; and
a perfluorocarbon solution;
15 loading the perfluorocarbon solution into the
porous membrane; and
positioning the intravascular device in the
vascular system of the patient so that porous membrane
is exposed to blood;
20 wherein the porous membrane has a porosity in the

range of 0.001-200 microns, in order that:
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(i) the perfluorocarbon solution is
effectively incorporated into the porous membrane; and

(ii) when the porous membrane is positioned in
blood, the perfluorocarbon solution elutes out of the
porous membrane, in aggregations small enough to prevent

the creation of embolisms in the blood.

57. An intravascular treatment device comprising:
an intravascular device having a distal end and a
proximal end; and
at least a portion of the intravascular device
comprising a porous membrane;
wherein the porous membrane has a porosity in the
range of 0.001-200 microns, in order that when a
perfluorocarbon solution is introduced to the porous
membrane:
(i) the perfluorocarbon solution is
effectively incorporated into the porous membrane; and
(ii) when the porous membrane is positioned in

blood, the perfluorocarbon solution elutes out of the
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porous membrane, in aggregations small enough to prevent

the creation of embolisms in the blood.
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