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& (57) Abstract: A medical article that includes (a) an electronically conductive substrate having a specific conductivity of at least 1
?S/cm and (b) a galvanic couple that includes a first member and a second member arranged in sufficient proximity to each other to
generate a localized electric field under physiological conditions. The first and second members are selected such that the galvanic
couple exhibits an average plateau current density of at least 25 microamps/cm2 when short circuited in a zero resistance ammeter

test at room temperature using a saline electrolyte.
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MEDICAL ARTICLES THAT STIMULATE ENDOTHELIAL
CELL MIGRATION

TECHNICAL FIELD
This invention relates to stimulating endothelial cell migration in medical

articles.

BACKGROUND
Endothelial cells promote healing of damaged blood vessels within the body
by promoting angiogenesis. In addition, endothelial cells can inhibit platelet adhesion
and thrombus formation on blood-contacting surfaces. Directional or accelerated

endothelial cell migration can be stimulated through application of an electric field.

SUMMARY

There is described a medical article that includes (a) an electronically
conductive substrate having a specific conductivity of at least 1 pS/cm and (b) a
galvanic couple that includes a first member and a second member arranged in
sufficient proximity to each other to generate a localized electric field under
physiological conditions. The galvanic couple is chosen based upon the current
density observed upon short circuiting at room temperature in 0.9% saline. Galvanic
couples exhibiting a current density of at least 25 microamps/cm” are useful. The
galvanic current is measured using the zero resistance ammeter method. In this test,
cach member of the couple is provided in the form of a foil measuring 5 cm x 5 cm,
and included in a cell with 0.9% saline solution. The foils are spaced 4 cm apart. The
cell is then short circuited and the current density on each foil measured at room
temperature. The average of the two current density values is the average plateau
current density of the galvanic couple.

The members of the galvanic couple act as electrodes, and could generate a
localized electric field in the presence of ion-containing fluids such as plasma and
blood. The localized electric field could promote endothelial cell migration under
physiological conditions that the article would encounter upon implantation within a
patient’s body (in the case of implantable medical devices) or on the surface of the
patient’s body (in the case of external wound healing articles), thus eliminating the

need for an external voltage source. Endothelializing the surface of the article, in
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turn, could promote healing. By selectively placing the members of the galvanic
couple on the device, the pattern of endothelialization could be controlled.

As used herein, “metal” means both elemental metals and compounds such as
oxides, chlorides, carbonates, and the like.

The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS
FIG. 1 is a cross-sectional view of an implantable medical device having a
porous structure that includes a galvanic couple.
FIG. 2 is a perspective view of a strut of a stent that includes a galvanic
couple.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

There is described a medical article that includes an electronically conductive
substrate having a specific conductivity of at least 1 uS/cm, and a galvanic couple, as
described in the Summary, above. The galvanic couple, in the presence of ion-
containing fluids such as plasma a blood, forms an electrochemical cell in which the
members of the couple act as electrodes and the fluid acts as an ion-conducting
electrolyte. The localized electric field that the cell generates could promote
endothelial cell migration under physiological conditions, thereby effecting selective
placement of endothelial cells on designated portions of the surface of the medical
article. Examples of suitable medical articles include implantable articles such as
stents, vascular grafts, heart valves, and indwelling catheters. Other examples of
suitable medical articles include external wound healing articles such as bandages and
wound dressings.

The electronically conductive substrate, as noted above, has a specific
conductivity of at least 1 uS/cm, and could be at least I mS/cm. Examples of suitable
materials for the substrate could include metals (e.g., stainless steel, cobalt-chromium
alloys, platinum enhanced stainless steel alloys, Nitinol alloys, and the like),

electrically conductive polymers (e.g., polyvinylidene fluoride, polyaniline, and the
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like), and electrically conductive polymer composites (e.g., polymer matrices
containing electrically conductive particles, wires, meshes, or the like).

The members of the galvanic couple are selected with the objective of
maximizing the strength of the localized electric field. This objective could be
achieved by selecting the members of the galvanic couple such that the couple
exhibits an average plateau current density of at least 25 microamps/cm” (preferably
at least 250 microamps/cm?) when short circuited according to the zero resistance
ammeter test described in the Summary, above. Such current densities, in turn, could
be achieved by selecting the members of the galvanic couple such that the first
member of the galvanic couple is less electrochemically active than the second
member of the galvanic couple.

Suitable materials for the first member of the galvanic couple could include,
for example, noble metals such as platinum, iridium, and ruthenium, as well as oxides
of these metals (e.g., iridium oxide). Other examples could include refractory metals
such as titanium, hafnium, zirconium, and niobium, and oxides thercof. Suitable
materials for the second member of the galvanic couple could include, for example,
alkali metals, alkaline earth metals (e.g., magnesium or calcium), transition metals
such as zinc, as well as compounds of these metals such as oxides, carbonates,
chlorides, and the like. Specific examples of suitable galvanic couples could include:

(a) Pt/Zn;

(b) Iridium Oxide/Zn;

(¢) Iridium Oxide/Mg; and

(d) Ruthenium Oxide/Zn.

When the Pt/Zn couple was evaluated in the zero resistance ammeter test, a
current density of 0.07 mA/cm” was measured on the platinum foil and a current
density of 0.35 mA/cm? was measured on the zinc foil, yielding an average plateau
current density of 0.21 mA/cm”® (210 pA/cm?).

One or both members of the galvanic couple could be deposited on the
electronically conductive substrate using a variety of techniques, including
electrodeposition, electrochemical metallization, PVD, CVD, IBAD, FIB, micro-
contact printing, self assembly, micro-molding in capillaries, e-beam lithography,

photolithography, and the like. Alternatively, one or both members of the galvanic
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couple could be provided in the form of particles, meshes, or foils. The particles,
meshes, and foils, in turn, could be embedded within a matrix.

Fig. 1 illustrates one embodiment of a medical article incorporating a galvanic
couple on an electronically conductive substrate. As shown in Fig. 1, medical article
10 includes an electronically conductive substrate 12 (e.g., a polymer such as
polyvinylidene fluoride or a porous metal). The inner surface of substrate 12 is
provided with the first member 14 of a galvanic couple (e.g., a platinum or iridium
oxide layer), while the outer surface of substrate 12 is provided with the second
member 16 of the galvanic couple (e.g., a zinc layer). Substrate 12 also includes a
plurality of pores 18, 20. When article 10 is in contact with physiological fluids such
as blood or saline (e.g., when the article is implanted within a patient’s body), current
could flow between members 16 and 14 (as shown by the arrows in Fig. 1). The
current flow, in turn, could stimulate endothelial cell migration from, e.g.,
surrounding vessel walls to deposit the cells on the inner surface of substrate 12.

Fig. 2 illustrates another embodiment in which a stent strut 22 is provided on
one surface with the first member 24 of a galvanic couple (e.g., a conformal iridium
oxide layer) and on another surface with the second member 26 of the galvanic couple
(e.g., a zinc layer). Upon exposure to blood or plasma, current could flow between
members 26 and 24 (as shown by the arrows in Fig. 2) to deposit endothelial cells on
strut 22.

In the case of medical articles such as wound dressings or bandages designed
for external application, the members of the galvanic couple could be provided in the
form of fibers or particles incorporated within the dressing or bandage. For example,
the fibers could be interwoven with the fibers of a gauze pad. Alternatively, the
members could be incorporated in semi-porous pouches. The dressing or bandage
could further include a conductive gel to improve current flow.

The members of the galvanic couple could be arranged on the medical article
in the form of a pattern. By adjusting the shape and dimensions of the pattern, it may
be possible to deposit endothelial cells on specific, pre-determined portions of the
medical article. The members could be deposited along the entire length or surface of
the medical article, or confined to specific portions of the article. In addition, more

than one type of galvanic couple could be incorporated in the article.
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A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit
and scope of the invention. Accordingly, other embodiments are within the scope of

the following claims.
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WHAT IS CLAIMED IS:

1. A medical article comprising (a) an electronically conductive substrate having a
specific conductivity of at least 1 uS/cm and (b) a galvanic couple that comprises
a first member and a second member arranged in sufficient proximity to each
other to generate a localized electric field under physiological conditions, wherein
the first and second members are selected such that the galvanic couple exhibits
an average plateau current density of at least 25 microamps/cm® when short
circuited in a zero resistance ammeter test at room temperature using a saline

electrolyte.

2. A medical article according to claim 1 wherein the first and second members are
selected such that the galvanic couple exhibits an average plateau current density
of at least 250 microamps/cm® when short circuited in a zero resistance ammeter

test at room temperature using a saline electrolyte.

3. A medical article according to claim 1 wherein the substrate has a specific

conductivity of at least 1 mS/cm.

4. A medical article according to claim 1 wherein the first member of the galvanic

couple comprises a noble metal.

5. A medical article according to claim 4 wherein the noble metal is selected from

the group consisting of platinum, iridium, ruthenium, and combinations thereof.

6. A medical article according to claim 1 wherein the first member of the galvanic

couple comprises a refractory metal.

7. A medical article according to claim 6 wherein the refractory metal is selected
from the group consisting of titanium, hafnium, zirconium, and niobium, and

combinations thereof.

8. A medical article according to claim 1 wherein the second member of the galvanic
couple is a metal selected from the group consisting of alkali metals, alkaline earth

metals, zinc, and combinations thereof.
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10.

11.

12.

13.

14.

15.

16.

17.

A medical article according to claim 8 wherein the second member of the galvanic

couple comprises zinc.

A medical article according to claim 1 wherein the first member of the galvanic
couple is selected from the group consisting of platinum, iridium, ruthenium, and
combinations thereof, and the second member of the galvanic couple is selected

from the group consisting of zinc, magnesium, and combinations thereof.

A medical article according to claim 1 wherein the substrate is selected from the
group consisting of metals, electrically conductive polymers, electrically

conductive polymer composites, and combinations thereof.

A medical article according to claim 1 wherein the substrate comprises an outer
surface, an inner surface, and pores extending between the outer and inner
surfaces, wherein one of the members of the galvanic couple is provided on the
outer surface of the substrate and the other member of the galvanic couple is

provided on the inner surface of the substrate.

A medical article according to claim 1 wherein the one of the members of the
galvanic couple is provided in the form of a layer deposited on the substrate and
the other member of the galvanic couple is provided in the form of particles in a

matrix deposited on the substrate.

A medical article according to claim 13 wherein the matrix comprises a

biodegradable polymer or metal matrix.

A medical article according to claim 1 wherein the first and second members of
the galvanic couple are deposited on the substrate in the form of a pattern along

the length of the article.

A medical article according to claim 1 wherein the article is an implantable

medical device.

A medical article according to claim 16 wherein the implantable medical device is

a stent.
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18.

19.

20.

21.

22.

A medical article according to claim 16 wherein the implantable medical device is

a vascular graft.

A medical article according to claim 1 wherein the article is an external wound

healing article.

A medical article according to claim 19 wherein the article is a bandage in which
the galvanic couple is incorporated in a fabric arranged in electrical contact with

the electrically conductive substrate.

An implantable medical device comprising (a) an electronically conductive
substrate having a specific conductivity of at least 1 mS/cm selected from the
group consisting of metals, electrically conductive polymers, electrically
conductive polymer composites, and combinations thereof; and (b) a galvanic
couple that comprises a (i) first member selected from the group consisting of
platinum, iridium, ruthenium, and combinations thereof, and (ii) a second member
selected from the group consisting of zinc, magnesium, and combinations thereof,
wherein the first and second members are arranged in sufficient proximity to each
other to generate a localized electric field under physiological conditions, and the
first and second members are selected such that the galvanic couple exhibits an
average plateau current density of at least 250 microamps/cm” when short
circuited in a zero resistance ammeter test at room temperature using a saline

electrolyte.

An implantable medical device according to claim 21 wherein the device is a

stent.
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