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ABSTRACT

The present invention relates to nanofibrous coatings on
medical devices such a surgical mesh or stent, wherein the
coating is mechanically attached to the device. The principal
mechanism for attaching the coating is through causing the
fibers to permeate and entangle with the substrate.
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MECHANICALLY ATTACHED MEDICAL
DEVICE COATINGS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This continuation application claims priority from
U.S. patent application Ser. No. 10/597,899 filed on Apr. 23,
2007, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention is directed to a medical
device, such as a surgical mesh or stent, having a substrate and
afibrous coating. The fibrous coating is mechanically fixed to
the substrate by entangling the fibers with pores, gaps, and/or
through-holes located in the substrate. Entanglement is
accomplished in a variety of ways including electrospinning
nanofibers into a liquid that flows through the holes in the
substrate in such a way that the fibers permeate the substrate
and thereby mechanically attach thereto, thus forming a
nanofiber sheet. The invention is particularly directed to
nanofiber coatings, including nanofiber sheets.

[0003] A purpose of the nanofiber coating is to prevent
adhesions between the mesh and internal organs. Attachment
of the nanofiber sheets at the edges is not sufficient, because
surgeons often cut the edges away to make the mesh fit the
repair site. A typical mesh is made from a knitted sheet of
polypropylene fibers, which are heat set so that the mesh
retains its shape when subjected to shearing forces. Setting
the mesh in this manner also enables it to withstand tensile
forces, which is necessary to keep a hernia closed, for
example. The coating generally needs to be present only on
the side of the mesh that faces the internal organs that are to be
protected from adhesions.

[0004] Some methods for attaching nanofibers to medical
devices are known in the art. These include the use of glue to
attach nanofiber sheets to the mesh, and attachment by sutur-
ing through the mesh. Unfortunately, using glue introduces
additional substances into the body, which may have unde-
sirable side effects. Suturing also presents problems in the
sense that it is difficult to hold the nanofiber sheet in place
while the mesh is being positioned during suturing. Other
methods of coating medical devices with fibrous materials
include, dipping, spraying, spin coating, electrospinning, and
the nanofibers by gas jet (NGJ) method.

[0005] Greenhalgh et al. (U.S. Patent Application No. US
2003/0211135A1) discloses a stent device having an electro-
spun covering of a fibrous polymer layer. However, the layer
is bonded to the device either by applying the polymer wet or
by heating the polymer after being applied. In either case the
attachment is through adhesion rather than entanglement of
the fibers with the substrate.

[0006] Assuggested above, prior work in the field of coated
medical devices has employed a variety of means for attach-
ing the coating to a substrate, but lacks any teaching of
mechanically attaching fibrous layers by entangling them
with the substrate. The present invention fills this gap in the
art by providing several methods for attaching such coatings,
and providing devices produced through the practice of these
novel coating attachment methods.

SUMMARY OF THE INVENTION

[0007] The present invention is directed to a medical
device, such as a surgical mesh or stent, having a substrate and
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a fibrous coating. The fibrous coating is mechanically
attached to the substrate by entangling the fibers with pores,
gaps, and/or through-holes located in the substrate. Entangle-
ment is accomplished in a variety of ways including electro-
spinning nanofibers into a liquid that flows through the holes
in the substrate in such a way that the fibers permeate the
substrate and thereby mechanically attach thereto, thus form-
ing a mechanically attached nanofiber coating.

[0008] Thepresent invention is directed to a medical device
comprising a porous substrate having openings therethrough,
and a fibrous coating wherein at least one nanofiber is
mechanically attached to said substrate through an opening in
said substrate.

[0009] The present invention is further directed to a method
for attaching a fibrous coating to a substrate comprising the
step of pushing at least a portion of the fibrous coating
through at least one hole in the surgical mesh.

[0010] The present invention is further directed to a method
for attaching a fibrous coating to a substrate comprising the
steps providing a substrate, coating a first side of the substrate
with a fibrous coating, and forcing at least one fiber through
an opening in the substrate.

[0011] The present invention is further directed to a means
for mechanically bonding a fibrous coating to a substrate.
[0012] The following terms are specially defined. Entangle
or entanglement, as used herein, refers to a mode of fiber
attachment to a substrate that relies on frictional forces analo-
gous to those which hold knotted string together. More par-
ticularly, fibers wrap or partially around the substrate and
each other so that forces tending to lift the fibers from the
substrate are counteracted by frictional forces between the
fibers and the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is an illustration of a mesh, such as found in
a medical device having nanofibers looped through the open-
ings in the mesh.

[0014] FIG. 2 is a photograph of nanofibers wrapping
around and entangling with a substrate

[0015] FIG. 3 is a close-up photograph of nanofibers wrap-
ping around and entangling with a substrate

[0016] FIG. 4 is a close-up photograph of a hole in the
nanofibrous coating caused by flowing fluid

[0017] FIG. 5 is a photograph of a hole in the nanofibrous
coating caused by flowing fluid

DETAILED DESCRIPTION OF THE INVENTION

[0018] The present invention is directed to medical devices
such as surgical meshes and stents, which are implanted in the
body. More particularly, the present invention is directed to
coating such devices with nanofibers in a manner that results
in the fibers being mechanically attached to the device.

[0019] Ingeneral a substrate within the scope of the present
invention is a surface. More particularly, it is a surface having
structures that may serve as mechanical attachment points.
Such structures include holes, pores, gaps, fissures, through-
holes, openings, orifices, foramen, fenestrae, bore and the like
(hereinafter the foregoing are referred to collectively as
“openings”). Any type of implantable medical device known
in the art may be coated according to the present invention so
long as it provides a suitably structured substrate. Surgical
mesh and stents are particularly suitable due to their inher-
ently net-like structure, which readily entangles with the
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fibers of the present invention. However, any device that is
able to entangle with fibers or nanofibers to the extent that it
results in a mechanical attachment. Typically, such devices
comprise materials that allow fluids to permeate and pass
through them, such as a fabric. Accordingly, various types of
membranes, fabrics and gauzes may also form suitable sub-
strates.

[0020] The fibers of the present invention are made from
biocompatible materials, and are generally of a sufficiently
small diameter to entangle with the openings in a substrate.
Appropriate fibers are pliable to the extent that they may
easily bend and form convoluted structures. Suitable materi-
als for forming fibers of the present invention include, but are
not limited to, polyolefins, polyethylene, polypropylene, lin-
ear poly(ethylenimine), cellulose acetate, and other prefer-
ably grafted cellulosics, poly (L-lactic acid), poly(caprolac-
tone), poly (ethyleneoxide), poly
(hydroxyethylmethacrylate), poly (glycolic acid) and poly
vinylpyrrolidone.

[0021] Fibers of the present invention may be fabricated
according to a variety of methods known in the art including
electrospinning, wet spinning, dry spinning, melt spinning,
and gel spinning. Electrospinning is particularly suitable for
fabricating fibers of the present invention inasmuch as it tends
to produce the thinnest (i.e. finest denier) fibers of any of the
foregoing methods. Typically electrospun fibers can be pro-
duced having very small diameters, usually on the order of
about 3 nanometers to about 3000 nanometers, and more
preferably, on the order of about 10 nanometers to about 500
nanometers, and most preferably, on the order of about 10
nanometers to about 100 nanometers.

[0022] Another particularly effective method for producing
nanofibers of the present invention comprises the nanofibers
by gas jet method (i.e. NGJ method). This method has been
previously described and is known in the art. Briefly, the
method comprises using a device having an inner tube and a
coaxial outer tube with a sidearm. The inner tube is recessed
from the edge of the outer tube thus creating a thin film-
forming region. Polymer melt is fed in through the sidearm
and fills the empty space between the inner tube and the outer
tube. The polymer melt continues to flow toward the effluent
end of the inner tube until it contacts the effluent gas jet. The
gas jet impinging on the melt surface creates a thin film of
polymer melt, which travels to the effluent end of tube where
it is ejected forming a turbulent cloud of nanofibers.

[0023] Electrospinning and NGJ techniques permit the pro-
cessing of polymers from both organic and aqueous solvents.
Furthermore, it has been discovered that dispersions of dis-
crete particles and soluble non-fiber forming additives into
the fluid to be spun into the fiber (i.e., the spin dope) does not
prevent the formation of membranes using electrospinning
and NGIJ techniques. Therefore a wide variety of additives
may be incorporated into fibers and devices of the present
invention. Accordingly, medicinal additives may be included
such as antimicrobial and antibiotic drugs, and various other
therapeutic agents.

[0024] Fibers of the present invention may be spun directly
onto the substrate and mechanically attached later. Alterna-
tively, fibers of the present invention may be formed into free
standing sheets, which are then applied to the substrate and
mechanically attached. In another alternative, the fibers may
be spun into a liquid or added to a liquid wherein they form a
slurry, and the slurry may then be used to mechanically attach
the fibers. Each of these options are discussed in detail below.
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[0025] Ingeneral, methods for attaching fibers to substrates
that are consistent with the present invention are methods that
result in entanglement of the fibers with the substrate thus
resulting in a mechanical attachment. FIG. 1 is an illustration
showing generally how the mechanical attachment of the
present invention operates. A fiber is shown to form a loop 3
that permeates a hole 1 in an arbitrary mesh-like object 2. The
loop 3 wraps or partially wraps around a portion of the mesh
2 thus entangling with it. In such an arrangement, it is the
frictional force between the fiber and the mesh 2 that forms
the basis for the mechanical attachment. FIGS. 2 and 3 are
photographs showing the same phenomenon diagramed in
FIG. 1. In each figure an electron microscope grid serving as
a substrate is shown entangled with nanofibers. For instance,
FIG. 2 shows the nanofibers penetrating holes in the grid and
wrapping around the elements forming the holes. FIG. 3
shows essentially the same thing, but shows a close-up of a
single hole. Accordingly, a variety of methods are within the
ambit of the present invention including without limitation
(1) depositing fibers onto a substrate and using a barbed
needle to pull fibers through one or more holes in the sub-
strate, (2) working up the fibers into a slurry and forcing the
slurry through the substrate thus causing the fibers to perme-
ate the substrate, (3) applying fibers having opposite electric
charges to opposing sides of the substrate and allowing the
electric field to draw fibers through the holes, (4) depositing
fibers onto a substrate and using pulses of fluid (e.g. gas or
liquid) to force fibers through a hole or holes in the substrate,
(5) melting or partially melting at least a portion of the fiber
coating so that the melt flows around or partially around a
portion of the substrate, thus mechanically bonding to the
substrate, (6) using a substantially needle like object or array
of such objects to push the fibers through holes in the sub-
strate, and (7) adhering through self adhesion or adding adhe-
sives.

[0026] A preferred method of effecting the fibers” mechani-
cally attachment of the present invention comprises electro-
spinning the nanofiber into a fluid in which it is not soluble
thus forming a slurry, and then causing the slurry to flow
through the holes in the mesh. Both water and viscous solu-
tions of water and sugar have been used to form useful loops
in nanofibers. Fiber loops are carried through each of the
holes in the mesh until the hole is filled with nanofibers. At
this point, the thickness of the non-woven nanofiber sheet on
the mesh is typically great enough to inhibit the formation of
adhesions. If desired, a thicker sheet of nanofibers can be
made, by collecting additional nanofibers that do not have
loops passing through the holes.

[0027] If the nanofibers are collected on or in a viscous
fluid, such as thick sugar syrup, for example, or viscous oil,
loops of nanofibers can be carried through the holes in the
mesh by very low velocity flow of the viscous fluid. The flow
may be driven by atmospheric pressure forcing the fiuid into
apartial vacuum created on the downstream side of the mesh.
Alternatively, the same effect can be achieved using a positive
pressure to drive the fluid through the substrate. In either case
the use of fluid to cause nanofibers to permeate and entangle
with the substrate is a very effective method. The viscous fluid
may be washed out of the coated mesh, or left in place if the
fluid is benign or used to carry therapeutic substances.

[0028] Pulsating jets of fluid, often water, is another useful
method of mechanically attaching. The water jet is ejected at
a controlled pressure, just sufficient to force the nanofibers to
deform and pass through the holes in the mesh. As the pres-
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sure is increased, some of the nanofiber loops forced through
the holes may be broken, and the broken ends can form firm,
conforming, attachments to the larger fibers in the mesh. At
higher pressures, more of the nanofibers that pass through the
holes will be broken and carried away. Choice of the optimal
rate of erosion provides a method for attaching layers of
nanofibers that are thicker than the diameter of the holes, by
removing loops from the first layers in such a way that loops
from the later layers can pass through the holes.

[0029] Control of the amount of solvent in the nanofiber
when the nanofiber is collected can be used to allow the
nanofiber to conform to the complicated contours of the mesh
and adhere to the mesh without forming loops that actually
pass through the holes in the mesh. Nanofibers that contain
residual solvent can be made to “weld” together at crossing
points to alter the mechanical properties of the non-woven
structure, and to affect the removal rate of a bio-absorbable
nanofiber, for example.

[0030] Some nanofibers, such as polyurethanes, are self-
adherent, so that mechanically strong bonds form wherever
nanofibers come into contact. Fibers with this contact-adhe-
sive property can be held on the mesh if a thin layer of fibers
is collected on the “outer” side of the mesh, and then forced
into mechanical contact with the “working” nanofibers on the
“in” side of the mesh by forces applied by an elastomeric
roller for example. This provides a strong and uniform attach-
ment of the nano fiber to the mesh when the nanofibers have
“contact adhesiveness”.

[0031] Immediate attachment of the nanofibers to the mesh
during the spinning of the fibers provides support for the
nanofibers and permits the use of a minimum thickness of the
sheet of nanofibers, thereby minimizing the possibility of the
nanofibers “pilling”, or aggregating into other undesirable
forms after implantation. Adherence of the nanofibers to each
other, by contact adhesion, a deliberately applied adhesive, or
by thermal adhesion, after the fiber sheet is deposited
increases the mechanical stability of the sheet of nanofibers
and avoids shifting of the nanofibers as an organ slides past
the nanofiber coated mesh.

[0032] Thermal methods for attaching the polymer nanofi-
bers to the mesh include:

[0033] 1. Patterns created on a millimeter scale by local-
ized melting of a sheet of nanofibers collected on the
mesh. The “melted” pattern may or may not be corre-
lated with the pattern of holes in the mesh. Not all pairs
of polymers form adherent joints when their molten
surfaces are brought into contact and solidified. For
those pairs of polymers which do form adherent joints,
this is a practical method that avoids any additional
substances, since dry nanofibers can be collected into a
non-woven sheet and then attached by the creation of a
pattern of melted spots. The heating pattern can be estab-
lished by a laser, for example a CO, laser beam directed
by a computer controlled pattern generator. The advan-
tages of the laser method of heating include the ability to
form patterns with dimensions of from a few hundreds of
microns to much larger patterns. It is straightforward
with such a system to create patterns, which may be
helpful in preventing adhesions, or other patterns, which
can be read by eye or machine and used as labels, in
addition to functioning as points of attachment between
the nanofibers and the mesh.

[0034] 2. The heating pattern can also be established by
a hot “bed of nails”, a pattern of hot wires, or other
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patterns engraved into a metal form that can be heated
and pressed against the nanofiber sheet. This type of
heating may be regarded as spot heating.

[0035] 3. Localized melting produced by spot heating
with a laser beam can produce controlled melting, con-
trolled dissolution of certain areas, or controlled reac-
tions if suitable liquids or gases are present. These
altered areas may be useful for creation of surface pat-
terns that inhibit the formation of adhesions.

[0036] If an array of electrically conducting needles pro-
trudes through the holes in the mesh while the electrically
charged nanofibers are being collected on the sheet, many of
the nanofibers will be attracted to the points of the conducting
needles. If the needles are withdrawn after the nanofibers are
collected, many of the nanofibers will be pulled through the
holes in the mesh. The segments of the nanofibers that are
pulled through are attached to essentially all the layers of
nanofibers collected. This mechanical method could be
implemented by a roller or belt that carried needle-like
“sprockets” that engaged a selected array of holes in the mesh
just ahead of the area onto which the nanofibers are being
deposited, and then disengaged as the mesh was transported
forward, after a suitable layer of nanofibers was collected.
[0037] The electrospun nanofibers may carry either posi-
tive or negative excess charge. If a layer of positive nanofibers
is applied to one side of the mesh and a layer of negative
nanofibers is applied to the other side, the resulting electrical
force is attractive and tends to cause the fibers to come
together through the holes in the mesh. Optimizing this attrac-
tive force to bring the nanofibers into side-by-side contact,
through the holes, provides yet another way to attach the
nanofiber sheet to the mesh.

[0038] Thermal attachments were conducted with a CO,
laser beam directed by a computer-controlled plotter. Hot
pressing methods were successfully demonstrated by “heat
sealing” nanofibers to polypropylene mesh. A hot bar type
machine for sealing plastic bags was used. The width of the
heated line was greater than appropriate for the millimeter
scale mesh that is most desirable, but there are ways,
described above, to make patterned heaters with desired
scales. Several kinds of nanofibers can be attached to polypro-
pylene mesh by heat-sealing “sandwiches™ at the edges.
[0039] An embodiment of the present invention comprises
apolypropylene surgical mesh coated on at least one side with
a nanofibrous material. More particularly, the embodiment
comprises a nanofibrous material that permeates openings in
the mesh thus entangling with it. Such a mesh is suitable for
repairing a hernia inasmuch as it prevents adhesions on the
side facing internal organs. In another embodiment both sides
of the mesh are coated with the same adhesion preventing
nanofiber. In still another embodiment the two sides of the
mesh are coated with different kinds of nanofibers. The first
type is an adhesion preventative fiber, and the second type is
an adhesion promoting fiber. Thus the mesh would tend to
grow into the tissue facing away from the internal organs and
thereby remain in place.

[0040] Medical devices of the present invention generally
comprise any such device having a surface that is amenable to
entangling with a fibrous material. Accordingly, such devices
include without limitation bandages, gauzes, and stents. A
gauze or bandage of the present invention may take the form
of'a non-stick bandage that tends not to adhere to or grow into
a wound thus facilitating removal of the bandage. A stent
made according to the present invention may incorporate
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adhesion-promoting fibers so that the stent tends to anchor
itself in place by growing into the blood vessel.

[0041] The foregoing embodiments of the present inven-
tion have been presented for the purposes of illustration and
description. These descriptions and embodiments are not
intended to be exhaustive or to limit the invention to the
precise form disclosed, and obviously many modifications
and variations are possible in light of the above disclosure.
The embodiments were chosen and described in order to best
explain the principle of the invention and its practical appli-
cations to thereby enable others skilled in the art to best utilize
the invention in its various embodiments and with various
modifications as are suited to the particular use contemplated.
It is intended that the invention be defined by the following
claims.

What is claimed is:

1. A medical device comprising:

a substrate having openings, and

a fibrous coating wherein at least one fiber is threaded

through the opening in said substrate.

2. The device of claim 1, wherein the fiber comprises at
least one nanofiber.

3. The device of claim 1, wherein the fibrous coating is
substantially mechanically attached to the substrate.

4. The device of claim 1, wherein the substrate is selected
from the group consisting of a stent and a surgical mesh.

5. The device of claim 1, wherein the fibrous coating has at
least one polymeric component selected from the group con-
sisting of polycaprolactone, polylactic acid, polyglycolic
acid, polydioxanone, polyanhydride, trimethylene carbonate,
poly(beta-hydroxybutyrate), poly(g-ethylglutamate), poly
(DTH iminocarbonate), poly(bisphenol A iminocarbonate),
poly (ortho ester), polycyanoacrylate, polyphosphazene,
nylons, polyesters, polyethylene terephthalate, silicon-con-
taining polymers, elastomeric silicone polymers, polypropy-
lene, polyolefins, polyolefin copolymers, elastomeric poly-
olefins, modified polysaccharides, cellulose, chitin, dextran,
modified proteins, fibrin, casein, an adhesive polymer, col-
lagen, and fibrinogen.

6. The device of claim 1, wherein the fibrous coating com-
prises a nanofibrous sheet.

7. The device of claim 6, wherein the nanofibrous sheet
comprises polypropylene.

8. The device of claim 1, wherein the fibrous coating is
attached to the substrate by at least one melted nanofiber.

9. The device of claim 1, wherein the fibrous coating is
attached to the substrate by at least one nanofiber that has
melted and mechanically attached to at least another nanofi-
ber, or the substrate.

10. The device of claim 1, wherein the fibrous coating has
been mechanically attached to the substrate by a heating
method.

11. The device of claim 10, wherein the heating method is
selected from the group consisting of heat sealing, spot heat-
ing with a pattern of hot wires, and spot heating with a laser.

12. A process comprising the step of using the device of
claim 1 in a medical procedure comprising implantation into
a living organism.

13. A method for attaching a fibrous coating to a substrate
comprising the step of:

pushing at least a portion of the fibrous coating through at

least one hole in the substrate.

14. The method of claim 13 for attaching a fibrous coating
to a substrate further comprising the steps of:
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adding at least one nanofiber to a fluid; and

passing the fluid through at least one hole in the substrate so
that atleast a portion of a nanofiber also passes or pushes
through the at least one hole in the substrate.

15. The method of claim 13 for attaching a fibrous coating
to a substrate, wherein the pushing step further comprises:

using a fluid jet to push at least a portion of the fibrous

coating through the at least one hole in the substrate.

16. The method of claim 13, wherein the fibrous coating
includes polypropylene fibers.

17. The method of claim 13, wherein the fibrous coating
includes polypropylene nanofibers.

18. The method of claim 13, wherein the fibrous coating is
formed by electrospinning at least one fiber onto a surface of
the substrate.

19. The method of claim 13, wherein the fibrous coating is
formed using a nanofibers by gas jet method to manufacture
at least one fiber directly onto the substrate.

20. The method of claim 13, wherein fibrous coating is
formed using an electrospinnable solution having a tempera-
ture sufficient to dissolve the polymer solution.

21. The method of claim 20, wherein the polymer solution
comprises polypropylene, polyolefins, or polyolefin copoly-
mers.

22. A method for attaching a fibrous coating to a substrate
comprising the steps:

providing a substrate;

coating a first side of the substrate with a fibrous coating;

and

forcing at least one fiber through an opening in the sub-

strate.

23. The method of claim 22, wherein the step of forcing at
least one fiber through an opening in a substrate is performed
by:
adding at least one fiber to a fluid to thereby form a fiber-

fluid solution; and

passing the fiber-fluid solution through at least one hole in

an device wall so that the fiber is threaded by the fluid
into the at least one hole in the device wall.

24. The method of claim 22, wherein the device is a stent or
substrate and the substrate is a stent wall or a surgical-mesh
wall.

25. The method of claim 22 for attaching a fibrous coating
to a substrate further comprising the step:

pulling at least a portion of the fibrous coating through at

least one hole in the substrate.

26. The method of claim 22, further including coating a
second side of the substrate with at least a second fiber;

wherein the fibrous coating or the at least a second fiber is

contact adhesive, and

wherein the fibrous coating and the at least a second fiber

contact each other so that at least a portion of the fibrous
coating and the at least a second fiber forms an adherent
joint.

27. The method of claim 22 for attaching a fibrous coating
to a substrate further comprising the step:

heat treating a fibrous coating, wherein the heat treatment

causes at least one nanofiber to melt and form an adher-
ent joint with at least, another nanofiber, or the substrate.

28. The method of claim 27, wherein the heat treating step
further comprises using a laser, a heating element, or a com-
bination thereof.



