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FIBER MATRIX FOR MAINTAINING SPACE IN SOFT TISSUES

FIELD OF THE INVENTION

[0002] The invention relates to maintaining space in soft tissues, such as maintaining
space for drainage of aqueous humor from the eye to treat glaucoma.

BACKGROUND OF THE INVENTION
[0003) In various medical applications, it may be desired to maintain space in soft
tissues. One such example 1s maintaining space for drainage of aqueous humor from the eye
to treat glaucoma.
[0004) Glaucoma is an eye condition typically characterized by an increase in the
intraocular pressure (IOP) of the eye to an abnormal level. A normal eye maintains a proper
JIOP by the circulation within the eye of aqueous humor. Aqueous humor 1s secreted from the
ciliary body, passes through the pupil into the anterior chamber of the eyeball, and 1s filtered
out of the eyeball via the trabeculum and the Canal of Schlemm (or Schlemm's Canal). With
glaucoma, the aqueous humor excretory pathway is blocked, the aqueous humor cannot pass
out of the eyeball at an adequate rate, the IOP rises, the eyeball becomes harder, and the optic
nerve atrophies due to the pressure applied on its fibers leaving the retina. A characteristic
optic neuropathy develops, resulting 1n progressive death of the ganglion cells in the retina,
restriction of the visual field, and eventual blindness. Advanced stages of the disease are
characterized also by significant pain.

[0005] Glaucoma treatment, if initiated early in the course of the disease, can

prevent further deterioration and preserve most of the ocular functions. The goal ot
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glaucoma treatment 1s to reduce the IOP to a level which 1s considered safe for a
particular eye, but which 1s not so low as to cause ocular malfunction or retinal
complications.

[0006] In the past, procedures and devices have been developed and implemented
for providing an alternate route for aqueous humor to pass out of the eye. For
example, 1n full thickness filtration surgery, a fistula 1s created through the limbal
sclera, connecting directly the anterior chamber of the eyeball and the sub-
conjunctival space. This provides an alternate route, allowing the aqueous humor to
exit the anterior chamber of the eyeball through the fistula in the limbal sclera and to
pass into the sub-conjunctival space. During healing, however, there 1s potential for
cell growth and scar formation in the sclera and/or conjunctiva, potentially obstructing
the fluid passage.

[0007] In guarded filtration surgery (trabeculectomy), a fistula created through the
limbal sclera 1s protected by an overlying partial thickness sutured scleral flap. This
procedure similarly provides an alternate route, allowing the aqueous humor to exit
the anterior chamber of the eyeball, through the fistula in the limbal sclera, allowing
the aqueous humor to pass under the scleral flap and into the sub-conjunctival space.
Again there 1s a possibility of obstructing the fluid passage, due to the potential for
cell growth and scar formation 1n the sclera and/or conjunctiva.

[0008] In a deep sclerectomy, a superficial flap 1s made in the sclera and then a
second deep scleral flap 1s created and excised leaving a scleral reservoir or well
under the first flap. A thin permeable membrane 1s exposed between the anterior
chamber and the scleral reservoir. The procedure 1s non-penetrating 1n that no
penetration 18 made 1nto the anterior chamber. The aqueous humor percolates from

the anterior chamber through the thin membrane into the scleral reservoir and 1nto the
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Schlemm’s Canal. This procedure can be difficult to perform and has not been shown
to be fully effective in reducing IOP.

[0009] Trabeculoplasty procedures are procedures wherein a physician uses a
laser to create holes m the trabecular meshwork 1n order to allow flow from the
anterior chamber 1nto the Schlemm’s Canal. The two primary types of
trabeculoplasty are argon laser trabeculoplasty (ALT) and selective laser
trabeculoplasty (SLT). Trabeculoplasty may not be a suitable long-term treatment as
the meshwork may close again, for example due to scarring.

[0010] The TRABECTOME® device of NeoMedix, Inc., has been proposed for
another method for providing passage through the trabecular meshwork. The device
1S passed through a corneal 1ncision and across the anterior chamber. The device’s tip
has a bipolar micro-clectrocautery electrode that ablates and removes a strip of
trabecular meshwork. As with trabeculoplasty, this procedure may not be a suitable
long-term treatment as the meshwork may close again.

[0011] In addition to various procedures, drainage implant devices also have been
developed and implemented. For example, some implants have a tube that 1s inserted
through the limbal sclera. The tube provides an alternate route for the aqueous humor
to leave the eye.

[0012] Many of these known devices and methods do not provide adequate
regulation of IOP. For example, with some devices and methods, the initial procedure
can causc c¢xcessive loss of aqueous humor from the eyeball during the carly
postoperative period, frequently leading to hypotony. With other devices and
methods, there may be too much resistance to the flow of aqueous humor from the
cyeball, thereby resulting in higher eventual IOP and an increased risk of late failure.

There 1s also the risk that the drainage pathway will become clogged due to scarring,
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or that infection could occur because of the passageway into the eye. In certain valved
implant devices, defects in and/or failure of the valve mechanisms can lead to either too
much or too little aqueous humor exiting the eye. In procedures that drain into a "bleb" in
the sub-conjunctival space, there 1s sometimes a risk of leakage or infection.
[0013] There continues to be a desire for improvements 1n treating glaucoma, to provide
improved patient outcomes 1n an efficient manner.
[0014] In addition, there is a need for the ability to maintain space 1n soft tissues for
glaucoma treatment and other applications.

SUMMARY OF THE INVENTION
[0014a] Certain exemplary embodiments can provide a fiber matrix for use in
maintaining space in soft tissues comprising: a fiber matrix comprising a plurality ot
crossing fibers forming a mesh with a plurality of void spaces; wherein the fiber matrix 1s
adapted to be implanted in contact with soft tissue; wherein the fibers and void spaces are
sized and arranged so as to permit passage of fluid through the fiber matrix and to inhibit
formation of scar tissue through the fiber matrix, wherein; the fiber matrix 1s adapted for use
in treatment of glaucoma, wherein the fiber matrix has a generally planar shape, wherein the
fiber matrix is adapted to be implanted in contact with scleral tissue, and wherein the fibers
and void spaces are arranged so as to permit passage of aqueous humor through the fiber
matrix, and wherein the fiber matrix comprises an upper portion, a lower portion, and a
pocket between the upper portion and the lower portion for receiving a scleral tlap, in

combination with a permeable polymer anchor adapted to allow for ingrowth of cells to

secure the fiber matrix to the soft tissue.
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[0015] The invention provides the ability to maintain space in soft tissues.
[0016] In accordance with some embodiments of the invention, a fiber matrix 1s
provided for use in maintaining space in soft tissues, wherein the fiber matrix comprises

a plurality of crossing fibers forming a mesh with a plurality of void spaces, and the fiber

matrix i1s adapted to be implanted in contact with soft tissue. The fibers and void spaces
are sized and arranged so as to permit passage of fluid through the fiber matrix and to
inhibit formation of scar tissue through the fiber matrix.

[0017] In accordance with some embodiments of the invention, the fiber matrix 1s
provided for use in treatment of glaucoma, wherein the fiber matrix has a generally
planar shape, wherein the fiber matrix is adapted to be implanted in contact with scleral

tissue, and wherein the fibers and void spaces are arranged so as to permit passage of

aqueous humor through the fiber matrix.

[0018] In accordance with some embodiments of the invention, the fibers ot
the fiber matrix are non-woven. The fibers may comprise a polymeric material. The

fiber matrix may be manufactured by electrospinning. The fibers may comprise a

4a
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biostable and/or a biodegradable material. For example, the fibers may be made of a
biostable fluoropolymer, such as polyvinylidene difluoride (PVDF). As another
cxample, the fibers may be made of a biodegradable polymer, such as a copolymer of
polylactic acid and polyglycolic acid (PLGA). The fiber matrix may comprise a first
set of fibers formed of a biostable material and a second set of fibers formed of a
biodegradable material. Additionally or alternatively, a biodegradable material may
be added to the fiber matrix and/or coated over the fiber matrix to at least partially
impede passage of fluid through the fiber matrix until degradation of the
biodegradable material.

[0019] A fiber matrix 1in accordance with the invention may be suitably sized for a
desired glaucoma treatment procedure. For example, the generally planar shape of the
fiber matrix may be between about 1 mm and about 15 mm 1n 1ts longest dimension
and between about 1 mm and about 10 mm 1n its shortest dimension, although other
dimensions are possible. The generally planar shape may have a thickness between
about 25 microns and about 150 microns, although other dimensions are possible.
The generally planar shape of the fiber matrix may have a radius of curvature
approximating a radius of curvature of the scleral tissue. For example, the generally
planar shape of the fiber matrix may have a radius of curvature of about 12 mm.
[0020] The fibers may have a thickness between about 10 nanometers and about
100,000 nanometers, although other dimensions are possible. The fiber matrix may
have a porosity of about 25% to about 95%. The fiber matrix may have a
permeability of about 10 mm per square cm per minute to about 300 mm per square
cm per minute. The fiber matrix may have suture holes for securing the fiber matrix

to the soft tissue by sutures.
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[0021] In accordance with some embodiments of the invention, the fiber matrix
may comprise an upper portion, a lower portion, and a pocket between the upper
portion and the lower portion for receiving a scleral flap. In accordance with some
embodiments of the invention, a permeable polymer anchor may be affixed to the
fiber matrix, with the permeable polymer anchor adapted to allow for ingrowth of
cells to secure the fiber matrix to the soft tissue. In accordance with some
embodiments of the invention, a stretchable polymer may cover the crossing fibers
and void spaces such that pressure from aqueous humor causes the stretchable
polymer to stretch in order to facilitate passage of aqueous humor through the
stretchable polymer. In accordance with some embodiments of the invention, one or
more frame clements may be utilized. A suitable therapeutic agent may be carried by
the fiber matrix.

[0022] In some embodiments of the invention, the invention 18 directed to the use
of fibrous material in the manufacture of a product for treatment of glaucoma. The
manufacturing steps comprise arranging the fibrous material into a fiber matrix
comprising a plurality of crossing fibers forming a mesh with a plurality of void
spaces, wherein the fibers and void spaces are sized and arranged so as to permit
passage of aqueous humor through the fiber matrix and so as to inhibit formation of
scar tissue through the fiber matrix, and forming the fiber matrix into a generally
planar shape and into a size and shape adapted to be implanted in contact with scleral
tissue. The step of arranging the fibrous material into a fiber matrix may be done by
clectrospinning.

[0023] In some embodiments of the invention, the invention 1s directed to a
method of using a fiber matrix in treatment of glaucoma. The method comprises

performing a procedure for increasing the flow of aqueous humor from an ¢ye
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and implanting a fiber matrix comprising a plurality of crossing fibers forming a mesh
with a plurality of void spaces, wherein the fiber matrix, by the size and arrangement
of the fibers and void spaces of the fiber matrix, permits passage of aqueous humor
through the fiber matrix and inhibits formation of scar tissue through the fiber matrix.
[0024] The method may include, 1n the procedure for increasing the flow of
aqueous humor from an eye, creating a scleral flap. The method may further
comprise suturing the scleral flap to surrounding scleral tissue with at least part of the
fiber matrix under the scleral flap, and this suturing may be done through suture holes
in the fiber matrix. The method may further additionally or alternatively comprise
suturing the fiber matrix to scleral tissue, and this suturing may be done through
suture holes 1n the fiber matrix. The fiber matrix may be implanted such that all of
the fiber matrix 1s located under the scleral flap, none of the fiber matrix 1s located
under the scleral flap, or that part of the fiber matrix 1s located under the scleral flap
and another part of the fiber matrix 1s located outside of the scleral flap. In a specific
example, the scleral flap comprises at least three sides, the fiber matrix 1s implanted
such that a part of the fiber matrix 1s located under the scleral flap and other parts of
the fiber matrix extend outside of the scleral flap at each of the three sides, and the
scleral flap 1s sutured to surrounding scleral tissue at locations between adjacent sides.
In another specific example, the fiber matrix 1s implanted such that a part of the fiber
matrix 18 located under the scleral flap and another part of the fiber matrix 1s located
on top of the scleral flap.

[0025] In procedures without a scleral flap, the fiber matrix may be positioned at
the outlet end of the flow passage, between the sclera and the conjunctiva of the eye.
Additionally or alternatively, the procedure for increasing the flow of aqueous humor

from an eye may include implanting a drainage device 1n the eye, and the fiber matrix
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may be implanted such that the fiber matrix covers at least a portion of the drainage device,

between the portion of the drainage device and the conjunctiva of the eye.
[0026] In other methods, a fiber matrix comprising a plurality of crossing fibers
forming a mesh with a plurality of void spaces 1s implanted such that the fiber matrix 1s
adjacent soft tissue. By the size and arrangement of the fibers and void spaces of the fiber
matrix, passage of fluid through the fiber matrix 1s permitted, and formation ot scar tissue
through the fiber matrix is inhibited. The fiber matrix may be used for maintaining a nerve
tunnel, for maintaining a tendon tunnel, for treating wrinkles, and/or for separating tissues in
surgery.
[0027] The invention is defined by the claims appended hereto. Example
embodiments are provided in the accompanying drawings and described 1n the detailed
description given below. These are provided as examples only, as other embodiments of the
invention are also within the scope of the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0028] FIG. 1 illustrates an example of a fiber matrix in accordance with an
embodiment of the invention.
[0029] FIG. 2 illustrates a magnified view of fibers of a fiber matrix in accordance

with an embodiment of the invention.

[0030] FIGS. 3A-3D illustrate steps 1n an example of a method of implanting a fiber
matrix in accordance with an embodiment of the invention.

[0031] FIGS. 4A-4C illustrate some other examples of fiber matrices in accordance

with other embodiments of the invention.
[0032] FIG. 5 illustrates an example of a fiber matrix in accordance with another

embodiment of the invention, the fiber matrix comprising an upper portion, a lower
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portion, and a pocket between the upper portion and the lower portion for receiving a
scleral flap.
[0033] FIG. 6 1llustrates an example of a fiber matrix 1n accordance with another
embodiment of the invention, with a stretchable polymer covering the fiber matrix.
[0034] FIG. 7 1llustrates an example of a fiber matrix 1n accordance with another
embodiment of the invention, with a biodegradable coating layer over the crossing
fibers and void spaces.
[0035] FIGS. 8A and 8B 1llustrate an example of a fiber matrix in accordance
with another embodiment of the invention, with a frame element.

DETAILED DESCRIPTION
[0036] FIG. 1 1llustrates an example of a fiber matrix 10 in accordance with an
embodiment of the invention. The fiber matrix 10 comprises a plurality of fibers, as
described 1n more detail below with reference to FIG. 2.
[0037] The fiber matrix 10 has a generally planar shape, with the term “generally
planar’” being used here to include flat planar shapes as well as shapes that follow a
curved surface arca, such as the surface of an eye. For example, the generally planar
shape may be curved to have a radius of curvature approximating a radius of
curvature of scleral tissue of an eye where the fiber matrix 10 1s intended to be
implanted.
[0038] The fiber matrix 10 1llustrated in FIG. 1 has a leading edge 20, a leading
portion 12, a trailing edge 22, and a trailing portion 14. As described in more detail
below, the leading portion 12 1s intended to be implanted under a scleral flap, and the
trailing portion 14 1s intended to be implanted on top of the sclera, outside of the

scleral flap but under the conjunctiva of the eye.
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[0039] The s1ze of the fiber matrix 10 may of course vary depending upon the
particular application. However, as an example, in the case of a scleral flap with a
width of about 4 mm, the width W1 of the leading portion 12 may be about 5-6 mm,
so that most of this width 1s under the scleral flap after implantation. In the fiber
matrix 10 as shown, the width gradually increases in a transition arca between the
lcading portion 12 and the trailing portion 14. At its largest width in the example
shown, the width W2 of the trailing portion 14 may be about 7-8 mm. The length L
of the fiber matrix 10 may be, for example, about 9 mm. Of course, many other
shapes and dimensions for the fiber matrix 10 are possible. For example, the
ogenerally planar shape of the fiber matrix may be between about 1 mm and about 15
mm 1n its longest dimension and between about 1 mm and about 10 mm 1n 1ts shortest
dimension.

[0040] The fiber matrix 10 has a thickness suitable for implantation of the leading
portion 12 under a scleral flap and for implantation of the trailing portion 14 under the
conjunctiva. For example, the thickness of the fiber matrix may be between about 25
microns and about 150 microns, but thicknesses outside of this range are also possible
depending upon the desired application.

[0041] The fiber matrix 10 1in FIG. 1 1s 1llustrated with four suture holes 16, 18 for
securing the fiber matrix 10 to the scleral tissue by sutures. In this embodiment, two
suture holes 16 are located 1n the transition area between the leading portion 12 and
the trailing portion 14, and two suture holes 18 are located near the trailing edge 22 of
the fiber matrix.

[0042] The corners of the fiber matrix may be rounded to reduce the possibility of
cye 1rritation or injury that may be attributable to sharp corners. In the example

illustrated in FIG. 1, the two corners at the trailing edge 22 are rounded.
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[0043] FIG. 2 1llustrates a magnified view of a fiber matrix, such as the fiber
matrix 10, in accordance with an embodiment of the invention. As can be seen in
FIG. 2, the fiber matrix comprises a plurality of crossing fibers 30 forming a mesh
with a plurality of void spaces between the fibers 30. The fibers 30 and void spaces
are sized and arranged so as to permit passage of aqueous humor through the fiber
matrix and to inhibit formation of scar tissue through the fiber matrix, as described
below.

[0044] The fibers may have a thickness between about 10 nanometers and about
100,000 nanometers, but other thicknesses are possible depending on the application.
In the embodiment 1llustrated in FIG. 2, the fibers have a thickness between about 3
microns and about 5 microns (i.e., between about 3000 nanometers and about 5000
nanometers). Because of the size and arrangement of the fibers, there are
substantially no or very few through passages extending all of the way through the
thickness of the fiber matrix that are large enough to allow formation of scar tissue.
For 1llustration, schematic views of cells 32 of about 7 microns 1n size are shown 1n
FIG. 2. As can be seen, the fibers 30 block passage of the cells 32 through the fiber
matrix.

[0045] The fibers 30 of the fiber matrix may be made of any suitable material.
For example, the fibers in the embodiment of FIG. 1 are polymer fibers, but fibers of
other materials such as biocompatible metal or ceramic fibers may be used. The
fibers may be biostable, or they may be biodegradable. As one example, the fibers
may be made of a fluoropolymer such as polyvinylidene difluoride (PVDF), a
biostable material. As another example, the fibers may be made of a copolymer of

polylactic acid and polyglycolic acid (PLGA), a biodegradable material.

11
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Combinations of biostable and biodegradable materials also may be used, as described
in more detail below.

[0046] The term “fiber” as used herein 1s not limited to any particular cross-
section. The cross-section of the fibers may be, for example, circular, elliptical,
square, rectangular, or any other suitable shape. With a rectangular or other similar
cross-section, for example, the fibers may resemble flat strips.

[0047] In the manufacturing process, fibrous material 1s arranged into a fiber
matrix comprising a plurality of crossing fibers forming a mesh with a plurality of
void spaces. The fibers and void spaces are sized and arranged so as to permit
passage of aqueous humor through the fiber matrix and to inhibit formation of scar
tissue through the fiber matrix, as described below. The fiber matrix may be suitably
formed, either during arrangement of the fibers or in one or more subsequent
manufacturing steps, into a generally planar shape and into a size and shape adapted
to be implanted as described herein. In the example 1llustrated in FIGS. 1 and 2, the
fibers of the fiber matrix are non-woven, i.e., they are neither woven nor knitted. The
fibers are joined together by entanglement during manufacture and possibly,
depending on the materials and manufacturing process used, by bonding such as by
chemical cross-linking or thermal bonding. In the example 1llustrated in FIGS. 1 and
2, the fiber matrix 1s manufactured by electrospinning, resulting in a fiber matrix of
polymeric fibers joined together by mechanical entanglement and chemical cross-
linking.

[0048] The fiber matrix may be manufactured 1n layers of fibers. It will be
appreciated that because of the three-dimensional nature of the matrix, the fibers at a
particular layer or level may have relatively wide void spaces between them. Such

vold spaces at a particular layer or level, by themselves, may not alone be sufficient to
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prevent the passage of cells for scar tissue formation. However, because of the fibers
at other layers or levels, and their placement relative to the fibers at other layers or
levels, the fiber matrix as a whole substantially avoids or minimizes through passages
through the thickness of the fiber matrix, in a manner that inhibits (i.e., reduces,
minimizes, or substantially prevents) the passage of cells for scar tissue formation.
This can be seen 1n FIG. 2, in which the cells 32 may be able to pass partway 1nto the
matrix, but are inhibited from passing through the matrix.

[0049] The porosity of the matrix can be measured as the percentage of the
volume of the overall fiber matrix that 1s composed of void spaces as opposed to
fibers. For example, the fiber matrix of FIG. 1 has an overall volume based on 1ts
outer dimensions (overall shape). However, the internal volume comprises fibers as
well as void spaces between the fibers. The fibers themselves may take up anywhere
from a small percentage to a large percentage of the overall volume, e.g., from about
5% to about 75% of the overall volume. Accordingly, the porosity of the matrix may
range from about 95% to about 25%, but other porosities are possible depending on
the application. When the fiber matrix has a relatively high porosity, the amount of
fibers actually contacting tissue 18 minimized, leading to a more inert overall matrix.
[0050] It will be appreciated from the above description that a fiber matrix in
accordance with embodiments such as those described above will permat
omnidirectional flow of aqueous humor through the matrix, i.e., flow 1n all directions.
The permeability of the fiber matrix 1s dependent on the materials, gecometry and
arrangement of the fibers. The material, gecometry and arrangement of fibers can be
tailored as desired to the characteristics of the particular application, such as, for

example, the pressures, desired flow rates, type of procedure being performed, etc.
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[0051] FIGS. 3A-3D illustrate steps 1n an example of a method of implanting a
fiber matrix 1n accordance with an embodiment of the invention. In FIGS. 3A and
3B, a guarded filtration (trabeculectomy) procedure, well-known 1n the art for
increasing the flow of aqueous humor from an eye, 1s performed. During the
procedure, a conjunctival flap 40 and a scleral flap 42 are created, as 1s known 1n the
art. The scleral flap 42 may be formed, for example, by three cut lines 52, 54, 56 as
shown. The scleral flap 1s not limited to this shape; for example, the scleral flap may
have a triangular shape formed by two cuts or a semicircular shape formed by one cut.
Beneath the scleral flap, a piece of tissue 1n the drainage angle of the eye may be
removed, creating a fistula or passageway connecting the anterior chamber of the eye
to the space under the scleral flap.

[0052] As shown 1n FIG. 3C, with the scleral flap 42 raised, a fiber matrix 10 in
accordance with an embodiment of the invention 1s placed with its leading portion 12
positioned 1n the scleral well and with 1ts trailing portion 14 positioned outside the
scleral well. The two suture holes 16 are positioned at corners of the scleral well.

The fiber matrix 10 may be handled and manipulated by forceps or another suitable
instrument.

[0053] After the fiber matrix 10 1s suitably positioned, the scleral flap 42 1s placed
back 1nto position, as shown in FIG. 3D. The scleral flap 1s then sutured to
surrounding scleral tissue 50 by sutures 46 passing through suture holes 16 1n the fiber
matrix 10, with part of the fiber matrix 10 secured under the scleral flap. The trailing
portion 14 of the fiber matrix 10, which lies in contact with scleral tissue 50 outside of
the scleral flap 42, 1s sutured to surrounding scleral tissue 50 by sutures 48 passing
through suture holes 18 1n the fiber matrix 10. The conjunctival flap 1s then placed

back 1nto position, and 1t may be suitably sutured as well.
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[0054] Once implanted, the fiber matrix 10 functions to permit passage of
aqueous humor through the fiber matrix and to inhibit formation of scar tissue. Thus,
the aqueous humor flowing out of the anterior chamber 1nto the scleral well passes
through the fiber matrix 10 and out of the scleral well, underneath the conjunctiva.
[0055] Depending on the application and the materials, gecometry and arrangement
of the fibers and the fiber matrix, the fiber matrix may mitially impede flow and
subsequently permit increased flow. In the short period following glaucoma surgery,
it can be very important to avoid excessive outflow and maintain a minimal IOP.
Failure to do this can result in hypotony and potentially serious complications. The
fiber matrix can be designed to serve as a liquid barrier in the short term following
surgery. In an example construction, in the presence of liquid like water, an 1rrigating
solution, or aqueous humor, the small fibers of the fiber matrix can have the ability to
resist liquid flow through the fiber matrix. For example, with a relatively dense fiber
matrix, due to the surface tension of the liquid, the fiber matrix can initially resist
penetration of the fluid into the volume of the fiber matrix. Such a fiber matrix can
have the ability to hold an air reservoir (bubble) within the fiber matrix, even though
the fiber matrix 1s not a closed body. As long as the fluid does not flow into the fiber
matrix, the fiber matrix will act as a barrier to liquid flow (although some flow may
occur around the matrix). As time passes, the air inside the fiber matrix will naturally
dissolve mto the surrounding liquid, and liquid will take 1ts place. At this stage flow
will increase through the fiber matrix.

[0056] The pressure of the liquid against the fiber matrix also can affect whether
and how long the fiber matrix acts as a barrier to flow. In the presence of a high
pressure gradient, such as from large internal eye pressure, the surface tension will

more casily break and fluid will flow more easily into the fiber matrix volume. Thus,
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for patients with higher IOP, 1t may be desirable to select a fiber matrix with a higher
resistance to flow, such as a denser fiber matrix.

[0057] The property of changing states, from a barrier to a flow device, 1s closely
related to the general characteristics of the fiber matrix. These characteristics mclude:
(1) fiber density (as the density increases, the pressure resistance increases), (2) type
of material for the fibers (hydrophobic materials generally will hold a higher surface
tension than hydrophilic materials), and (3) fiber thickness (for two materials with the
same general porosity, as the fiber diameter becomes smaller, the matrix would hold a
higher surface tension and higher pressure).

[00S8] The property of changing states, from a barrier to a flow device, can
additionally or alternatively be accomplished through the use of biodegradable
materials. For example, some or all of the fibers in the fiber matrix can be
biodegradable. As another example, a biodegradable filler material may be provided
within the fiber matrix. As another example, the matrix may have multiple layers in
which one or more of the layers 1s a layer of biodegradable material (porous or non-
porous) or fibers. In such cases, the biodegradable material or fibers initially helps
provide a barrier to flow. Over time, the biodegradable material dissolves, thereby
increasingly permitting more flow until the biodegradation 1s complete.

[0059] Again with reference to FIG. 3D, while the implanted fiber matrix 10
permits passage of aqueous humor and inhibits formation of scar tissue, the fiber
matrix 10 also inhibits the scleral flap 42 from reattaching to its base. In addition,
because the fiber matrix 10 extends from inside the scleral well to outside the scleral
well at cut lines 52, 54, 56 where the scleral flap 42 was cut from the surrounding
scleral tissue 50, the fiber matrix helps prevent the scleral flap from reattaching to the

surrounding sclera 50 along these lines. Thus, the fiber matrix 10 keeps the
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passageways at cut lines 52, 54, 56 open to facilitate passage of aqueous humor from
underneath the scleral flap. The portion of the fiber matrix placed on top of the sclera
can help prevent scar tissue formation between the conjunctiva and the sclera.

[0060] In the embodiment 1llustrated i FIGS. 3A-3D, the scleral flap 42
comprises three sides, formed at cut lines 52, 54, 56, and the fiber matrix 10 18
implanted such that a part of the fiber matrix 1s located under the scleral flap 42 and
other parts of the fiber matrix extend outside of the scleral flap 42 at each of the three
sides. The scleral flap 42 1s sutured to surrounding scleral tissue 50 at locations
between adjacent sides. Of course, alternatives are possible in which the fiber matrix
extends out of the scleral well at only one side or more than one side, or in which the
fiber matrix 1s implanted such that all of the fiber matrix 1s located under the scleral
flap. Similarly, when the scleral flap has another shape, such as triangular,
semicircular, etc., the fiber matrix may extend out of the scleral well at one or more
cut lines or may be completely within the scleral well.

[0061] The geometry of the fiber matrix may be adjusted not just to inhibit scar
formation at desired locations as described above, but also to disperse the aqueous
humor. Thus, in FIG. 3D, the aqueous humor is dispersed out from under the scleral
flap 42 at cach of the cut lines 52, 54, 56. In addition, because the trailing portion 14
1s wider than the leading portion 12 as 1llustrated in FIG. 1, the trailing portion helps
disperse the aqueous humor over a wider area.

[0062] It will be appreciated that when the fiber matrix 18 biostable, 1t will remain
in position to continue to facilitate flow. In the case of a fiber matrix made of
biodegradable material, 1t will biodegrade over time. The material may be selected so
that the fiber matrix stays in place long enough during the healing process to allow

healing to take place while maintaining the flow passages intact. Thus, for example,
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the scleral flap will have healed substantially unattached to its base, and with the cut
lines open. Accordingly, even after the fiber matrix has biodegraded, the scleral well
and the passages out of the scleral well remain viable. The material for
biodegradation may be selected according to the desired biodegradation time. For
example, the fiber matrix may biodegrade within about 6 months, within about 3
months, or 1in any other suitable amount of time.

[0063] The materials, fiber arrangement, and geometry of the fiber matrix all can
be adjusted 1n order to achieve the particular desired result. The healing process of
the tissue occurs generally 1n three phases. The first phase, inflammation, occurs
within several days following the procedure. The second phase, proliferation, can last
for several weeks following the inflammation. The third phase, remodeling, follows
the proliferation and can take several months.

[0064] The material of the fiber matrix can be selected to minimize the tissue
reaction. As mentioned above, the fibers may be biostable, biodegradable, or a
combination thereof. The fiber matrix may be designed such that the material in
contact with tissue at implantation 1s substantially 1nert to reduce the reaction, and
thereby reduce the cell migration and growth factors.

[0065] The micro-structure of the fiber matrix can be selected to reduce tissue
response by minimizing the interface between the material and the surrounding tissue.
With much of the matrix volume comprised of void spaces, the contact of fibers with
the tissue can be minimized. The micro structure also controls the penetration of cells
into the volume of the matrix and assists 1n the formation of new tissue surrounding
the matrix. During the inflammation phase, thin fibers decrease the cell migration,
while 1n the proliferation phase, the fibers assist in directing the proliferated cells to a

preferred location. This can be done by designing the distance between fibers 1n such
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a way that cells are not able to penetrate significantly into the implant, as described
above.

[0066] The macro-structure of the fiber matrix can be tailored to the particular
application. With a material that 1s soft and flexible, 1t 1s very easy to shape it
according to any desired pattern. It 1s possible to cut the fiber matrix during the
manufacturing process and provide it in 1ts final shape. Another option is that the
product can be provided to a physician i a general shape and size, and the physician
can shape the fiber matrix into its final figure and geometry according to need.
[0067] It will be appreciated that a fiber matrix in accordance with the mvention
can 1mprove available treatments of glaucoma. In trabeculectomy procedures, a bleb
1s formed from the flow of aqueous humor under the conjunctiva. In addition, drugs
are sometimes used, such as anti-metabolite drugs (MMC, 5FU). The use of a fiber
matrix as described herein can enable maintenance of the bleb while avoiding
complications sometimes associated with such drugs.

[0068] FIGS. 4A-4C 1llustrate some other examples of fiber matrices 1n
accordance with other embodiments of the invention, showing alternative gecometries.
FIG. 4A shows a fiber matrix 62 having a rounded pattern with larger suture holes.
FIG. 4B shows a fiber matrix 64 with three wings for extending out from under the
three sides of the scleral flap 42. FIG. 4C shows a fiber matrix 66 having a generally
semi-¢lliptical shape. These are only examples, as many other size and shape
variations are of course possible.

[0069] In addition to the procedure discussed above wherein at least a part of the
fiber matrix 1s implanted under a scleral flap, it 1s also possible to implant the fiber
matrix such that at least a part of the fiber matrix 1s located on top of the scleral flap,

with no part of the fiber matrix under the scleral flap. In this way, the fiber matrix 1s
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implanted at the outlet end of the tflow passage, between the sclera and the
conjunctiva. The fiber matrix can help prevent scar tissue formation between the cut
arcas at the edges of the scleral flap cup and the conjunctiva.

[0070] In addition, 1t 1s possible to use a fiber matrix in conjunction with other
procedures for increasing the flow of aqueous humor from an eye. For example, in
the case of a full thickness fistula with no scleral flap, the fiber matrix may be
implanted such that the fiber matrix 1s at the outlet end of the fistula flow passage,
again between the sclera and the conjunctiva of the eye. As another example, the
procedure may include implanting a drainage device in the eye, such as one of the
drainage devices known 1n the art. The fiber matrix may be implanted such that the
fiber matrix covers at least a portion of the drainage device, between the portion of the
drainage device and the conjunctiva of the eye. This will inhibit the formation of scar
tissue that otherwise may be caused 1n response to the drainage device. This type of
implantation may reduce the risk of conjunctival erosion related with the implantation
of drainage devices.

[0071] FIG. 5 illustrates an example of a fiber matrix 70 1n accordance with
another embodiment of the invention. The fiber matrix 70 comprises an upper fiber
matrix portion 72, a lower fiber matrix portion 74, and a pocket 76 between the upper
fiber matrix portion 72 and the lower fiber matrix portion 74. The pocket 1s sized and
shaped for receiving a scleral flap 42, as illustrated i FIG. 5. With the fiber matrix
70 implanted as 1llustrated 1n FIG. 3, the fiber matrix 70 1s implanted such that a part
of the fiber matrix 1s located under the scleral flap and another part of the fiber matrix
is located on top of the scleral flap. Thus, the fiber matrix can assist flow as described
above and can inhibit scar formation between the scleral flap and 1ts base, at the cut

cdges of the scleral flap, and between the scleral flap and the conjunctiva. In addition,
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because the fiber matrix 18 held 1n place by the positioning of the scleral flap 1n the
pocket 76, the matrix may be implanted with or without sutures. The fiber matrix 70
illustrated in FIG. 5 1s shown with two permeable polymer anchors 78 adapted to
allow for ingrowth of cells to help secure the fiber matrix 70 to the scleral tissue.
[0072] FIG. 6 1llustrates an example of another embodiment 80 of the invention.
This embodiment includes a fiber matrix 82 in combination with a stretchable
polymer 84 covering the fiber matrix 82. When aqueous humor penetrates the fiber
matrix 82, it puts pressure on the stretchable polymer 84, causing 1t to stretch and
expand. As 1t does so, 1t becomes more permeable, facilitating passage of aqueous
humor through the stretchable polymer. In this way, more flow 1s inhibited 1nitially,
but over time and with increased pressure, more flow 1s permitted. When the pressure
subsides, the polymer 84 contracts again. In this way, the polymer 84 acts as a
pressure-regulating valve.

[0073] FIG. 7 illustrates an example of another embodiment 90 of the invention.
In this embodiment, a fiber matrix 92 1s provided with a biodegradable coating layer
94 over cach of 1ts top and bottom surfaces. The material of each biocompatible
coating layer 94 can be substantially 1nert to reduce reaction. When the fiber matrix 18
initially implanted, the coating layers 94 substantially inhibit flow. However, over
time, as the biodegradable coating layers 94 erode, more tflow 1s permitted.

[0074] As discussed above, another embodiment with a similar ability to allow
increased flow over time 1s a fiber matrix comprising a first set of fibers formed of a
biostable material and a second set of fibers formed of a biodegradable material.
Over time, as the biodegradable fibers erode, more flow 18 permitted. In yet another
embodiment with a similar ability to allow increased tlow over time, a fiber matrix 1s

made of fibers formed of a biostable material, and the fiber matrix 1s impregnated
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with a biodegradable material. Over time, as the biodegradable material erodes, more
flow 1s permitted. In each of these embodiments with biodegradable material, the
biodegradable material at least partially impedes passage of aqueous humor through
the fiber matrix until the degradation of the biodegradable material.

[0075] While FIG. 7 1llustrates a fiber matrix 92 with top and bottom
biodegradable coating layers 94, other arrangements of layers are possible. The fiber
matrix may be made with various combinations of layers of fibers of different
materials and properties. For example, biostable fibers may be arranged 1n layers
adjacent to biodegradable fibers. Other layers not made of fibers, such as
biodegradable coatings or internal layers, may also be used.

[0076] FIGS. 8A and 8B 1illustrate an example of a fiber matrix 96 1in accordance
with another embodiment. The fiber matrix 96 is provided in combination with a
frame element 98. In this example, the frame element comprises a continuous wire
frame extending around the periphery of the fiber matrix, embedded within the fiber
matrix. The frame element aids in defining the periphery of the fiber matrix and can
assist in manufacturing. It also can assist in maintaining the shape of the fiber matrix
during implantation.

[0077] A fiber matrix as described herein may carry one or more therapeutic
agents for elution to the surrounding tissue. For example, the fiber matrix may be
coated, impregnated, or otherwise provided with an anti-metabolite or antibiotic or
glaucoma-treating drug. The drug may release over time, for example with 90% of
the drug being eluted within the first 6 months.

[0078] A fiber matrix as described herein may be used for a variety of
applications. For example, certain procedures can involve cutting and suturing of a

nerve tunnel. In such a case, a fiber matrix as described herein may be provided
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around or adjacent the nerve. The fiber matrix would help maintain the nerve tunnel
space, for example by inhibiting scar tissue formation. The fiber matrix also could
assist 1n growth of the nerve.

[0079] As another example, in the case of a tendon cut, there can be a risk of
adhesion between the tendon and tendon sheath or tunnel at the incision location. A
fiber matrix as described herein may be provided around or adjacent to the tendon.
The fiber matrix would help maintain the tendon tunnel space and would 1inhibit
adhesion. The inner surface of the fiber matrix may comprise a lubricious polymer,
which can facilitate movement of the tendon during the healing process.

[0080] As another example, a fiber matrix as described herein may be used for
treatment of wrinkles. The fiber matrix may be formed as a bundle of fibers in a
generally linear geometry (such as a fine string or rope). The fiber matrix can be
injected underneath a wrinkle and can inflate the tissue to soften or eliminate the
wrinkle. The fiber matrix can be compressed for delivery and loaded into a needle-
like delivery device. The fiber matrix can be ejected from the delivery device, and,
upon implantation, the fiber matrix will expand. Additionally or alternatively, the
fiber matrix can be made of hygroscopic material such that, upon implantation, the
fiber matrix will expand.

[0081] As a further example, a fiber matrix as described herein may be used for
tissue separation 1n surgical situations. For example, a fiber matrix may be placed
between abdominal tissues or tissues desired to be separated during heart surgery
procedures.

[0082] A fiber matrix as described herein can control scar tissue formation during
healing 1n such a way that other applications are possible. For example, a fiber matrix

as described herein can be used as a coating or encasement for breast implants to
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inhibit capsular formation by controlling scar tissue formation. The fiber matrix
material can be graded 1n a direction away from the contents of the implant (e.g.,
silicone gel or saline), from substantially completely or 100% dense to hold the
contents of the implant, to a less dense matrix with voids to incorporate into the
surrounding tissue.

[0083] As will be appreciated by persons having ordinary skill in the art, the
various embodiments described hereinabove are given by way of example only.
Various changes, modifications and variations may be applied to the described
embodiments without departing from the scope of the invention, as defined by the

appended claims.
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CLAIMS

1. A fiber matrix for use in maintaining space in soft tissues comprising:

a fiber matrix comprising a plurality of crossing fibers forming a mesh with a plurality
of void spaces;

wherein the fiber matrix 1s adapted to be implanted in contact with soft tissue;

wherein the fibers and void spaces are sized and arranged so as to permit passage of
fluid through the fiber matrix and to inhibit formation of scar tissue through the fiber matrix,

wherein;

the fiber matrix is adapted for use in treatment of glaucoma, wherein the fiber matrix
has a generally planar shape, wherein the fiber matrix 1s adapted to be implanted 1n contact
with scleral tissue, and wherein the fibers and void spaces are arranged so as to permit
passage of aqueous humor through the fiber matrix,

and wherein the fiber matrix comprises an upper portion, a lower portion, and a pocket
between the upper portion and the lower portion for receiving a scleral tlap,

in combination with a permeable polymer anchor adapted to allow for ingrowth of

cells to secure the fiber matrix to the soft tissue.

2. The fiber matrix as claimed in claim 1, wherein the fibers comprise any one of:

a non- woven material,
a polymeric matenial,
a biostable matenal,

a fluoropolymer,
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polyvinylidene difluoride (PVDF),
a biodegradable material,

a copolymer of polylactic acid and polygly colic acid (PLGA).

3. The fiber matrix as claimed in claim 1, wherein the fiber matrix 1s manufactured by
electrospinning.
4. The fiber matrix as claimed in claim 1, wherein the fibers comprise a first set of fibers

formed of a biostable material and a second set of fibers formed of a biodegradable material.

5. The fiber matrix as claimed in claim 1, in combination with a biodegradable materal
at least partially impeding passage of fluid through the fiber matrix until degradation of the

biodegradable material.

6. The fiber matrix as claimed in claim 1, wherein the generally planar shape of the fiber
matrix is between about 1 mm and about 15 mm in its longest dimension and between about 1|

mm and about 10 mm 1n 1ts shortest dimension.

7. The fiber matrix as claimed in claim 1, wherein the generally planar shape of the fiber

matrix has a thickness between about 25 microns and about 150 microns.
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8. The fiber matrix as claimed in claim 1, wherein the generally planar shape of the fiber

matrix has a radius of curvature approximating a radius of curvature of the scleral tissue.

9. The fiber matrix as claimed in claim 1, wherein the fibers have a thickness between

about 10 nanometers and about 100,000 nanometers.

10.  The fiber matrix as claimed in claim 1, wherein the fiber matrix has a porosity of

about 25% to about 95%.

11.  The fiber matrix as claimed in claim 1, comprising suture holes for securing the fiber

matrix to the soft tissue by sutures.

12.  The fiber matrix as claimed in claim 1, in combination with a stretchable polymer
covering the crossing fibers and void spaces such that pressure from aqueous humor causes

the stretchable polymer to stretch to facilitate passage of aqueous humor through the

stretchable polymer.

13.  The fiber matrix as claimed in claim 1, in combination with any one of:
a biodegradable coating layer over the crossing fibers and void spaces,

one or more frame elements,

a therapeutic agent carried by the fiber matrix.
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