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(57) ABSTRACT

Fibrocartilage implants characterized by circumferential
fiber networks embedded in arcuate or torroidal scaffolds
with orthogonal fiber networks embedded therein to prevent
separation of the circumferential fiber networks. The fiber
networks convert axial compressive forces on the scaffolds to
tensile loads on the circumferential fibers. Artificial knee
meniscus and vertebral disc implants are disclosed, as well as
articular disc implants for joints such as the temporoman-
dibular joint and wrist. Methods for implanting the fibrocar-
tilage devices are also disclosed.
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1
BIORESORBABLE TISSUE ENGINEERED
FIBROCARTILAGE REPLACEMENT WITH
THREE-DIMENSIONAL MATRIX OF FIBERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the 35 U.S.C. §371 National Phase
Application of International Application Serial No. PCT/
US09/45985 filed Jun. 2, 2009, which claims the benefit
under 35 U.S.C. §119(e) of U.S. Provisional Application Ser.
No. 61/130,791, filed Jun. 2, 2008, the disclosures of both of
which are incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

This invention relates to methods and devices for replace-
ment of severely damaged fibrocartilage tissue and, in par-
ticular, to the replacement of the lateral or medial meniscus of
the knee.

BACKGROUND

The menisci are two C-shaped discs of fibrocartilage found
between the condyles of the femur and the tibial plateau
which play a critical role in the load transmission, load dis-
tribution, shock absorption, joint stability, and lubrication of
the knee. Despite the recognized importance of the tissue,
arthroscopic removal of a torn meniscus is one of the most
common orthopedic procedures performed in the United
States. Because the tissue has limited healing potential, the
clinical outcomes of subtotal meniscectomies are generally
poor. At this time, a reliable surgical procedure to replace
significant loss of meniscal tissue does not exist. There is no
autologous procedure to replace the meniscus and the results
of allograft replacement are unreliable.

Another approach is that of tissue engineering. Current
approaches include synthetic polymer scaffolds and collagen
meniscus implants. With synthetic polymer scaffolds, poly-
urethane sponges are used to replace the meniscus. This
approach has led to inconsistent results. Fibrocartilage
growth is seen in some studies using this technology while in
others fibrous tissue did not remodel into fibrocartilage. The
underlying cartilage was protected in some studies but not
protected in others.

Another type of meniscus implant uses a sponge contain-
ing collagen, hyaluronic acid and chondroitin sulfate. There is
promising preliminary data for this implant, but it is not
widely accepted by the orthopedic community because of
issues with cytotoxic byproducts of cross-linking and scaf-
fold shrinkage.

Both of these approaches generate an amorphous structure,
the mechanical properties of which may not be appropriate
for a device designed to replace the meniscus. Thus, while
scatfold technology holds promise, no methods have met with
the clinical success necessary for acceptance by the orthope-
dic community. There remains a need for a tissue engineered
scaffold with the necessary mechanical properties and bio-
compatibility for treatment of significant meniscal damage.

SUMMARY

This need is met by the present invention. The present
invention incorporates the discovery that the shortcomings of
prior art implants can be overcome by reinforcement of the
scaffold with a fiber matrix extending in a circumferential
direction along the scaffold, the fibers of which are in turn
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held together by scaffold matrix fibers embedded orthogo-
nally to the circumferential fibers. The resulting configuration
behaves like natural fibrocartilage that translates an axial
compressive load into a circumferential tensile load. When
the implant is an artificial knee meniscus, the implant trans-
lates the axial compressive load exerted by the femur on the
implant into a tensile load propagated in the circumferential
direction of the scaffold, like a natural meniscus.

In one aspect, the present invention thus provides a fiber
reinforced implant for use as a temporary replacement for
significantly damaged fibrocartilage tissue, such as meniscal
tissue of the knee, jaw or wrist, or an intervertebral disc. The
inventive implant is constructed of resorbable natural or syn-
thetic biomaterials which allow for infiltration, attachment
and proliferation of cells from the surrounding tissues. The
implant of the present invention is a natural or synthetic
scaffold having the shape and geometry of the original
undamaged fibrocartilage with a reinforcing matrix embed-
ded therein.

Therefore, according to one embodiment of the present
invention, an artificial fibrocartilage implant is provided in
which an arcuate or torroidal scaffold has a circumferential
fiber network embedded therein and an orthogonal fiber net-
work embedded in the scaffold to prevent separation of the
circumferential fiber network, wherein the fiber networks
convert an axial compressive force on the scaffold to tensile
loads along the circumferential fiber network.

According to arcuate embodiments of the present inven-
tion, the arcuate scaffold has an anterior end, a posterior end
and a middle section therebetween defining a curved path
between the anterior and posterior ends. The circumferential
fiber network extends between the anterior and posterior ends
along the path of the curve and exits the anterior and posterior
ends of the scaffold to form respective anterior and posterior
attachment points.

According to a more specific arcuate embodiment of the
present invention, the arcuate implant is fabricated in the
shape of a knee meniscus. Another embodiment of this aspect
of the present invention therefore provides an artificial knee
meniscus implant with a c-shaped scaffold having an arcuate
middle section extending between an anterior end and a pos-
terior end and a reinforcing fiber network embedded in the
scaffold, wherein the fibers of the network exit each end of the
scatfold to form respective anterior and posterior attachment
points and the fiber network converts an axial compressive
force on the scaffold to tensile loads on the attachment points.

According to a more specific embodiment of the knee
meniscus of the present invention, at least a portion the fiber
network extends along the arcuate middle section in a sub-
stantially circumferential direction. According to an even
more specific embodiment, the fiber network further includes
an orthogonal fiber network embedded within the scaffold to
prevent separation of the circumferential fiber network. In a
preferred embodiment the artificial knee meniscus has a
wedge-shaped cross-section substantially equivalent to a
human knee meniscus.

According to another more specific embodiment of the
arcuate and torroidal menisci of the present invention, the
inventive implants have at least one peripheral attachment
point. In a preferred embodiment, at least one peripheral
attachment point coincides with a point at which the circum-
ferential fiber network intersects with the orthogonal fiber
network. In another preferred embodiment, the fiber
network(s) extend throughout the wedge-shaped cross sec-
tion of the arcuate middle section.

According to one torroidal embodiment of the invention,
the inventive implant is a torroidal-shaped scaffold having the
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circumferential and orthogonal fiber networks of the present
invention. Such a device is particularly useful for replacement
ofintervertebral discs or temporomandibular joint discs. Arti-
ficial implants according to this embodiment of the present
invention are fabricated in the shape of a vertebral disc or an
articular disc for a joint.

More specific torroidal embodiments have at least one
peripheral attachment point. In preferred versions of this
embodiment, at least one peripheral attachment point coin-
cides with a point at which the circumferential fiber network
intersects with the orthogonal fiber network.

According to one torroidal embodiment torroidal implants
are fabricated in the shape of a vertebral disc, wherein the
torroidal-shaped scaffold defines an interior cavity filled with
a biocompatible material with physical properties equivalent
to the properties of the nucleus pulposus of a human vertebral
disc. According to another torroidal embodiment, torroidal
implants are fabricated in the shape of articular disc, for
example, in the shape of the meniscus of the temporoman-
dibular joint or the wrist.

In any of the inventive embodiments at least one of the
scaffold, the circumferential fiber network or the orthogonal
fiber network may be formed from a material selected from
proteins, proteoglycans, biocompatible synthetic polymers
and combinations thereof. In some embodiments the material
is bioresorbable. In other embodiments the proteins comprise
collagen, and in certain of these embodiments the collagen is
cross-linked.

In any of the inventive embodiments at least one of the
scaffold, the circumferential fiber network or orthogonal fiber
network is formed from a biocompatible synthetic polymeric
material. In some embodiments the polymeric material is
bioresorbable.

According to another aspect of the present invention, a
method is provided for replacement of a damaged knee
meniscus. Methods according to this aspect of the present
invention include the steps of:

replacing a damaged meniscus with a knee meniscus

implant according to the present invention by inserting a
knee meniscus implant according to the present inven-
tion, having anterior and posterior attachment points,
between the tibial plateau characterized by having ante-
rior and posterior anchor plugs inserted therein, and the
corresponding femur condyle; and

securing the anterior and posterior attachment points of the

implant to the corresponding anterior and posterior
anchor plugs.

According to yet another aspect of the present invention, a
method is provided for fabricating a soft tissue repair implant
such as a meniscus implant. Methods according to this aspect
of the present invention include the steps of:

forming a reinforcement matrix with at least one fiber; and

embedding the reinforcement matrix into a scaffold,

wherein the scaffold has an arcuate middle section
extending between an anterior end and a posterior end;
and wherein the at least one fiber exits each end of the
scaffold.

By creating an implant that has the same geometry as that
of the normal tissue, along with a network of embedded,
reinforcing fibers, the mechanics of the natural tissue can be
replicated. As cells infiltrate this implant, they will experience
the same mechanical environment of that of a normal tissue,
thus promoting the formation of neofibrocartilaginous tissue
which has the biological and mechanical properties to func-
tion as a load-bearing structure.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1 and 2 are top views of one embodiment of the
instant device;
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FIG. 3 presents a diagram of forces on the instant device
when the device is implanted;

FIG. 4 is a top view of the device in FIGS. 1 and 2 with
another embodiment of the reinforcing matrix;

FIG. 5a is a top view of a torroidal embodiment of the
instant device; and FIGS. 56 and 5¢ are elapsed time perspec-
tive views of a torroidal embodiment as it is being wound;

FIG. 6 presents a desirable degradation profiles for poly-
mers suitable for use in instant devices;

FIGS. 7a-7b show a base plate pattern for fabrication of
meniscus scaffolds;

FIGS. 8a-8g show the organization of embedded fibers;

FIG. 9 presents the results from a primary mechanical
evaluation of the tensile strength of the scaffold of the inven-
tion;

FIGS. 10a-105 present the results of an advanced mechani-
cal evaluation for the “No Scaffold” group;

FIGS. 11a-115 present the results of an advanced mechani-
cal evaluation for the “100% Collagen Scaffold” group;

FIGS. 124-125 present the results of an advanced mechani-
cal evaluation for the “500 Fiber Scaffold” group;

FIGS. 134-135 present the results of an advanced mechani-
cal evaluation for the “1000 Fiber Scaffold” group;

FIG. 14 presents the results of an in vitro evaluation of the
scaffold of the invention; and

FIGS. 15a-15fpresent the results of an in vivo evaluation of
the scaffold of the invention.

DETAILED DESCRIPTION

The instant implant improves upon current meniscus scaf-
folding approaches in conjunction with current tendon/liga-
ment scaffolding approaches. With regard to tissue-type, the
meniscus can be viewed as a combination of organized
fibrous connective tissue predominant at its outer portion (i.e.
tendon/ligament) and cartilaginous tissue at its inner portion.
This extracellular matrix (ECM) organization occurs because
of the way the meniscus is loaded under normal conditions.

For the meniscus of the knee, during static or dynamic
weight-bearing the tissue is compressed by the femur.
Because of the geometry of the meniscus (C-shaped with
wedge-shaped cross-section), this axial load extrudes the tis-
sue from the joint capsule. This extrusion is resisted by the
anterior and posterior attachments to the tibial plateau, result-
ing in the generation of tensile hoop stresses directed along
the circumferentially arranged collagen fibers within the tis-
sue.

The hoop stresses are predominantly developed near the
periphery of the tissue, where the ECM is more tendon-like.
Near the inner margin, the tissue primarily undergoes stan-
dard compression, meaning the ECM organization is closer to
that of cartilage.

Although the instant implant is described in relation to
making and using a knee meniscus replacement device, the
teachings of the instant disclosure may also be applied to
make and use implants for replacing other tissues similar in
nature and function to the meniscus, such as intervertebral
discs, temporomandibular discs, wrist menisci, and the like.
These tissues are similar to the knee meniscus in that they are
composed of fibrocartilage and function as load transmitters
and distributors to prevent high-stress bone-on-bone contact
that is detrimental to the underlying cartilage. It will also be
understood that the instant teachings may be applied to make
and use implants for both human and animal patients.

Accordingly, one aspect of the invention provides an
implant 1 comprising a scaffold 10 and reinforcing matrix 14
embedded in the scaffold 10 as shown in FIG. 1. The shape






