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ABSTRACT

Meniscus is a vital functional unit in knee joint. It acts as a lubricating structure, a nutrient transporting
structure, as well as shock absorber during jumping, twisting and running and offers stability within the knee
joint. It helps in load distribution, in bearing the tensile hoop stresses and balancing by providing a cushion
effect between hard surfaces of two bones. Meniscus may be injured in sports, dancing, accident or any
over stressed condition. Any meniscal lesion can lead to a gradual development of osteoarthritis or erosion
of bone contact surface due to disturbed load and contact stress distribution caused by injury/pain. Once in-
jured, the possibilities of self-repair are rare in avascular region of meniscus, due to lack of blood supply in
avascular region. Meniscus has vascular and avascular regions in structure. Majority of the meniscus parts
turn avascular with increase in age.

Purpose of this review is to highlight advances in meniscus repair with special focus on tissue engineering
using textile/fiber based scaffolds, as well as the recent technical advances in scaffolds for meniscus recon-

struction/ regeneration treatment.

1. Introduction

The knee joints are made up of bones (thigh bone, shin bone and
knee cap), ligaments (joining tissues) and cartilage (meniscus)
(Fig. 1). In the knee joint soft tissues (Menisci, tendons, liga-
ments, muscles) play a very important role of joining the femoral,
tibia, fibula and the patella (knee cap). The meniscus are a pair of
“C” shaped glossy white fibrocartilages in each of the knee joints
[1]. The Greek word meniskos is the mother of word menisci -
meaning “crescent” — moon shaped [2]. The sickle shaped menis-
cus is shaped to confirm the space between the femoral condyle
(thigh bone) and tibia plateau (shin bone). There are menisci tis-
sues on each side— (the medial and the lateral) of the knee.
Meniscus gives stability and support to the knee joint. Me-
niscus helps to balance a person when the knee joint is over-bent,
over loaded, over twisted or over stretched. The semilunar shaped
meniscus transfers the total body weight, compressive force, shear
stress, circumferentially directed forces, tensile stress, etc to the
lower leg every time a person walks, runs or jumps. The wedge

shaped meniscus acts as a shock absorber when subjected under
various forces and stresses such as shear, tensile and compressive.
The physiological function of the meniscus are load bearing, load
transmission / distribution, stability, shock absorption, lubrication,
pressure resistance, joint filler (adjustment to tibia surfaces and
modulation of femoral condoyle shape), sensory, proprioception
and distribution of synovial fluid. They also assist in different
motions and prevent synovial impingement. Meniscus also nour-
ishes the articular cartilage, connective tissues for movable joints.
In short, it provides a smooth, lubricated surface for articulation
and facilitates load transmission with low friction co-efficient [1,
3-5].

2. Anatomy of the meniscus

The size of the meniscus is correlated with sex, height, weight,
bone area and body mass index by many researchers [2, 3, 6, 7].
The meniscus cross sectional shape is triangular, which confirms
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Fig. 1 - Schematic diagram of Anatomy of meniscus.

the shape of tibia plateaus. It is thick, convex at outer rim, thin,
and concave at the inner rim [2]. The medial meniscus is situ-
ated inside towards the leg and the lateral meniscus is situated at
outside i.e. away from the leg. Approximately 51% to 74% of
tibia area is covered medially by medial meniscus. It is crescent
shaped with approximately 40.5 mm to 45.5 mm long, 27 mm
wide and 35 mm diameter [10]. Lateral refers to side; approx.
75%-95% of tibia is laterally covered by lateral meniscus. It is
more circular in shape with approximately 32.4 mm to 35.7 mm
length and 26.6 mm to 29.3 mm width (Fig. 2) [1, 2, 8].

The main stabilizing ligaments in knee joints are the medial
collateral ligaments, the transverse ligaments and the menis-
cofemoral ligaments (Fig. 3). Meniscus is attached medially to
medial collateral ligament and laterally to the menisco-femoral
ligament as well as to the transverse ligaments and joint capsule
[9]. The transverse ligament connects both menisci. They are
anchored to the tibia via anterior horn and the posterior horn [2].
Mainly meniscal intersectional ligaments are anchored to tibia
bone via the anterior horn and the posterior horn. The lateral
meniscus is attached to femur via meniscofemoral ligaments
(Humphrey (anterior) and Wrisberg (posterior) ligaments) and
bone near the insertion site of the posterior cruciate ligament in
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Fig. 2 - The medial and lateral meniscus removed after knee
joint. [70]

the medial femoral condyle [1]. The anterior (front) meniscus
horn is attached to the tibia and connected to the anterior cruciate
and transverse ligament. Transverse ligament joins two menisci

March 2019 | Volume 9 | Issue 1| €130



Anterior Cruciate Ligament (ACL)

.
meniscus
i &
Posterior
thorn

Transverse intermeniscal ligament

o N

_— -
Posterior
horn J

Lateral Collateral
Ligament (LCL)

Medical Collateral Ligament (MCL)

Posteral Cruciate Ligament (PCL)|

Fig. 3 - Schematic diagram of meniscus anatomy.

together. The anterior (front) medial meniscus horn is attached
to the tibia and connected to the anterior cruciate and transverse
ligament [10].

3. Vascular anatomy

The vascularity / blood supply of the meniscus diminishes gradu-
ally with age. The new born child’s meniscus are fully vascular-
ized, while in the adult the vascularity diminishes and remains
limited to the outer periphery only. With progressing age, the
majority of vascularity in meniscus proportion disappears. The
lack of blood supply means lack of nutrients, oxygen efc. Once
it is damaged, it has limited repair capacity in the avascular re-
gion of meniscus. Only 10% to 30% of total meniscus can be
found with blood vessels in 10 years old child [9]. In the case
of an adult, 10% to 25% of the outer lateral meniscus periphery
remains vascular. The meniscus can be divided into three distinct
regions based on vascularity - the highly vascularized (red) outer
periphery region, the avascular (white) inner region and red-white
joining transition region with property of both red and white
regions. The self-repair capacity of different meniscus regions
differs directly with the presence of the blood vessels. Hence, it
becomes necessary to remove and repair the meniscus in majority
of the meniscus lesion cases (Fig. 4) [1].

4. Composition and structure

Meniscus compositions may vary depending on various factors
such as meniscus region (red, white or red- white), gender, age,
type of injury and other pathological conditions [1]. Meniscus
contains heterogencous cell populations with rounded or oval
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shaped chondrocyte like cells in inner two third portion, the outer
one- third of the meniscus is populated by spindle shaped fibro-
blast-like cells [9, 11]. The cellular meniscal components also in-
clude fibrochondrocytes interspersed within the extracellular ma-
trix. Fibrochondrocytes display the properties of both fibroblasts
and chondrocytes (Fig. 6) [10]. Human meniscus is composed of
approximately 65% to 85% water and 30% organic matter. The
water content helps in providing cushion / lubrication effect as
well as in transferring nutrients [12]. Usually dry matter com-
posed of mainly collagen (75%), Glycosaminoglycans (GAGs)
(17%) [13], DNA (up to 2%), elastin (less than 1%), adhesive
glycoproteins (less than 1%) in meniscus matrix. Collagen type I
is the dominating collagen (90% dry weight) [9, 14]. Type II, III,
V, VI also exist in minor proportions [2, 9, 15]. Collagen contrib-
utes towards meniscus strength. Collagen fibers run circumferen-
tially parallel to the peripheral border [8]. Microscopically, three
types of collagen fiber layers are found in the meniscus tissue as
shown in Fig. 5 and 6 to bear loads. The superficial layer consists
of meshwork; second layer under the superficial layer is made up
of lamella like collagen fibrils. The larger fibers run circumferen-
tially parallel in the middle layer. In the deep layer, the bundles
of aligned collagen fibers parallel to the periphery can be found [9,
10]. The proteoglycans enables the meniscus to absorb the water.
The water helps meniscus to bear forces, compression, etc by pro-
viding lubrication / cushion effect and nutrient transport [2, 12,
15]. Smaller proportion of elastin helps in shape recovery after
load [10].

5. Meniscus repair and redevelopment

Annually, the treatment of meniscus related surgical cases alone
are over 4,00,000 in Europe and over million in USA at an esti-
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Fig. 5 - Synoptic drawing. Scanning electron microscopy reveals three distinct layers in the meniscus cross section: (1) The

superficial network. (2) Lamellar layer (3) Central main layer. [71]

mated cost of $4 billion [9, 16].

Meniscus tear can occur due to over twisting / bending of
knee joint due to sports, accidents, brittleness in aged people, or
any other reason. The symptoms vary from i) severe joint pain,
ii) swelling and renders around knee area, iii) even pain sensitive
upon touched, iv) popping or creaking sound, while walking, v)
locking of knee, vi) difficulty in straightening of leg vii) instabil-
ity in standing position and viii) misalignment of limb [4]. An-
other problem associated with meniscus is the Total menisctomy,
which can lead to osteoarthritis due to cartilage degeneration [1].

The healing of meniscus damage depends on the region of
the damage. Any damage in vascularized region (red) can often
be healed by stitching. Whereas, healing of any tear in the inner
avascular region (white) may be trickier due to lack of blood flow
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[17]. In the case of meniscus injury/damage, the options left are
meniscectomy, repair and transplantation. It is well documented
that total meniscectomy leads to early osteoarthritis due to wear,
tear, misalignments efc. [1, 14]. Hence, total or subtotal menis-
cectomy is only preferred in the case of non-reparable damage
over partial meniscectomy and meniscus — repairing. When a
piece of meniscus is removed, over a period of time it may dis-
integrate or degenerate because of axial deviation, overweight or
overwork. In that case, some objects are needed to fill in the gap
(i.e. meniscus regeneration).

Different approaches are adapted for meniscus repair/regen-
eration depending on the type of lesion and type of region — vas-
cular or avascular [18]. The primary aim is to keep the meniscus
tissues intact while attaching meniscus during the surgery [1, 19,
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20]. Below is the list of available meniscus treatment approaches.

1. Meniscal tear repairs: the torn part of meniscus is sutured
to repair

2. Partial meniscectomy

3. Gene therapy and growth factor

4. Intra articular cell delivery

5. Meniscal Replacement: Allograft /Autograft transplantation

6. Tissue Engineering: Meniscal Scaffold / Implant

In spite of all the above methods, there is no universal method
available to promise fully established, regenerated, functional and
long-lasting meniscal tissues. The meniscus treatment depends
upon several factors such as the type of tear, tear pattern, geom-
etry, site vascularity, size, stability, tissue viability, tissue quality,
associated pathology, surgery, advancing age, degeneration pat-
tern, lack of tissue viability (attenuation and degeneration), pa-
tient’s medical condition and patient’s preference after counseling
[21].

5.1. Autograft and allograft

There are two types of meniscal replacement/reconstruction:
Autograft and Allograft. Autograft is a patient’s own tissue and
in contrary Allograft is a tissue from a donor person to repair the
damaged meniscus. Kohn et al., replaced sheep meniscus with
a fat pad autograft [22, 23]. However, they concluded with the
nonsuitability of fat as a meniscus substitute. Autograft derived
from various sources such as fat pad, tendon, cartilage, perios-
teum, synovial flap and perichondrium, did not show encouraging
results [4].

The allograft transplantation for meniscus is considered as a
symptomatic choice for treatment. Allograft can be freeze-dried,
fresh, fresh-frozen and cryopreserved. The advantage and disad-
vantage of the above preservation methods on the final proper-
ties of allograft are described by Sgaglione [21]. According to
Verdonk et al., viability of the cells drastically dropped when the
allograft is deep frozen considering to cryopreservation technique
which retains about 10-30% viable fibroblast cells. With wide
variation in results, some allograft transplantation studies men-
tioned benefits such as pain reduction, improved functionality of
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knee joint at short, medium and long term follow-up, improve-
ment in level of disability, protection of articular cartilage and
prevention of arthrosis [4, 20, 24, 25]. Allograft treatment is
reported such as graft processing, and graft conservation. Various
factors such as graft effect on biochemical / chemical properties,
possibility of immunological reaction, immune rejection, struc-
tural and property variation among different implants, disease
transmission, perfect graft size and attachment, poor mechanical
performance, fixed pore geometry, shrinkage, availability, cost,
difficulty in logistics, cost of preservation and implant, effect of
sterilization and preservation on biomechanical performance, pro-
cedure to fix the allograft, mismatch of allograft, efc. play a sig-
nificant role in the rejection or the cons of the allograft treatment
[2, 4,14, 19, 26].

5.2. Gene therapy and growth factors

Growth factors are ‘signalling protein molecules’ in tissue/ cell
culture. They stimulate the synthesis as well as inhibit extra cel-
lular matrix (ECM) degradation. They bind to their respective
receptors in the cell to promote cell differentiation and prolifera-
tion, cell migration, and matrix synthesis [18, 27, 28]. Meniscus
treatment using various growth factors showed benefits such as
accelerated proliferation; superior cell numbers, migration and
alignment; increased production of collagen and proteoglycans;
healing of tear in avascular region; blood vessel formation efc.
Transforming growth factor (TGF-f1) stimulates synthesis of
specific proteoglans, ECM and collagen type II. Basic fibroblast
growth factor (bFGF) can help in proliferation and production of
meniscus cell and new extra cellular matrix [27]. Other growth
factors are also studied on its effect for meniscus regeneration
such as Fibroblast growth factor-2 (FGF — 2), Insulin growth
factor (IGFs), Vascular endothelial growth factor (VEGF), Bone
morphogenetic proteins (BMPs) [19, 27]. Liu et al., provides
a summary of various studies reporting the effect of different
growth factors on meniscus.

Gene therapy has displayed a tremendous potential for menis-
cal repair in both in vitro and in vivo tests [29-31]. It is found
that localized delivery of gene can induce healing with targeted
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localized high concentration at the site of interest without harm-
ing other cells, which will accelerate the process of repair. in vivo
and in vitro gene transfer showed potential in meniscal repair. In
gene therapy, there are a number of parameters and limitations to
be considered for its use in mensical repair. These parameters are
modality of transduction, ideal gene combination, efficient cell
type in the case of transferred cells, identifying appropriate genes,
gene therapy approach / method, optimization of gene delivery
system, optimization of level and duration of gene expression etc
[17, 31]. Hikada et al., treated tissue-engineered meniscus with
Hepatocyte growth factor gene (AdHGF) using adenovirus vector
encoding for vascularization [32]. The result showed formation
of new blood vessels i.e. 2.5 to 4 times than control.

5.3. Intra-articular cell delivery

The treatment may include delivering the cell source to the defec-
tive site. The intra articular injection of progenitor cells is another
attractive option for meniscus treatment. Few studies have shown
active participation of injected cells, successful cell survival, and
cell activity in the knee joint. Despite promising results, this ap-
proach needs more large-scale animal studies to be considered as
treatment option in future [19, 20, 33, 34].

6. Materials and structures used in meniscus re-
pair and regeneration

6.1. Scaffolds and cell seeding

Scaffold based tissue engineering for knee meniscus reconstruc-
tion / regeneration can offer many advantages over other tech-
niques such as:
* Control over custom made shape designs / porosity / struc-
tures using different production techniques
* Flexibility in designing scaffold properties such as me-
chanical performance / biodegradable characteristics by
changing material combinations or structures;
* Easy availability
* Cost
* Reproducibility and Repeatability.

Textile based materials, solvent casting, particulate leaching,
membrane lamination, melt molding, 3D printing, phase separa-
tion, etc. are few of the scaffold fabrication techniques.

Laurencin et al., defined tissue engineering as “‘the applica-
tion of biological, chemical and engineering principles towards
the repair, restoration or regeneration of living tissues using
biomaterials, cells, and factors alone or in combination’ [35].
Scaffold structure, scaffold material (synthetic or natural), type of
cell seeded and specific stimuli (e.g. growth factor, gene therapy)
can be considered as important factors in tissue engineering, with
many challenges in tissue engineering such as producing uniform
pore size, distribution and inter connectivity [16].

Scaffold seeded with specific cell type based on the require-
ment can be used for engineered tissue regeneration similar to
native cells [1]. There are different types of cells, which can be
considered for meniscus regeneration [1] - Autologous cells, Al-
logeneic and xenogeneic cells, stem cells (Human embryonic or
Adult) or combination of the above. Scaffold design must be
done considering several factors such as the macro — micro level,
external geometry including factors such as the bioactivity (inher-
ent to human system), and mechanics similar to meniscus. Ideal
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scaffold material and structure must have the following character-
istics [34, 36]:
* Be non-toxic, biocompatible, non-carcinogenic
* Easily sterilisable
* Allow / guide cells, allow differentiation / proliferation,
migration, attachment, growth by providing optimum pore
density, pore size, pore distribution, pore inter-connectivity,
etc.
* Correct fiber orientation to guide cell orientation and sup-
port
* Optimum surface chemistry / properties cell attachment
and proliferation
* Biocompatibility to avoid rejection
* Desired biodegradability
* Desired mechanical performance (strength and destruction)
* Desired permeability of macromolecules and nutrients.
* Provide path to eliminate waste molecules
* Ability to engineer implant shape as well as in vivo stabil-
ity.

The meniscus tissue can be substituted by a synthetic poly-
meric scaffold [37, 38] tissue derived materials or hybrid / com-
posites of all the above [9, 19, 21, 39]. The menisci cells consist
of fibroblasts and chondrocytes (called fibrochondrocytes). Scaf-
folds produced form synthetic material can exhibit limitations in
terms of high rejection, unpredicted degradation or swelling and
every scaffold implant requires repeated study for a long time be-
fore considering them as a scaffold for implantation [9].

Some of the challenges in meniscus implant include [2]:

* Fixation of the graft to tibia and joint capsule to prevent
implant extrusion

* Engineering of structure to match the compressive and ten-
sile properties

* Selection of the surface characteristics to minimize chon-
dreal damage to the femur and tibia

* Mimic tribology of the native meniscus

* Reproducibility into 3 dimensional structure

* Degradation and degraded product should be nontoxic.

* Suture resistance to tear

* Comparable strength to that of meniscus cartilage.

Porous scaffolds are suited for tissue engineering. The pore
size and its interconnectivity, 3-D surface environments, efc. are
conducive to promote cell-to-cell contact. Scaffolds are classified
into two fields: Natural and synthetic. The natural scaffolds are
primarily from a natural component of tissue derived matrix such
as collagen, perichondrial tissue and hyaluroan. Synthetic scaf-
folds are made up of synthetic polymeric materials such as poly-
urethane, polycaprolactone, Polylactic acid, Polyglycolic acid and
Polylatic-co-glycolic acid.

As shown in Fig. 7, Heijkants et al., cut meniscus shape from
a block of foam [40]. He synthesized a liner biomedical seg-
mented polyurethane (PU) with polycaprolactum (PCL) as soft
segment and 1, 4-butanediisocyanate and chain extended with
butanediol as hard segment as shown in Fig. 8. This material
showed excellent mechanical properties. The porous foam with
interconnected pores was prepared by salt leaching. The foam
was cut into menisci shape and implanted into the knee of a dog.
The foam structure allowed tissue growth with comparable com-
pression behavior. At the same time, in a similar study by Han-
nink et al., found discouraging results [41]. The study concluded
with the findings that the above porous implant is not suitable for
meniscus replacement due to cartilage damage and degradation
compared with the native.
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Fig. 7 - Meniscus shaped scaffold. [40]

Porous scaffold based on PCL and hyaluronic acid (PCL/
HYAFF) showed vascularized tissue growth in sheep [42]. De-
spite encouraging results, the overall results were not encourag-
ing; the implant could not protect the knee joint from arthritis.
Using similar salt leaching technique, Chairi developed a me-
niscus like device by lamination technique using moulds from
Hyaluronic acid and PCL derived biomaterial [39]. The salt was
used in the ratio of 1/10 with biomaterial to ensure inter con-
nected pores. In this case, new tissue formed all over the implant
surface bonding to the capsule in core zone of implant, new col-
lagen fibers were formed between biomaterial and original menis-
cus, growth of blood vessels from superficial to central area of the
biomaterial, efc. suggested promising results. The implants re-
mained in position, retained their shape and maintained adequate
mechanical properties. However, defects such as compression of
implants and extrusion were observed.

Mandal et al., proposed 3 layered silk meniscal scaffold
(Fig. 9) seeded with human fibroblasts (outside) and chondro-
cytes (inside) in a similar system to mimic native meniscus na-
tive architecture [9]. The scaffold showed promising mechanical
properties, increase in GAG proteoglycans production as well as
directed tissue growth with aligned ECM deposition. Mueller et
al., examined use of porous collagen I and I — GAG copolymer
scaffold seeded with calf meniscus cells [43]. The cells showed
early proliferation and more uniform cell distribution. Authors
concluded that the higher GAG synthesis with collagen specific
behavior and poor mechanical strength demand further investiga-
tion.

Yan et al., described a methodology to fabricate porous silk
fibroin scaffold by salt leaching and freeze drying for meniscus
tissue engineering [44]. Scaffold exhibited good water uptake
capacity, porosity as well as pore interconnectivity, the porosity
decreased with higher silk fibroin concentration in solution. The
author also claimed retention of original mechanical properties
of silk fibroin scaffold even after 30 days of immersion in an iso-
tonic saline solution prepared for scaffold degradation.

6.2. Textile / fiber based scaffold
The textile based (nano /micro/macro fibers and fibrous struc-
tures, yarn / filament, woven, knitted, non woven, braided, fiber-

reinforced composites, etc.) scaffolds present many benefits over
other scaffold structures such as they offer high surface area to
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]

Fig. 8 - (A) Scanning electron microscopy image of a cross
section of the polycaprolacton-based polyurethane (PCLPU)
implant. (B) Porous PCLPU meniscus implant provided with
an interstice for the popliteus tendon (arrow). [41]

volume ratio, highly inter connected porous structure, possibility
of 2D or 3D structure, easy producibility efc. However, structural
stability is one of the cons found in the textile-based scaffolds,
which can be overcome by fiber-reinforced composite (FRC) [45,
46]. Recently, lot of work is done on fiber reinforced composites
to aid in the repair of the meniscus. Holloway et al., and El-Amin
et al., developed meniscus implant using ultrahigh molecular
weight polyethylene (UHMWPE) fibers reinforced in polyvinyl
alcohol [47-49]. Fiber-matrix interfacial properties and mechani-
cal performance were studied by varying different spacing be-
tween fibers. The scaffold showed comparable tensile properties
to native meniscus and its ability to manufacture meniscus like
geometry. The authors concluded that there was a need of further
study to understand the different properties (geometry, material
etc.) towards the development of functional meniscus. Gunja et
al., injected poly-L-lactic acid (PLLA) nonwoven scaffold with
meniscus cells (MCs) and articular chondrocytes (ACs) [11]. The
scaffold showed functional tissue engineered meniscus constructs
with biochemical and biomechanical properties. The authors
claimed that GAG, collagen level can be achieved by varying
the concentration of MCs and ACs co-culture ratios. In another
experiment, Gunja et al., cultured meniscus cells on cylindrical
nonwoven poly-L-lactic acid scaffolds in normoxic (21% oxygen)
or hypoxic (2 % oxygen) conditions in the presence or absence of
basic fibroblast growth factor (bFGF) [11]. The authors claimed
significant enhancement in GAG, collagen II content and cell
number/construct in groups exposed to hypoxia and bFGF com-
pared to the controls.

Neves et al., studied bioartificial meniscal cartilage construc-
tion from knitted polyethylene terepthalate fabric using fibrochon-
dryocytes from the menisci of 6-month-old sheep and found out
that scaffold geometry has significant impact on the properties of
these scaffolds [S1]. Chen ef al. developed scaffolds consisting of
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Fig. 9 - Silk based reconstruct for meniscus graft applications.

web like collagen micro sponge formed upon knitted PLGA fab-
ric [52]. The knitted fabric provided the scaffold with mechanical
integrity, while the type I collagen micro sponge filled the large
pores of the fabric and facilitated uniform cell distribution, cell
attachment and tissue formation. After being implanted in nude
mice for a period of 8 weeks, bovine chondrocytes seeded within
the composite scaffold were shown to have maintained their
natural morphology while producing collagen type Il and ECM
proteins.

Andrew et al., studied meniscal complex collagenous fibrous
fascicle arrangement in circumferential, oblique and radial direc-
tion using optical projection tomography [53]. The author identi-
fied woven or braided kind of fascicle arrangements in the ob-
servation (Fig. 10), which may help in load bearing and fracture
toughness of meniscus. Makris et al., concluded that studies on
woven structure by Moutos et al., for articular cartilage engineer-
ing could be useful to develop meniscus type anisotropic structure
[54]. Moutos et al., developed an anisotropic fiber-reinforced
structure from 3D weaving of PLGA (Fig. 11) and PCL fibers
consolidated with chondriocyte- hydrogel mixture into cartilage
tissue construct showing mechanical properties (tensile, compres-
sive, shear) comparable to the native tissue [54, 55]. Wood et
al., developed meniscus with little meniscus regeneration activity
from concentrically stacked hoops of carbon fiber unsheathed by
high tenacity polyester fiber extended by two braided threads for
transosseous anchorage at horns (Fig. 12) [56]. Marsano et al.,
developed nonwoven meshes of esterified hyaluronan seeded with
chondriocytes to culture meniscus tissue. The developed con-
struct resembled some aspects of complex structure and function
of the outer and inner zones of native meniscus [57].

Kang et al., explored the possibility of regenerating whole
rabbit meniscus by implanting meniscal cells on the scaffold fab-
ricated from polyglycolic acid (PGA) reinforced with poly (lactic-
co-glycolic acid) [58]. However, author claimed that further
investigations were needed to establish mechanical property and
long-term data. Balint et al., developed fiber reinforced collagen
scaffold from acid insoluble bovine dermal collagen reinforced
by a network of defadable tyrosine derived polymer fibers, poly
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Fig. 10 - Schematic representation (left) of braided and woven
fascicle organizations with associated sections from meniscal
samples illustrating these arrangements (right). [53]

(desaminotyrosyl-tyrosine dodecyl ester dodecanoate) P(DTD
DD) only to determine the tensile properties [59].

Kevlar reinforced polycarbonate-urethane has also been tried
by Zur et al., and Elsner ef al., implanted in a sheep as shown in
Fig. 13 [60, 61]. The high modulus Kevlar fibers were reinforced
circumferentially in the implant. Although the results showed
mild cartilage degeneration, the implant to found so well an-
chored with no sign of any extrusion, migration or displacement
from the implantation site. The material and structural properties
did not register any change in properties.

Nonwoven mesh of PGA was and agarose hydro gel was cul-
tured with fibrochondriocytes from rabbits. The PGA nonwovens
mesh showed very encouraging results with 22 times higher sul-
fated glycoseaminoglycans and 3 times collagen presence com-
pared to agarose hydro gel after 7 weeks [62].

6.3. Electrospinning

Apart from various textile structures, nanofibrous scaffold can be
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Fig. 11 - Woven structures (A) 3-D Illustration of orthogonal weave structure by interlocking of multiple layers, (B) Scanning
electron microscope image of X-Y plane surface view (C) Y-Z plane cross section view and (D) X-Z plane cross section view. [54]

Fig. 12 - Meniscus Implants-Schematic view of the position of
the prosthetic meniscus on the left tibia 1 plateau. [56]

the ideal structure for meniscus tissue engineering. Properties of
nanofibers such as high surface area to volume / mass ratio, po-
rous structure, inter connected pores, cellular dimension of fibers,
etc make them strong candidates for tissue engineering scaffolds.
Electrospinning is the most versatile, simple and industrially vi-
able method for nanofiber production.

Fisher et al., fabricated circumferentially aligned scaffolds
by changing the collection drum to the disc. The advantage of
aligned nanofiber is that it can direct cell growth in the direction
of fiber alignment [63]. The alignment dictates the cell growth
direction. Baker et al., concluded that mechanical performance
of the mesenchymal stem cell can be improved by loading poly
caprolactone (80 KDa) nanofibrous scaffold with cyclic loading
compared to free swelling sample [64]. Baker ef al., seeded the
above scaffold by meniscus-derived cells from surgical debris
and observed a strong correlation between the amount of col-
lagen deposition within the construct and the mechanical proper-
ties. Baker ef al., reported that aligned PCL nanofibers act as a
micro pattern to direct tissue growth. They also concluded that
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mechanical performance of aligned scaffolds was better than the
nonaligned scaffolds [66].

Lonescu et al., concluded that the growth factors (basic fi-
broblast growth factor (bFGF), transforming growth factor (TGT
— B3)) and poly caprolactone nanofibrous scaffold showed com-
parable or superior integration compared to native tissue [29].

7. Commercial polymeric scaffolds

Two types of meniscus implants are successful.

1. Implant that provides structure and environment to encour-
age tissue regeneration (for e.g. CMI”, Actifit®, Fibrofix" ). 2.
Synthetic Permanent implants (for e.g. Nusurface), Menaflex” (by
ReGen Biologics, USA) is the FDA approved collagen (derived
from purified bovine Achilles tendons) meniscus implant (CMI®).
Sponge like , gamma irradiated Menaflex” is treated with hy-
aluronic acid, chondroitin sulphate, glycosaminoglycan and cross-
linked with formaldehyde [2]. CMI” showed good to excellent
clinical results without any adverse effect [67]. CMI® cannot be
used as a full implant. Sgaglione et al., reported replacement of
collagen with a cell similar to meniscofibrochondrocytes as well
as tissue regeneration and maturation similar to native meniscus
cartilage [Kohn et al., 1993]. The literature also reported CMI
shrinkage over a period of time. Actifit” (Actifit®, Orteq Ltd,
LONDON, UK) is another commercially available porous me-
niscus implant, which is composed of polyurethane — polycapro-
lactone (PU — PCL). Actifit has higher mechanical strength and
much slower degradation rate than CMI” [17, 19, 68]. Fibrofix”
is another silk fibroin, large polypeptides based scaffold devel-
oped by Oxford biomaterials. Nusurface is the first synthetic im-
plant for total meniscus replacement. Nusurface” is developed in
Israel and still under clinical trials. It is made from polyethylene
reinforced polycarbonate urethane (PCU). TRAMMPOLIN (Total
Replacement of Meniscus with Minimally Invasive Polymer Im-
plant) is the Dutch consortium with a goal to develop nonresorb-
able meniscus substitute [69]. Different experts from material
science, tribology, biomechanical engineering, biology, surgery,
etc. are working to study different aspects for the development of
TRAMMPOLIN meniscus [67].
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Fig. 13 - (A) Polycarbonate-urethane meniscal implant, with the stainless steel fixation bolt in the unfastened (i) and fastened
state (ii), and (B) transverse view of an implant, in situ, in an exposed sheep cadaver joint. [60]

8. Conclusion

Meniscus damage can occur due to over loading, over twisting,
over stretching, over bending, etc. Meniscus lesion is one of the
common injuries in sports, dancing, and accidents and inclined
mainly due to ageing. Another problem apart from the above is
the cartilage degeneration, which leads to osteoarthritis. The me-
niscus treatment becomes trickier because of lack of blood supply
in majority of the structures. This review has covered all latest
available approaches and pathways leading to repairing of the me-
niscus, its reconstruction and regeneration in the event of damage.
Among different approaches, tissue engineering is leading the
way and can be considered as one of the fastest growing fields.
Lot of advancement has been done in the field of biomaterials that
can be synchronised with tissue engineering to solve the issues
associated with meniscus repairs. Despite latest developments
in tissue engineering, lot of work must be focused on mimicking
the biomechanical functionality of the meniscus. Considering the
latest developments in biomaterials, all disciplines must be com-
bined to mimic the meniscus properties to achieve the goal of me-
niscal replacement with the healthcare costs taken into account.
Tissue engineering by allograft / autograft has certain limitations
such as chances of infection, rejection, availability, cost, preser-
vation, efc. Because of all the above limitations, the tissue en-
gineering research focus is towards synthetic or natural material
based scaffolds. The easy availability, easy processability, ability
to tailor scaffold properties and structure, efc. prove that synthetic
material based scaffolds are more versatile for future tissue engi-
neering approaches. The present review covered different materi-
als and scaffold structures used for meniscus implant with a focus
on textile based scaffolds. The review also covered commercially
available partial or full meniscus replacements.
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