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Tissue engineering aims to bring together biomaterials, cells, and signaling molecules

within properly designed microenvironments in order to create viable treatment options

for the lost or malfunctioning tissues. Design and production of scaffolds and cell-laden

grafts that mimic the complex structural and functional features of tissues are among the

most important elements of tissue engineering strategy. Although all tissues have their

own complex structure, an even more complex case in terms of engineering a proper

carrier material is encountered at the tissue interfaces, where two distinct tissues come

together. The interfaces in the body can be examined in four categories; cartilage-bone

and ligament-bone interfaces at the knee and the spine, tendon-bone interfaces at

the shoulder and the feet, and muscle-tendon interface at the skeletal system. These

interfaces are seen mainly at the soft-to-hard tissue transitions and they are especially

susceptible to injury and tear due to the biomechanical inconsistency between these

tissues where high strain fields are present. Therefore, engineering the musculoskeletal

tissue interfaces remain a challenge. This review focuses on recent advancements in

strategies for musculoskeletal interface engineering using different biomaterial-based

platforms and surface modification techniques.

Keywords: musculoskeletal tissue interfaces, scaffolds, polymeric surfaces, metallic surfaces, functional

biomaterials, tissue engineering

INTRODUCTION

According to Langer and Vacanti, “Tissue engineering is an interdiciplinary field that applies
the principles of engineering and life sciences toward the development of biologic substitutes
that restore, maintain, or improve tissue or organ failure” (Langer and Vacanti, 1993). The
basic principle of tissue engineering is the isolation and multiplication of cells followed by the
reimplantation of the cell/biomaterial complex designed and produced to meet the requirements
of the defect site (Langer and Vacanti, 2016). Tissue engineering aims to mimic the structure,
function and composition of the native tissues in the best possible way. In order to achieve this goal,
several approaches have been employed including scaffold-based and scaffold-free strategies for
engineering of tissues including; bone, cartilage, tendon, ligaments, nervous tissue, and orthopedic
interfaces (Freed et al., 1998; Moffat et al., 2009; Yilgor et al., 2010; Erisken et al., 2011; Chen et al.,
2015). In these, either cells are directly injected to the damage site, or biomaterials are implanted
without cellular content, or cells and biomaterials are combined for in vitro or in vivo applications.
Although the strategy appears to be relatively straightforward, there are many challenges associated
with each of these approaches. Table 1 summarizes the challenges that are encountered in tissue
engineering field (Rice et al., 2005).
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TABLE 1 | Tissue engineering challenges according to in biological, engineering

and clinical concerns (Rice et al., 2005).

Biological

challenges

Engineering

challenges

Clinical challenges

Cell source

selection

Biomaterial selection Maintaining new tissue with

appropriate shape and

volume

Cell multiplication Efficient usage of

biomolecules

Adaptation of the new

tissue to the host tissue

Preservation of the

differentiated state

Production of functional

tissue

Vascularization of the new

tissue

Biomaterials play a central role in tissue engineering
strategy. The definition of the ideal biomaterial has changed
considerably during the past decades (Williams, 2009). In early
biomaterial design, the aim was to match the mechanical and
structural properties of tissues without causing damage or
unwanted host response. First generation biomaterials, such as
poly(methyl methacrylate) (PMMA) and stainless steel, were
used extensively as they were considered to be relatively inert and
incited a predictable foreign body response. Second generation
biomaterials included metals, ceramics, synthetic, and natural
polymers such as titanium, bioglass, poly(lactide-co-glycolide)
(PLGA), and collagen. These materials were engineered to
be more biologic, having bioactive properties that include
osteointegration [titanium, nano-hydroxyapatite (n-HAP)]
(Carlsson et al., 1986), tissue integration (Bioglass) (Krishnan
and Lakshmi, 2013), and biodegradation (PLGA, collagen)
(Glowacki and Mizuno, 2008; Pan and Ding, 2012; Martinez
et al., 2015; Mironov et al., 2017). Third generation biomaterials
are then employed to provoke molecularly engineered host
response. Many different approaches were used in order to
regenerate different types of tissues using these biomaterials.
Among these, tissue-to-tissue interfaces remain the most
challenging cases due to their gradient and complex structural
andmechanical requirements. This reviewwill focus on strategies
to engineer orthopedic tissue interfaces such as muscle-tendon,
tendon/ligament-bone, and cartilage-bone with special emphasis
on the use of biomaterials in these approaches.

MUSCLE-TENDON INTERFACE
(MYOTENDINOUS JUNCTION)

The myotendinous junction (MTJ) is the meeting point between
tendons and muscles and its structure resembles adhesive joints
(Woo, 1987; Trotter, 1993). When the functions of the muscle-
tendon unit are examined, it is observed that MTJ controls
the movements and positions of the joints. MTJ works as
an antagonist, it stabilizes the joint, stores, and releases the
strain energy (Alexander, 1988). The MTJ carries out vital
physiological functions within the muscle-tendon unit. Muscle
force is transmitted to the tendon through the MTJ, by force
transfer between intracellular muscle proteins and extracellular
tendon proteins (Kannus et al., 1992; Hwang et al., 2005).
Microscopically, MTJ is not a sharp transition between tissues.

It is composed of overlapped fragments of both muscle and
tendon and an extensive adhesion surface in between. At the
connection point, muscle fibers form structures which integrate
with the extracellular matrix (ECM) elements of the tendon.
The size and the morphology of these structures vary by gender,
age, body mass index (BMI), etc (Kvist et al., 1991; Curzi et al.,
2013).

When the ECM of the MTJ is examined, it is observed that
several adhesion proteins such as laminin, paxillin, integrin,
vinculin, fibronectin, and talin are present in addition to the
ECM protein content of both tissues (muscle and tendon).
These adhesion proteins enable a link between muscle actin
filaments and tendoneus collagen fibers (Shear and Bloch, 1985;
Bozyczko et al., 1989; Swasdison andMaynei, 1989; Turner, 2000;
Conti et al., 2009). Moreover, the adhesion proteins preserve the
integrity and aid the transition of the muscle fibers into tendon
fibrils. Therefore, it is important to note that any successful
approach to engineer MTJ must consider the need for the
adhesion complexes inherent to the junction site.

The structural and mechanical differences between muscle
and tendon units require the design of a unique interface for two
reasons: first, the mechanism which enables muscle contraction
is intracellular, while the collagen matrix that gives the tendon
its strength is extracellular. In order to transmit the force from
the muscle to the tendon, and finally to the bone, the complex
tissue requires transmembrane connections which is a challenge
for tissue engineering field. Another reason is that the interface is
prone to injury due to the mechanical inhomogeneity. Therefore,
the inherent structural and functional characteristics of both
tissues have to be considered in order to be able to mimic the
native tissue properly.

As mentioned before, one of the main functions of the MTJ
is to release and store the energy. Therefore, MTJ injuries
often occur due to repeated overload, high impact training or
overuse (Lysholm and Wiklander, 1987). The most common
injuries which occur at the MTJ is seen in the rotator cuff,
Achilles tendon, and hamstrings. Current approach for these
injuries are suture repairs but these treatments have a high
retear rate and high risk of fibrotic scar tissue formation at the
wound site (Galatz et al., 2004; Vitale et al., 2007; Sato et al.,
2014). In order to engineer MTJ-like constructs to regenerate
these cases, a biomaterial platform should be developed which
have characteristics of both tissues as well as the MTJ. This
engineering challenge is still unmet due to the limitations of
the current biomaterial processing techniques. While there are
some promising studies available in the literature to engineer
muscle and tendon tissues to produce substitutes with structural
and biochemical similarity to the native tissues, production
of engineered tissues with native contractile properties and
functionality have not been reported yet. There are even
less studies performed toward engineering of muscle-tendon
interface and much remains to be done.

Among the available MTJ-like construct production studies,
there are scaffold-based and scaffold-free approaches. Scaffold-
based approaches has several advantages like better control on
the shape, size, and porosity of the construct. Many scaffolds
have been produced, varying from the use of acellular tissues to
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synthetic gels designed for engineering muscle and tendon units.
However, much less effort was spent toward scaffold design for
MTJ (Ladd et al., 2011). The reason for this could be associated
with several drawbacks including the stress shielding effect. Stiff
scaffolds bearmuch of the stress of an applied load, decreasing the
amount experienced by the cells seeded onto the scaffold. Second
challenge is the poor adaptation of current scaffold production
technologies to engineer multi-segment tissues. While several
studies on engineering muscle grafts have been reported using an
acellulerized tissue as a scaffold, the use of acellulerized tendon
as is was not successful due to the difficulty of seeding cells into
its dense protein matrix (Turner and Badylak, 2013). Currently
no ideal biological scaffold is defined for the regeneration of
MTJ.

More successful attempts can be found in the literature with
scaffold-free approaches due to the benefits of this approach.
One of the advantages is the prevention of stress shielding.
This technique also avoids the complications associated with
incompatible structural and mechanical properties of scaffolds.
Pioneering studies include heterogeneous muscle and tendon
cell isolation and administration to the defect site (Larkin et al.,
2006; Kostrominova et al., 2009; Ma et al., 2012). In these
studies, histology results showed the presence of interdigitations
between muscle and tendon tissues. Local adhesion proteins at
the interface were also identified. Studies have reported that these
scaffold-free have a potential to interdigitate into native tissue
and mature in vivo (Williams et al., 2013).

TENDON/LIGAMENT-BONE INTERFACE

Tendons and ligaments are connective tissues. Tendons
bind muscles to bones, while ligamants connect bones to
bones. There is a continuously phased area, interface/enthesis,
where tendons and ligaments meet the bones. Within the
body, the tendon/ligament-bone interface is composed of
a continuous gradual transition of three different types of
tissues: tendon/ligament, fibrocartilage, and bone (Figure 1)
(Thomopoulos, 2011). These transition areas also consist of
different cell types, such as fibroblasts, fibrochondrocytes, and
osteoblasts. The main component of tendons and ligaments is
collagen and the presence of collagens type I and III are the
typical of these tissues together with decorin in small amounts.
The most critical area of this interface is the fibrocartilage
part and it is the meeting point of the tendon/ligament and
bone tissues. Fibrocartilage is composed of collagen type II
and type III enriched with proteoglycans including aggrecan
and decorin in order to give the flexibility to the interface.
The tissue is the transition site between tendon/ligament and
bone, and it is assumed to have two layers; mineralized and
non-mineralized fibrocartilage. The ECM of bone tissue is
mainly composed of collagen type I together with other proteins
including osteopontin as well as mineralized content (mostly
HAP) (Benjamin et al., 1986; Langer and Vacanti, 1993; Genin
et al., 2009; Zhang et al., 2012).

Taking this complex hierarchical organization into
consideration, various models for scaffolds and grafts have

been proposed for the repair of the tendon/ligament-bone
interface (Figure 2) (Tellado et al., 2015). However, the scaffolds
designed for tendon/ligament interfaces are often far from
representing the physiological structure, as they are designed as
layers with or without minerals (Moffat et al., 2009; Kim et al.,
2014). Moreover, it is also known that the reconstructed graft
materials that have been accepted today do not achieve complete
success in creating the gradual structure that exists in the native
tissue, and that it has been torn again over time (Friedman et al.,
1985; Robertson et al., 1986; Kurosaka et al., 1987; Rodeo et al.,
1993). Thus, there is a need for new reinforcing materials that
can repair and merge the tissues not only mechanically but also
biologically in order to mimic the native tissues completely.

Electrospinning is a common scaffold production technique
and it has been widely employed to engineer bone-tendon
interface (Agarwal et al., 2008; Sill and von Recum, 2008;
Bhardwaj and Kundu, 2010). By using this technique, fiber
diameter, alignment, and porosity can be adjusted. For example,
alignment can be increased with a rotating mandrel (De Filippo
et al., 2008; Bayrak et al., 2017). Also, electrospun fibers can be
used as a drug delivery tool due to the biodegradable nature of the
polymers used. An electrospun fiber based gene delivery strategy
was developed for dermal fibroblasts (Phillips et al., 2008), where
it was shown that incorporating a Runx2/Cbfa1 delivery system
into the biomaterial platform enables the spatial organization of
osteoblasts and fibroblasts at their respective zones. In another
study, Yokoya et al. performed a study on rabbits to test the effects
of polyglycolic acid (PGA) and poly(ε-caprolactone) (PCL)
sheets on tendon-bone interface regeneration. It was shown that
the presence of scaffolds increased the potential of generation
of a tendon insertion with a fibrocartilage layer for rotator cuff
regeneration in vivo. However, the translational potential of this
design is limited due to the difference between the shoulder
anatomy of rabbits and humans (Yokoya et al., 2008).

There are several scaffold-based approaches for engineering
tendon-to-bone interface. Since this interface has a multilayer
structure, the proper scaffold should also be multiphasic in order
to mimic the native tissue properly (Gulotta et al., 2009; Moffat
et al., 2009). Selection of biomaterial is also very crucial due to
the need for matching mechanical and degradation properties.
Polymers are not the only solution for material selection for
tendon-to-bone interface regeneration in the literature.

There are some novel approaches which include metallic
implants. For example, Higuera et al. designed an implant to
replace the tuberosity of the canine humerus. They observed that
almost-natural joint function could be achieved (Higuera et al.,
2005). In the design of Inoue et al. an augmented metal bone
plate (with bone marrow and trabecular bone graft) was used as
a reattachment site at the interface of bone-tendon attachment
(Inoue et al., 2002). This design was proven to be successful to
increase the strength of bone-tendon attachment.

CARTILAGE-BONE INTERFACE

Cartilage-bone interface maintains the integrity of the
osteochondral unit during daily activities. Osteoarthritis is
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FIGURE 1 | Tendon-to-bone interface, across a functionally graded fibrocartilaginous transition site (toluidine blue-stained section from a rat supraspinatus

tendon-to-bone insertion is shown; scale Bar = 200µm). (Reprinted by permission from Nature Publisher Group, IBMS BoneKEy, Thomopoulos, 2011 copyright ©

2011).

FIGURE 2 | Structure and composition of fibrocartilaginous entheses of tendon/ligament-bone interface (Reprinted by permission from Elsevier, Advanced Drug

Delivery Reviews, Tellado et al., 2015 copyright © 2015).

a worldwide health problem, the most common form of
arthritis, and it mainly occurs at the cartilage-bone interface.
Many treatment options have been developed including direct
injection regimes, however, long term results of these treatments
were not able to recapitulate the natural structure (Wallny
et al., 2000). Treatment of osteochondral defects still remain a

challenge due to the facts that cartilage tissue is avascular and has
a poor ability of regeneration. Current treatments mainly focus
on pain relief and preservation of joint functions (Fajardo and
Di Cesare, 2005). Some of the procedures include arthroscopic
lavage (to ease the joint pain), microfracture, arthoplasty, and
soft tissue grafts (Redman et al., 2005). Down side of these
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procedures are that they do not stimulate tissue repair. Tissue
engineering strategies gain importance in order to achieve this
goal.

The cartilage tissue contains collagen type II, aggrecan,
decorin, fibromodulin, and biglycan in the ECM (Heinegård
and Oldberg, 1989; Bhosale and Richardson, 2008). At the
native cartilage-bone interface, the cartilage is connected to
the subchondral bone via the osteochondral unit, which
contains a layer of hypertrophic chondrocytes embedded in
a calcified cartilage matrix (Yang and Temenoff, 2009). The
ECM of the calcified cartilage below the tidemark region
does not contain proteoglycans but contains collagen type X
and alkaline phosphatase (Oegema et al., 1997). Therefore,
the elastic modulus of the interface lays in between that
of the unmineralized cartilage and the subchondral bone
tissue. Characteristics of the interface enable cartilage-bone
assembly by supporting the pressurization in the presence
of physical loading, and act as a barrier against vascular
infiltration (Bullough and Jagannath, 1983). So, in order to
regenerate the osteochondral defects, compositional elements
must be maintained within the material. Because of the complex
structural, compositional, and mechanical properties of the
osteochondral interface, a biomaterial based approach could
be beneficial rather than a cell-based approach. Since the
physical and mechanical properties of the biomaterials could be
adjusted as needed, a functional support can be achieved upon
implantation providing an advantage for the treatment (Jiang
et al., 2010).

Biomaterial-based approaches in the treatment of
osteochondral defects can be investigated in two categories:
strategies based on polymeric and metallic biomaterials. In
treating osteochondral defects, one of the main problems is to
maintain the integrity of the newly formed tissues. Moreover,
the degradative, mechanical, and structural properties must be
adjusted to support mechanical stability during regeneration
(Yang and Temenoff, 2009).

Cartilage-bone interface is a multilayered and complex
structure, and several approaches were used in the literature
in order to mimic this structure. For example, Kayabe et al.
used a single-phase scaffold system composed of hyaluronic
acid (HA) gels loaded with fibroblast growth factor-2 (FGF-
2) and mesenchymal stem cells (MSCs). Results of this
study showed that HA did not stimulate the regeneration
of the full thickness osteochondral defect on its own, while
while MSC proliferation in the presence of FGF-2 showed
significant enhancement in the articular cartilage repair
(Kayakabe et al., 2006). However, regeneration of the underlying
bone tissue was not achieved by this single-phased system.
Therefore, researchers design and produce bilayered scaffold
systems for interface tissue regeneration which could provide
suitable microenvironment for both bone and cartilage
tissues. Although several challenges are associated with
the fabrication of gradient scaffolds with varying structure,
they are still much more suitable for osteochondral tissue
regeneration rather than simple designs. In the study of
Khanarian et al. a hydrogel based, bilayered scaffold was
investigated as an osteochondral construct. A hydrogel-ceramic

composite was used, calcium crosslinked alginate hydrogels
were prepared and the bilayered construct was maintained
by adding HAP to the lower part of the hydrogel. The
study showed that the HAP part of the structure enhanced
proteoglycan collagen type II rich matrix formation, which are
the typical components of the calcified osteochondral interface
(Khanarian et al., 2011).

In order to mimic the ECM closely, a nanocomposite
multilayered scaffold was developed where the upper layer was
prepared from collagen, the intermediate layer was prepared
by using HAP and the lower layer was prepared by HAP
grafted collagen, respectively (Tampieri et al., 2008). This study
showed that the produced scaffolds can be used in the clinic
and that significant regeneration of subchondral bone can be
achieved. Also, fibrocartilaginous tissue formation was generated
in the cartilage layer which indicates the need to enhance the
biological acitivity of the scaffold by using bioactive molecules or
cells.

Besides the polymeric biomaterials, metallic biomaterials were
also used as potential constructs for osteochondral regeneration.
Chang et al. produced a titanium-fiber mesh by binding the fibers
by gelling the polyvinyl alcohol (PVA). The design promoted
strong fixation as cancellous bone ingrowth was achieved into the
titanium-fiber mesh. Also the bonding between host bone and
penetrating bone and regaining the shock-absorbing function in
the joint was achieved (Chang et al., 1998).

Trabecular metals have been widely used for different
applications in orthopedic surgery (Bobyn et al., 1999; Cohen,
2002; Gordon et al., 2005). Mrosek et al. used tantalum as a
trabecular metal and combine it with PCL in order to achieve
cartilage and subchondral bone regeneration. This study was
designed to be a proof-of-concept study to determine the
feasibility of using tantalum as a metal implant and PCL as a
biodegradable implant for osteochondral injuries. Tantalum and
PCL were combined with the periosteal grafts and showed bony
incorporation in both ways.

On the other hand, chondrogenic potential of the periosteum
was not stimulated by the presence of these biomaterials
(Mrosek et al., 2010). Nowadays apart from polymeric and
metallic biomaterials, the use of magnetic nanoparticles (MNPs)
to induce tissue growth through magnetic fields are also
gaining importance. Iron doped and iron based biomaterials
are used to guide bone regeneration (De Santis et al., 2011).
De Santis et al. produced a PCL and polyethylene glycol (PEG)
based magnetic nanocomposite scaffold and they showed that
this scaffold adequately reproduce viscoelastic properties of
trabecular bone and articular cartilage tissues (De Santis et al.,
2016).

CONCLUSION

Development of tissue engineered products for the
musculoskeletal interfaces are highly required, yet still in
its infancy. Vast variety of scaffold production techniques must
be challenged in the production of graded/complex structures.
Numerous scaffold-based and scaffold-free approaches were
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evaluated for engineering of muscle and tendon separately, but
the materials developed for interfaces are very rare because
of the requirement of the multilayered/complex structures
together with compositional and mechanical properties of the
interface. Further research is needed to produce a suitable
material for regeneration of interfaces. Similarly, design and
production of scaffolds for tendon-to-bone interface and
osteochondral defects is challenging and further studies are
needed.
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