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Abstract

Interface tissue engineering involves the development of engineered grafts that promote

integration between multiple tissue types. Musculoskeletal tissue interfaces are critical to the safe
and efficient transmission of mechanical forces between multiple musculoskeletal tissues e.g.
between ligament and bone tissue. However, these interfaces often do not physiologically
regenerate upon injury, resulting in impaired tissue function. Therefore, interface tissue
engineering approaches are considered to be particularly relevant for the structural restoration of
musculoskeletal tissues interfaces. In this article we provide an overview of the various strategies
used for engineering musculoskeletal tissue interfaces with a specific focus on the recent important
patents that have been issued for inventions that were specifically designed for engineering
musculoskeletal interfaces as well as those that show promise to be adapted for this purpose.

Introduction

Tissue interfaces are graded transitional regions between two different types of tissues and
are integral to normal tissue function. They are typically characterized by anisotropic
mechanical properties and a heterogeneous distribution of extra cellular matrix proteins.
Tissue interfaces play a particularly important role in the musculoskeletal system. The
unique mechanical and matrix properties of orthopedic tissue interfaces provide seamless
structural and functional integration between tissue types with dissimilar mechanical and
biochemical properties such as tendon or ligament and bone, cartilage and bone, and muscle
and tendon tissues (1, 2). This facilitates the safe transmission of stresses between two
different tissues and the maintenance of heterotypic cell populations, both of which are
critical to the physiological functioning of the musculoskeletal tissue system (3, 4). There
are a number of musculoskeletal injuries that frequently require surgical reattachment of
musculoskeletal tissues as in the case of tendon or ligament avulsions at bone insertion sites
or osteochondral injuries. However, surgical reconstruction procedures cannot re-establish
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the interface tissue, leading to high rates of re-injury due to poor integration between tissues
at the reconstruction site (5). Furthermore, musculoskeletal interface regions have a poor
capacity for regeneration and injury to interface tissue often results in the formation of scar
tissue with comparatively inferior mechanical properties (6, 7).

The matrix organization of interface tissue is most likely related to the distribution of
mechanical stresses across this region (8). Ligament-bone and tendon-bone interfaces are
very similar. Nearly all tendons and most ligaments insert directly into bone; however, some
insertions are indirect. For direct insertions, the interfaces are composed of ligament/tendon
soft tissue, fibrocartilage, calcified fibrocartilage, and bone. The transition from the soft
tissue of ligament to the hard tissue of bone occurs in the space of approximately 1 mm (9).
The gradual transition from soft to hard tissue distributes the load placed upon the interface
and decreases stress concentrations, making the area especially resistant to damage (10, 11).
The interface is much simpler for indirect insertions, where the ligament/tendon is anchored
directly to the bone via collagen fibers without a distinct transitional structure, and these
fibers typically only go as deep as the periosteum (12).

The cartilage-bone interface is characterized by the transition through four zones of cartilage
prior to subchondral bone: superficial, intermediate (middle), deep, and calcified cartilage
zones (13). In the superficial zone, chondrocytes are relatively dense, and collagen fibers are
aligned parallel to the joint surface. At the intermediate zone, the collagen fibers become
randomly aligned and chondrocytes go from flat to oblique in shape. At the deep zone,
chondrocytes are spherical and aligned in columns, and the collagen fibers become aligned
perpendicular to the joint surface. These collagen fibers penetrate from the deep zone into
the calcified cartilage zone and are anchored into the subchondral bone (14).

At the tendon-muscle interface, the muscle cell membrane, called a sarcolemma, is folded
into finger-like extensions that serve as anchoring points for collagen fibers to the tendon. At
this junction, a specialized extracellular matrix exists at the tendon-muscle interface to help
transfer and distribute the force from the muscle to the tendon (15-17). Proteins such as
focal adhesion kinase, paxillin, integrin-linked kinase, mitogen-activated protein kinase, and
talin are up-regulated at this junction (18-20). These proteins create transmembrane-linkage
systems to connect the cytoplasmic actin of the muscle with the extracellular matrix proteins
from the tendon (21).

Due to the importance of orthopedic interfaces in the physiological functioning of the
musculoskeletal system there is a need to develop an effective clinical therapy that can re-
establish these tissue interfaces. Tissue engineering is a promising approach that has the
potential to regenerate damaged tissue. However, interface tissue engineering can be
particularly challenging using conventional techniques (22). Conventional tissue engineering
scaffolds generally have uniform properties and do not effectively recapitulate the
anisotropic mechanical and biological properties of interfacial tissue regions, which are
essential to the maintenance of multiple resident cell populations present in interfaces.

Over the past two decades, researchers have developed innovative tissue engineering
techniques that can mimic the unique organization of native interfacial tissue. This review
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seeks to provide the reader with an overview of the patents filed over the past 15 years in the
field of interface tissue engineering, with a focus on musculoskeletal tissue interfaces.
Inventions in this field can largely be grouped into scaffold-based and scaffoldless
approaches. Scaffold-based strategies make use of composite, stratified, and gradient
scaffolds that can effectively simulate the matrix organization of the native interface tissue.
Scaffoldless tissue engineering strategies, on the other hand, largely rely on the principle of
cellular self-assembly/self-organization for the formation of a tissue construct without
deploying cells into an exogenous scaffold (22).

Multiphase Scaffolds for Interface Tissue Engineering

Multiphase scaffolds are made up of two or more distinct physical regions or phases. It is
hypothesized that tailoring the mechanical and structural properties of each phase of the
scaffold to support the growth of a specific cell type would result in a tissue construct that is
representative of native interfacial tissue. Preferably, the adjoining phases are continuously
integrated with one another so as to minimize stress concentrations between adjoining layers
(8). Various groups have developed scaffolds with multiple phases for the purposes of
engineering the osteochondral interface, the ligament-bone interface and the tendon-bone
interface.

A number of polymer-ceramic composite scaffolds have been developed for osteochondral
tissue engineering. These scaffolds consist of a distinct polymeric layer adjoining a distinct
ceramic layer. Bioactive ceramics such as hydroxyapatite, tricalcium phosphate and other
calcium phosphates are known to promote biomineralization, exhibit high mechanical
strength, and have been extensively used for bone tissue engineering (31). On the other
hand, biodegradable polymers can be fabricated with specific geometries, have tuneable
degradation times and can recapitulate the mechanical properties of the native cartilage
ECM (31-34). The tissue specific properties of the polymeric and ceramic systems can be
taken advantage of by combining them into a single composite scaffold that can promote the
growth of a soft-tissue to bone interface.

Brown et al. developed a composite scaffold for osteochondral interface regeneration with a
polymeric phase attached to a porous ceramic phase. The polymeric phase was partially
infused into the ceramic phase to form an interphase region that provides a smoother
transition in structural and mechanical properties of the scaffold (23). The ceramic phase
consists of a porous ceramic tablet that was cut from a larger ceramic block using a high-
speed diamond-cutting saw. The ceramic tablet was then placed on a set of shims secured in
an aluminum mold and a solution of PCL and PLGA was poured into the mold until the
bottom surface of the ceramic tablet was submerged in the solution. The mold assembly was
finally lyophilized to form a single scaffold. Scanning electron microscopy (SEM) images
revealed that the polymeric phase was firmly embedded in the porous ceramic layer.

Parvesio et al. disclosed a composite scaffold for osteochondral tissue engineering composed
of a three dimensional matrix of hyaluronic acid derivatives that is structurally integrated
with a porous three-dimensional ceramic matrix. The scaffold is infused with a biologically
active substance that promotes cell adhesion such as fibronectin, RGD or integrin sequences
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or growth factors etc. (24). The inventors used mesenchymal stem cells (MSC) to study the
potential of their scaffolds to generate osteochondral tissue /7 vivo using an animal model.
MSC were cultured with 10ng/ml TGF-B1 to induce them to differentiate to a chondrocyte
lineage while they were exposed to an osteogenic supplement (100nM dexamethasone 10
mM beta-glycerophosphate and 0.05 mM of ascorbic acid-2-phosphate) in order to induce
formation of osteocytes. Thereafter, MSCs exposed to TGF-B1 were loaded into a porous
sponge composed of hyaluronic acid derivatives in order to form the cartilage component of
the osteochondral interface, while MSCs exposed to the osteogenic supplement were loaded
into the porous ceramic in order to promote bone formation. The MSC loaded sponge and
ceramic phases were joined together using fibrin glue and subsequently implanted into the
backs of syngeneic rats. The inventors reported that six weeks after implantation
fibrocartilage was distributed throughout the hyaluronic acid matrix, which was partially
absorbed, while bone tissue could be seen forming in pores of the ceramic materials. The
fibrin glue was completely absorbed by six weeks. Furthermore, it was observed that growth
of both bone tissue and cartilage was localized only to their respective scaffold components.
Although this underscores the potential of the scaffold to exhibit tissue specific bioactivity,
an abrupt change in tissue properties is not representative of native tissue interface structure
and may lead to unfavorable stress concentrations /n vivo.

Biodegradable scaffolds composed of multiple polymeric layers have also been used for
engineering tissue interfaces (35). It is hypothesized that controlling physical structure and
chemical composition of the individual layers can effectively simulate the heterogeneous
mechanical properties and matrix composition of tissue interfaces. Athanasiou et al.
disclosed an initial patent describing a bi-phasic scaffold system for subchondral bone and
cartilage regeneration. It consists of two porous biodegradable polymer layers placed one on
top of the other. The stiffness and compressibility of the upper and lower layers was
optimized for bone and cartilage tissue respectively. Each of the polymeric layers is formed
through a solvent-non solvent phase separation technique. The two polymeric regions are
bonded together in a mold subjected to pressure curing (25). However, this fabrication
technique does not result in a smooth transition of structural and mechanical properties
between the two polymeric layers and may result in a concentration of stresses at the
junction between the two layers.

Ateshian et al. disclosed a multiphase scaffold comprised of a hydrogel component and a
composite polymeric ceramic component that can provide a functional interface across
multiple tissue types (26). As described in their patent, the composite scaffold consists of at
least three regions — the first region comprising a hydrogel and the third region comprising a
porous composite polymeric-ceramic phase with an intermediary second phase. In a
preferred embodiment of the invention the hydrogel component of the scaffold is composed
of an agarose hydrogel, while the second phase consists of a composite (PLGA-BG) of poly-
lactide-co-glycolide (PLGA) and 45S5 bioactive glass (BG). Previous studies by the
inventors showed that agarose hydrogel constructs were able to develop a functional
cartilage-like matrix /n vivo while PLGA-BG composite scaffolds were biodegradable,
promoted osteointegration and osteoblast proliferation and phenotypic expression (36, 37).
The second phase, which interfaces the first and third phases, is a mixture of the hydrogel
(first phase) and PLGA-BG composite (third phase) with a lower level of calcium phosphate
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than the third phase. It is thought that this interfacial phase permits interactions between the
chondrocytes and osteocytes to promote the formation of an osteochondral interface region.
As mentioned by the inventors, the PLGA-BG phase was integrated with agarose hydrogel
phase using a custom mold resulting in the formation of the middle interface region. The
phase comprising only agarose gel was embedded with chondrocytes while the phase
comprising only PLGA-BG was seeded with osteoblasts. The construct was shown to
support the growth of both osteoblasts and chondrocytes and maintained a continuous
integrated structure over the twenty-day period of the study. Moreover, the constructs were
capable of simultaneously supporting discrete matrix zones, which included a
glycosaminoglycan rich chondrocyte region, an interphase region rich in GAG and collagen,
and an osteoblast region with a mineralized collagen matrix.

Collagen based scaffolds have been known to exhibit a high degree of cell attachment and
have been investigated for interface tissue engineering (38). Tampieri et al. described a
bioresorbable multilayer collagenous structure developed as an osteochondral substitute
(27). The multilayer structure consists of an upper layer of collagen type | matrix, and one or
more lower layers composed of a composite matrix of collagen type | and hydroxyapatite.
The upper and lower layers are crosslinked and knitted together while in a gel form and
subsequently freeze dried (39). The hydroxyapatite in the lower layer is formed by direct
nucleation of apatite on the collagen fibrils. This prevents the hydroxyapatite crystals from
growing larger than the nanometer dimensions of the collagen fibrils. It was shown
previously by the inventors that this direct nucleation process leads to a non-stoichiometric
carbonation of hydroxyapatite, which increases the biodegradability and bioactivity of
subchondral bone component of the multilayer membrane (40). The inventors evaluated their
scaffold in two /n vivo studies: an 8-week study in which scaffolds seeded with sheep bone
marrow derived stem cells (BMSC) were implanted in an immune suppressed mouse model
and a long term (6 month) study in which the scaffolds were implanted into preformed
osteochondral lesions in a horse model. The mouse model showed that the hydroxyapatite
enriched collagen layers promoted stem cell differentiation toward an osteocyte lineage,
while the collagen-only layers promoted differentiation of stem cells toward a chondrocyte
lineage. The long-term study showed that the scaffolds promoted the formation of neo-
connective tissue that resembled fibrous cartilage tissue.

However, the knitting procedures used in the above invention to physically hold the distinct
layers together results in the introduction of non-collagenous materials like PLA fibers.
Moreover, the layers are freeze-dried in a single step using the same conditions, which
results in the formation of voids between the layers and a discontinuous pore architecture. To
overcome these drawbacks Gleeson et al. developed an iterative freeze drying process in
order to physically integrate multiple collagenous layers (28). The method of fabrication
involves freeze drying a first layer of collagen followed by the addition of multiple layers of
collagen suspension one on top of the other accompanied by a freeze drying step upon the
addition of each successive layer. Before the addition of each new layer the previous freeze-
dried layer is rehydrated and then lyophilized once again together with the newly added
layer. Scanning electron microscopy (SEM) images show that this iterative freeze-drying
process provides seamless structural integration of adjoining layers [Figure 1].
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Lu et al developed a triphasic scaffold that has the potential to regenerate the tendon/
ligament to bone interface. They hypothesized that a scaffold that can facilitate interactions
between fibroblasts and osteoblasts can direct the regeneration of tissue interfaces with
heterogeneous matrix properties. Along these lines, Lu et al. disclosed an invention where a
graft collar and scaffold are used for promoting fixation of musculoskeletal soft-tissue
(ligament and tendon) to bone (29). In a preferred embodiment, the invention provides for a
triphasic scaffold for attachment of tendon to bone. The triphasic scaffold can be used as a
graft collar or an interference screw. The properties of each of the three phases of the
scaffold can be tailored to promote the expansion and maintenance of fibroblasts,
chondrocytes and osteoblasts respectively. The invention further provides an apparatus that
can induce the formation of fibrocartilage characteristic of the tendon-bone interface by
wrapping the graft collar in a polymer fiber mesh in order to apply a compressive force to
the graft collar. In a preferred configuration the three phases are of PLAGA woven mesh
(Phase A), PLAGA microspheres (Phase B), and PLAGA (85:15)/Bioactive Glass
(45S5,BG) (Phase C) composite microspheres, respectively. All phases are continuously
joined together by sintering and solvent evaporation. /n vitro studies showed that after 28
days there was extensive cell proliferation of fibroblasts and osteobalsts in phases A and B
respectively, with both cell types migrating into interphase region of scaffold [Figure 2](8).
Thus the triphasic scaffold developed here shows much potential for interface tissue
engineering.

Laurencin et al. developed a multi-region scaffold system that can be used for ligament or
tendon repair, regeneration or reconstruction and promote proper fixation to the bone at the
implantation site (30). It consists of a quickly degrading polymeric fiber component coupled
to a biocompatible slowly degrading (not degraded in less than one year following
implantation) polymeric fiber component in the form of a 3-dimensional braided scaffold.
The slowly degrading fiber component forms the two ends of the braided scaffold while the
faster degrading component forms the middle section of scaffold. The middle section of the
scaffold degrades within nine to twelve months and supports ligament or tendon fibroblast
ingrowth. The two end-sections, which promote bone ingrowth can be secured into drilled
bone tunnels and serve as the bony attachment ends of the scaffold. The middle section of
the scaffold can be made more porous and differs in braiding angle and/or polymer
composition from the end sections. The 3-dimensional braided structure of the scaffold is
formed using a 3-dimensional rotary braiding or row and column method. In a preferred
embodiment, the inventors fabricated an 83% PLLA and 17% polyester braided scaffold.
The polyester region formed the slowly degrading section of the braid. Ligament
reconstruction using this configuration of the scaffold in a sheep model showed that at the
end of 12 weeks there was significant tissue infiltration at the site of bone insertion with the
presence of fibrous tissue along the soft tissue to bone interface. An early representative
version of the 3-dimensional braided scaffold is shown in [Figure 3] (41).

Development of gradient scaffolds

Gradient scaffolds possess a gradual transition in material properties along one or more
spatial dimensions. Scaffolds with graded properties are useful for engineering tissue
interfaces since cultured cells differentiate based on the physical and chemical stimuli
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provided by the scaffold. For instance, the fate of MSC has been shown to be highly
sensitive to matrix elasticity. MSC can differentiate into neurons, muscle, or bone simply by
changing the stiffness of the substrate (42). Further, scaffolds with a continuous gradient in
physical and chemical properties may be able to closely mimic the native extracellular
matrix of tissue interfaces, which would promote a convergence of different cell types that
duplicates the native composition (43). Thus, gradient scaffolds have the potential to
regenerate functional tissue interfaces, including interfaces in the musculoskeletal system.

Scaffold physical properties, such as pore size, crosslink density, stiffness, and material
composition, directly affect cell behavior and have been incorporated into gradient scaffolds.
For instance, different musculoskeletal cell types have been shown to prefer different pore
sizes (51). In a study by Oh et al., a gradient of increasing pore sizes was created in a
polycaprolactone scaffold using a centrifugation method [Figure 4], and the scaffold was
seeded with chondrocytes, osteoblasts, and fibroblasts /n vitro. It was found that
chondrocytes and osteoblasts showed increased cell count at a pore size of 380-405 um
while fibroblasts were more numerous on the section of the scaffold with a 186-200 um pore
size (52). This has important implications for interface tissue engineering at the transition
from ligament and tendon to bone since the scaffold environment must gradually change
from one that is favorable for ligament/tendon fibroblasts to one that is favorable for
osteoblasts. Thus, gradients in pore size, as well as other physical characteristics, may be
useful in guiding cell differentiation and proliferation at musculoskeletal tissue interfaces.

In a patent by Yannas et al., gradient scaffolds were created with a gradual change in pore
size and collagen crosslinking, which may be useful at the interface between tissues with
different porosity requirements, such as bone and tendon/ligament (44). The authors have
demonstrated the ability to produce collagen fibers at varying degrees of degradation by
varying the concentration and temperature of a collagenase soaking solution (53). Thus,
collagen fibers with a range of chemical structures and crosslink densities can be produced
and incorporated into gradient scaffolds. In addition, pore size has been controlled through
the use of various drying procedures on hydrated collagen-glycosaminoglycan membranes
(54). The different drying procedures (including freeze drying, critical point drying, and air
drying) each produced a different range of pore sizes, which may be useful when developing
scaffolds with a porosity gradient. These studies were developed for an artificial skin
replacement for the interface between the dermal and epidermal skin layers. However,
implants for musculoskeletal tissue interfaces, which possess a gradient change in stiffness
and porosity, can also be created with these techniques. For instance, in the transition from
ligament to bone, the tissue gradually becomes more stiff and mineralized. A gradient in
porosity and crosslink density may be able to accurately mimic this environment and provide
the proper cues for enhanced cell infiltration. However, further studies need to be conducted
to optimize these techniques for a musculoskeletal tissue interface application.

Vyakarnam et. al. utilized porosity gradients in biocompatible foams and various co-culture
techniques to create a composite scaffold for different cell types (43). The patent declares
that gradient foams can be formed through the phase separation of a polymer solvent
mixture, which is then solidified and lyophilized, resulting in a porous polymer foam.
Gradients in the porosity of the foam can be introduced by varying the onset of the
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lyophilization process. Foams subjected to lyophilization immediately after solidification
were reported to form channels through the foam, whereas foams which were allowed to
solidify for a longer period of time resulted in larger pores closest to the surface of the foam
with smaller pores on the interior. Studies conducted by the authors support the notion that
pore size strongly influences cell infiltration. Porous foam scaffolds comprised of block
copolymers of lactic acid and caprolactone were fabricated with pore sizes of approximately
80 um and 100 um, and significantly higher proliferation of bovine chondrocytes was found
on the scaffolds with 100 um pores. Thus, these foams can be used at the cartilage to bone
interface where different chondrocyte densities can be achieved by creating a gradient in
pore size. Further, this gradient foam scaffold can be combined with a biodegradable block
copolymer film of lactic acid and glyolic acid, which was found to promote proliferation of
rat osteoblasts. Additional factors such as proteins, nanoparticles, ceramics, or fibers can
also be incorporated into the foam system to impart added functionality to the foam
biocomposite. The foams can also be formed in shaped molds to either fit a particular shape
or to further control the gradient pore structure of the final scaffold.

Surface modification of fibrous scaffolds has been used extensively to modulate cell
attachment, proliferation, and function (55). Polymeric materials can have a large range of
properties that are suited for different tissue engineering applications, but each polymer has
both advantages and disadvantages. Therefore, composite materials and surface modification
of polymers is often used to meet a variety of needs. Surface modification allows a material
to retain its mechanical strength and toughness while promoting desirable cell interactions
on the outside surface and can be achieved with both covalent and non-covalent linkages.
Certain drug delivery applications may favor non-covalent bonding to allow easier
dissociation of drug molecules (55). On the other hand, covalent linkages can extend the
half-life of a molecule and provide extended bioactivity (55). Different tissues coming
together at interfaces may require different surface modifications to promote cell growth.
Thus, technologies have been developed to create gradients in surface modifications to
promote the development of different musculoskeletal tissues.

Vepari et al. disclosed a method of generating an immobilized protein gradient within a 3-
dimensional scaffold that can be used for engineering interfaces between two different tissue
types, such as at the bone-ligament interface (47). Either the surface of the scaffold or the
protein may be activated to enhance the binding of the protein to the scaffold. Activation in
this sense refers to chemical modification of the scaffold or protein with one or more
functional groups to promote protein binding. The scaffold is then immersed in a solution
containing the protein to enable diffusion and immobilization of the protein within the
scaffold structure, thereby forming a gradient in protein concentration. Multiple gradients
may be formed within the scaffold with each gradient being associated with a different
bioactive agent. The immobilized protein may be an enzyme, a growth factor, cytokines, cell
binding motif and/or a cell-signaling factor. Gradients of these agents may be useful in
engineering an interface from soft tissue to hard tissue, such as the bone-ligament interface.
For instance, gradients in various bone morphogenic proteins (BMPs) immobilized on silk
fibroin scaffolds and supplied with osteogenic media were found to exhibit a gradient
response in calcium mineral deposition (56). This gradient in calcium mineral may be useful
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in mimicking the bone-to-tendon/ligament interface, and the concept can be applied to other
musculoskeletal interfaces.

In a patent by Hai-Quan et al., surface modification of polymeric fibers is accomplished
through covalent conjugation of a combination of biofunctional ligands and growth factors
(46), resulting in linkages that are proteolytically stable. Fibers are processed with
aminolysis or alkali hydrolysis to produce desirable functional groups, including carboxyl,
hydroxyl, and amino groups. Functional ligands and growth factors are then conjugated to
these available functional groups in a concentration gradient. This technique was used along
with a co-culture technique to produce scaffolds for vascular grafts. Poly(ethylene glycol)
scaffolds were conjugated with functional peptides on the inside to promote endothelial cell
attachment, while other peptides were conjugated to the outside to promote smooth muscle
cell attachment. The attachment of these two cell types was mediated by the changes in
peptide composition and hydrophobicity, as determined previously (57). Thus, gradient
scaffolds can be fabricated with a spatial gradient change in the surface concentration of one
or more ligands, which allows the scaffolds to promote the attachment and differentiation of
different cell types. This technique can be modified to promote the formation of
musculoskeletal interfaces, such as at the interface between muscle and tendon, but more
studies need to be conducted to determine the exact parameters of the required gradients.

Microspheres have been extensively researched as the building blocks for scaffolds and as
drug delivery systems (58, 59). Microspheres can be fabricated in a variety of sizes and with
a range of mechanical properties, and they can be loaded with bioactive molecules to alter
cell behavior or deliver therapeutics. Thus, microspheres can be used to create scaffolds with
gradients in both physical and chemical properties. In one example, Wang and coworkers
used microspheres to develop growth factor gradients in a scaffold for osteochondral tissue
engineering (56). Silk and poly(lactic-co-glycolic) acid microspheres were prepared and
loaded with bone morphogenetic protein 2 (BMP-2) and insulin-like growth factor I (IGF-I).
A gradient of growth factor concentrations was created using a two-chamber system, which
allowed solutions with two different concentrations of growth factors to slowly mix. After
imposing a gradient in growth factor uptake in the microspheres, the microspheres are then
sintered together to create the final scaffold. After seeding and culturing with human MSC,
the cells exhibited both osteogenic and chondrogenic differentiation along the concentration
gradients of the two growth factors, suggesting that a bone to cartilage transition can be
mediated by growth factor concentration. This and other studies have shown promise for
using microspheres in musculoskeletal tissue engineering (60, 61). The patents on
microsphere scaffolds describe various techniques that have been used to create gradients in
microsphere properties for interfacial tissue engineering.

Microspheres can also be used to create a gradient in physical properties on gradient
scaffolds. In a patent by Detamore et al., a plurality of microspheres is linked together via
sintering to form a three-dimensional matrix within a tissue-engineered scaffold (48). Sets of
microspheres with different properties are distributed at varying spatial distributions within a
three-dimensional matrix. Each set of microspheres can have distinct physical characteristics
based on composition, particle size, bioactivity, mechanical strength, etc. These
microsphere-based gradient scaffolds can be used for a variety of applications in interfacial
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tissue engineering. Specifically, this microsphere scaffold was used in osteochondal defects
in New Zealand White rabbits, and there was histological evidence of de novo bone and
cartilage formation in the implant region. Thus, these microsphere scaffolds have the
potential to be used for tissue engineering at the interface of bone and cartilage, but they also
have the potential to be used at any interface that requires different physical characteristics
in the matrix.

Multiple scaffold phases/materials can be combined with gradients in various proteins and
bioactive molecules to achieve a composite scaffold that is customized for any tissue
interface. In a patent by Lu et al., microspheres are used for engineering the interface from
soft to hard tissues (50). The microspheres are arranged in a gradient of sizes and/or
compositions to promote the growth of bone, while a mesh scaffold is used to promote
ligament regeneration. The two components are sintered together to produce a ligament-
bone interface scaffold, and a calcium phosphate gradient is imposed to differentially affect
cell behavior. After co-culture with bovine ACL fibroblasts and osteoblasts, it was found that
both cell types expanded upon the initial seeded area. Further, a continuous, confluent
culture was observed into the interfacial zone. A mineral gradient was also found across the
insertion zone, which correlated with changes in material properties of the initial composite
scaffold, proving that material properties can directly affect cell behavior in a controlled
manner (50). Although this patent was specifically written for the bone to ligament/tendon
interface, the concept of using composite materials and gradients of various properties can
also be applied to the other musculoskeletal interfaces.

Kaplan et al. disclosed a multilayered silk scaffold with a gradient of pore sizes for meniscus
tissue engineering (49). Each layer of the scaffold is comprised of a distinct pore size
distribution and orientation that mimics the native architecture of meniscus tissue. In a
preferred embodiment the scaffold is comprised of three individual layers. The top two
layers are fabricated using a salt leaching method while the third layer is fabricated using a
freeze drying technique, thus giving the layers distinct porosity and morphological
characteristics. The first two layers of the scaffold are comprised of circular pores with a
pore size distribution ranging from 350-400um and 500-600um, respectively. The third
layer is comprised of partially aligned laminar channels with a pore width distribution of 60—
80um. This distribution of pore sizes is generated to better mimic the native meniscus
architecture. Further the multilayer scaffold can be adapted for meniscus regeneration by
making each of the layers crescent-shaped or C-shaped. /17 vitro studies in which human
MSC (hMSC) were cultured on the multilayer silk scaffolds showed that the hMSC were
able to form an intricate meshwork with their actin filaments in the pores of the first two
layers while they exhibited an almost linear arrangement of actin filaments in the third layer
[Figure 5]. This indicated that the morphological characteristics of the individual layers of
the scaffold had the potential to influence the cytoskeletal organization of cultured hMSC.
Further histochemical staining revealed that cells present on the third layer showed a more
mature chondrogenic phenotype compared to cells in the other two layers.

Multi-phase composite scaffolds and gradient scaffolds have shown great promise for
engineering tissue interfaces, but challenges still remain in the transition to clinical
applications. As with all implants, both the shape of the gradient scaffold and the exact
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parameters of the gradient must fit the unique geometry of the defect site in each patient. In
addition, gradient scaffolds may require seeding with many different cell types from the
donor, which is expensive and time consuming. If MSC are used, precise control over the
differentiation pathway must be achieved. Future research on scaffold-based approaches
should focus on integrating various parameters into a complex scaffold with a combination
of different morphologies, porosities, functional groups, and/or growth factors to provide the
greatest control over cellular differentiation, phenotype, and intercellular interactions.
However, this may require innovative and complex biomaterials, multiple processing steps,
and precise spatial and temporal control over administration of multiple biochemical and
biomechanical stimuli in order to develop an effective scaffold for tissue engineering at
musculoskeletal interfaces.

Scaffoldless Techniques to Engineer Tissue Interfaces

Scaffoldless tissue engineering approaches aim to better approximate embryonic tissue
development, which naturally occurs in the absence of biomaterial scaffolds. This bestows a
number of distinct advantages over traditional scaffold based tissue engineering, especially
as it relates to musculoskeletal interface tissues. The absence of scaffolds alleviates concerns
over scaffold biocompatibility, the toxicity of scaffold degradation byproducts, and
mismatches between scaffold degradation and new tissue formation (62—64). Each of these
factors can negatively influence the mechanical properties and overall healing of implanted
tissue constructs. The presence of a scaffold can also significantly alter cell phenotype,
negatively influencing the development of interface tissues (62—-64). For example, as it
relates to musculoskeletal tissues, chondrocytes exhibit a spherical morphology /n vivo,
however scaffold based cartilage constructs induce cell spreading of seeded chondrocytes,
altering the way matrix is secreted from the cells and resulting in malformed tissue
constructs (62). Lastly, the presence of a scaffold significantly decreases the amount of cell-
cell signaling which can affect matrix production and contribute to stress-shielding, both of
which can drastically hinder the development of matrix mechanical properties (62, 65).

Scaffoldless tissue engineering approaches address these shortcomings of scaffold-based
techniques. They are further advantageous as they do not subject cells to harsh processing
conditions or residual solvents inherent to common scaffolding biomaterials and do not
suffer from non-uniform seeding often experienced with cell-seeded scaffolds. Additionally,
the high degree of cell-cell contact and intercellular signaling provide a superior biomimetic
environment which upregulates the secretion of extracellular matrix (ECM) proteins (65).
Because a scaffoldless construct is comprised solely of cells and natural ECM proteins,
tissue remodeling can occur through natural enzymatic pathways, as opposed to hydrolytic
degradation characteristic of many biodegradable polymers. The mechanisms that drive the
formation of scaffoldless tissue constructs rely on the natural ability of cells to sort and
assemble themselves according to various individual cell phenotypes and the ability of these
cells to collectively organize in response to external stimuli. Together, these phenomena
promote the formation of complex tissue types. Many of the scaffoldless protocols described
for formation of interface tissues are similar, consisting of high density in vitro suspension
cultures secreting their own extracellular matrix. Several recent characteristic examples of
patented scaffoldless culture techniques to generate interface tissues are described herein.
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Forgacs et al. have developed a method for assembling complex tissue from self-assembling
multicellular bodies (66). An extremely concentrated cell suspension is cultured in a non-
adherent agarose mold to form a dense cellular body. These multicellular bodies can either
be homogenous, consisting of one cell type, or heterogeneous, consisting of multiple cells
types, and are used as building blocks for further tissue assembly. Several of these blocks
can be placed into contact with one another and cultured to allow fusion between the cell
bodies as continued ECM deposition occurs at the interface linking the two multicellular
bodies into a larger more complex body of cells. These can be further cultured together
around a mold to form more complex architectures to model complex tissue structures.
Additionally, Forgacs et al. observed that in heterogeneous cell bodies, that a high degree of
self-assembly occurred so that like cell types sorted themselves together within the
multicellular bodies, forming multicellular bodies, which even further mimicked naturally
occurring tissue types. This method was demonstrated to yield multicellular bodies of
human umbilical vein smooth muscle cells (HUVECS), human dermal fibroblasts, and
porcine aortic smooth muscle cells which were then further processed into complex tissue
architectures, including double-layered vascular tubes. These methods could be applied to
interface tissues by using cell types of greater musculoskeletal relevance.

In a similar invention, Nakamura et. al. report a method for developing complex three-
dimensional tissues under scaffoldless conditions. Cells of a particular type are cultured in a
cell medium that contains an ECM synthesis promoting agent, such as ascorbic acid, which
upregulates the amount of ECM proteins which are produced by the cells in culture. These
cells are maintained in a suspension culture in molds or culture dishes that mimic the final
desired shape of the engineered tissue (67). Cells proliferate and aggregate into dense
cultures /n vitro until they can be eventually handled and implanted into a particular defect
site. To fabricate interface tissues, such as bone-cartilage complexes, two separate
suspension cultures are maintained and then transferred to a second culture plate or mold,
where the two separate engineered tissue types are allowed to fuse to one another in the
same extracellular matrix promoting medium. After the two synthetic tissues have
sufficiently integrated to one another /n vitro they can be implanted as an interface tissue as
desired. This was demonstrated with a cartilage-bone construct, which showed strong
adhesion and integration between the two tissues.

Larkin et al. disclosed methods for the development of a contractile, self-organizing, three
dimensional skeletal muscle construct that resembles a neuromuscular junction (69). The
three-dimensional construct is obtained through a reproducible technique of co-culturing
myogenic cells with tendon fibroblast cells. Briefly, according to this technique, a
suspension of primary muscle cells is plated onto culture dishes without using an exogenous
scaffold. The cells are allowed to form a monolayer by adhering to the culture dish. Tendon
tissue in the form of self-organized tendon constructs or segments of adult or fetal rat-tail
tendon are brought in contact with the muscle cells. These may be pinned down to constrain
the shape of the construct. After about a week the monolayer detaches from the substrate
and rolls up to at least partially surround the anchors, forming a self-organized muscle-
tendon construct.
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The same group disclosed a method for the formation of self-organized bone, ligament and
bone-ligament constructs [66]. Briefly, bone marrow derived stromal cells are cultured in
growth medium that promotes osteogenic differentiation to form self-organized bone
constructs. At the same time, bone marrow derived stromal cells cultured in a fibrogenic
growth medium are plated on culture dishes to form a monolayer. As the cells become
confluent within this constrained area, the monolayer begins to curl up on itself forming
cylindrical ligament constructs. After both the bone and ligament cultures have reached a
critical confluence, they can then be cut into strips and placed into contact with one another.
The ligament monolayer detaches from the substrate and at least partially surrounds the bone
tissue, overlapping to form a three-dimensional self-organized bone-ligament integration
site, forming a functional interface tissue construct [66]. Engineered bone-ligament-bone
(BLB) constructs were fabricated using the described method and used in MCL replacement
in a rat model. After one month, the construct was excised from the animal. The ends of the
construct had fused to the bone at the femur and tibia and had increased in size, stiffness and
strength. Additionally, the collagen content of the BLB construct was found to resemble that
of a native adult MCL [66]. The self-organizing nature of these two techniques allows for a
well-integrated interface tissue to be formed between muscle-tendon and ligament-bone that
closely approximates naturally occurring interfaces.

Chan et. al. have claimed a method of forming gradient tissues from cultures of encapsulated
multipotent or pluripotent stem cells. Mesenchymal or induced pluripotent stem cells are
encapsulated in collagen and then separate cultures are maintained under different media
conditions, to induce the encapsulated cells to differentiate into two different cell types.
These encapsulated cells can then be implanted into a mold or into an /in vivo defect site,
layered so that one encapsulated cell type is seeded first, a layer of undifferentiated
encapsulated cells is seeded on top of that layer, and then the second cell type is seeded last.
This will allow a gradient tissue to form between the two desired cell types. This invention is
indicated for gradient tissues particularly for bone-cartilage and bone-ligament interfaces.
The authors demonstrated the utility of this technique by inducing repair of a full-thickness
osteochondral defect in a rabbit model. A three-layered osteochondral construct was
fabricated using collagen encapsulated autologous MSCs as described. After implantation
and subsequent healing, excellent organization between chondral and subchondral bone
structures was observed, demonstrating the strong utility of this technique for interface
tissues (70).

Overall there is great promise in emerging techniques for developing scaffoldless interface
tissues for musculoskeletal interfaces. Currently, further development and clinical realization
of scaffoldless technologies is limited by cell sourcing concerns. Because of the high
number of cells that are inherent to these techniques, cell sourcing techniques that are
minimally invasive and yield a high number of patient specific or non-immunogenic cells
must be identified. It is possible that improved cellular reprogramming and induced
pluripotent stem cell technologies may be able to address some of these concerns.
Additionally, a limitation of great relevance to interface tissue engineering is the
development of increased mechanical properties. /n vivo, tissues develop increased
mechanical properties as loads are gradually applied to them through the course of
development. Because many of the scaffoldless techniques require suspension cultures, it is
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difficult to apply loads and mechanical stresses evenly to the maturing tissue without
disrupting the suspension culture. Thus techniques for increasing mechanical properties by
applying novel external stimuli must be identified as well.

Current and Future Developments

This review has provided an overview of the recent technological progress made toward the
engineering of functional tissue interfaces. Scaffold based approaches toward interface tissue
engineering seek to recapitulate the graded structural, mechanical and biochemical
properties of native interface tissue. The use of stratified composite scaffolds and gradient
scaffolds can be further incorporated with growth factors as well as biochemical and
biomechanical stimulation to promote the maintenance of heterotypic cell populations
relevant to tissue interfaces. Alternatively, scaffoldless approaches toward interface tissue
engineering have also yielded promising results. Tissue constructs obtained through
scaffoldless techniques recapitulate the morphological characteristics of native tissue
interfaces.

However, there are a number of challenges to the clinical implementation of the tissue
engineering techniques discussed above. A critical factor determining the successful
regeneration of interface tissue is the ability of the tissue engineered construct to effectively
integrate with the adjacent native tissue. Inadequate integration between the construct and
native tissue will result in an adverse concentration of stresses that can be detrimental to
both native healthy tissue as well as the tissue engineered construct. Although innovative
scaffold designs coupled with growth factor treatments have shown improved integration of
tissue-engineered constructs, much work still needs to be done in order for these techniques
to be clinically adopted (71-73).

Furthermore, in order to realize the full clinical potential of these methods, it is also essential
to gain a deeper understanding of the relationship between the structure and function of
tissue interfaces as well the underlying mechanisms of their development. This knowledge
can shed light on the importance of heterotypic intercellular interactions and cell types
present during interface development. Currently, the mechanism of formation and
maintenance of interfacial tissue /n vivo and the effect of biochemical and mechanical
stimuli on interfacial tissue development are not clearly understood. Optimization of
currently available scaffoldless systems can result in reproducible /n vitro models that
provide useful data regarding native interface tissue development. Moreover, the clinical
introduction of these techniques will require the development of reproducible animal models
that can be used to establish their effectiveness. Thus, interface tissue engineering is a
promising area of research. The development of more biologically relevant scaffold systems,
cell co-culture techniques and a deeper understanding of native interfacial tissue
development can result in novel techniques for the replacement of damaged interfacial
tissue. These would have the potential to significantly improve patient outcomes associated
with currently used surgical techniques for treating musculoskeletal tissue injuries.
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Figure 1.
SEM micrographs of the multi-layer scaffold showing the pore structure, pore

interconnectivity, and integration of the component layers. Adapted from (28) with
permission.
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Figure 2.
a) The native ACL-bone interface exhibits distinct yet continuous tissue regions, including

ligament, fibrocartilage, and bone. (Neonatal Bovine, Modified Goldner Masson Trichrome
Stain, bar = 200 um). b) Fourier Transform Infrared Spectroscopic Imaging or (FTIR-I)
revealed that relative collagen content is the highest in the ligament and bone regions,
decreases across the fibrocartilage interface from ligament to bone (neonatal bovine,
bar=250 pm, with blue to red representing low to high collagen content, respectively). c) A
tri-phasic stratified scaffold designed to mimic the three distinct yet continuous interface
regions (bar=500 pum). d) /n vitro co-culture of fibroblasts and osteoblasts on the tri-phasic
scaffold resulted in phase-specific cell distribution and the formation of controlled matrix
heterogeneity. Fibroblasts (Calcein AM, green) were localized in Phase A and osteoblasts
(CM-Dil, red) in Phase C over time. Both osteoblasts and fibroblasts migrated into Phase B
by day 28 (bar = 200 um). e) In vivo evaluation of the tri-phasic scaffold tri-cultured with
Fibroblasts (Phase A), Chondrocytes (Phase B), and Osteoblasts (Phase C) revealed
abundant host tissue infiltration and matrix production (week 4, Modified Goldner Masson
Trichrome Stain, bar = 500 um). Adapted from (8) with permission.
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Figure 3.
Representative image of the 3-dimensional braided scaffold developed by Laurencin et al.

with distinct fiber organizations in the bony attachment ends and central intra-articular zone.
Adapted from (41) with permission.
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Figure 4.
(Top) Schematic diagram showing the fabrication process of a pore size gradient in PCL

scaffolds by a centrifugation method and (Bottom) SEM photographs of the top surfaces of
the PCL scaffold sections along the longitudinal direction (x 100; *, average pore size).
Adapted from (52) with permission.
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Figure5.
Meniscus shaped scaffolds with three stacked layers (Top). SEM images showing porosity

and pore interconnectivity in the individual silk layers without cells (middle) and confocal
images of layers with confluent cells (bottom). Scale bar represents 500 microns. Adapted
from(49) with permission.
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List of patents surveyed for multi-phase scaffolds
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Patent (Year)

Inventor

Features

Intended
Application

Issued, EP 1270025 B1 (2006)

Brown et al. (23)

Lyophilized bilayered polymer-ceramic
scaffold

Osteochondral tissue

Issued, US 7968111 B2
W02002070030 Al (2012)

Parvesio et al. (24)

Composite bilayered hyaluronic acid-ceramic
scaffolds

Osteochondral tissue

Issued US5607474,

Athanasiou et al. (25)

Bilayered polymeric scaffold bonded by

Soft tissue/bone interface

W01993015694 Al (1993) pressure curing
Application US20060036331, Ateshian et al. (26) Multilayered polymeric scaffold with Osteochondral tissue
W02005089127 A2 (2006) hydrogel and composite polymer-ceramic

component

Issued, EP 1858562 B1
US20090232875 (2009)

Tampieri et al. (27)

Multilayer collagen scaffolds

Osteochondral tissue

Issued, US 8613943 B2
US20120015003 (2013)

Gleeson et al. (28)

Multilayer collagen scaffolds fabricated using
iterative freeze drying procedure

Osteochondral tissue

Issued US 8753391 B2 (2014)

Luetal. (29)

Multiphase scaffold with graft collar and
interference screw apparatus

Ligament/tendon-bone interface

Issued, US 8486143 B2 US
8758437 B2 (2014)

Laurencin et al. (30)

Multiphase braided scaffold for ligament
replacement

Ligament-bone interface
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List of patents surveyed for gradient scaffolds

Table 2
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Patent Number

Author

Gradient

Intended Application

Application US20060121609 Al

Yannas et al. (44)

Pore diameter, chemical composition,

Soft tissue-bone interface

(2006) crosslink density
Application US20050118236 Al Qiu et al. (45) Porosity, fiber/mesh density Osteochondral interface
(2005)

Issued, US 6306424 B1, US
6306424 B1 (2006)

Vyakarnam et al. (43)

Porosity of lyophilized foams

Osteochondral interface

Issued, US7524513 B2 (2009)

Hai-Quan et al. (46)

Covalently bonded biofunctional ligands and
growth factors

Vascular —smooth muscle
interface

Application US20070212730 Al
US20130230491 A1 (2013)

Vepari et al. (47)

Covalently bonded proteins and enzymes

Bone-ligament interface

Issued, US 8277832 B2 (2014)

Detamore et al. (48)

Physical properties of microspheres

Osteochondral interface

Issued, US 8986380 B2 (2015)

Kaplan et al. (49)

Multilayered silk scaffold with pore gradient

Meniscus tissue

Issued, US7767221 B2 (2010)

Lu et al. (50)

Physical properties of microspheres
incorporated into a composite scaffold

Soft tissue-bone interface
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List of Patents Surveyed for Scaffoldless Tissue Engineering Techniques

Patent

Inventor

Intended Application

Issued, US 8143055 B2 (2012)

Forgacs et al. (66)

Self-assembled Multi-cellular bodies for various TE
applications

Issued, WO2005012512 Al, EP 1651756 B1 (2005)

Nakamura et al. (67)

Musculoskeletal interfaces

Application, W0O2007115336 A3 (2008)

Athanasiou et al. (68)

Fibrocartilage tissue engineering

Issued, USB8097455 (2012)

Larkin et al. (69)

Musculo-tendon junction tissue engineering

Application, W02011157057 A1 (2011)

Chan et al. (70)

Complex-tissue engineering
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