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Abstract
The musculoskeletal system works at a very advanced level of synchrony, where all the physiological movements of the
body are systematically performed through well-organized actions of bone in conjunction with all the other musculo-
skeletal soft tissues, such as ligaments, tendons, muscles, and cartilage through tissue-tissue interfaces. Interfaces are
structurally and compositionally complex, consisting of gradients of extracellular matrix components and cell pheno-
types as well as biochemical compositions and are important in mediating load transfer between the distinct orthopedic
tissues during body movement. When an injury occurs at interface, it must be re-established to restore its function and
stability. Due to the structural and compositional complexity found in interfaces, it is anticipated that they presuppose a
concomitant increase in the complexity of the associated regenerative engineering approaches and scaffold designs to
achieve successful interface regeneration and seamless integration of the engineered orthopedic tissues. Herein, we
discuss the various bioinspired scaffold designs utilized to regenerate orthopedic tissue interfaces. First, we start with
discussing the structure-function relationship at the interface. We then discuss the current understanding of the mech-
anism underlying interface regeneration, followed by discussing the current treatment available in the clinic to treat
interface injuries. Lastly, we comprehensively discuss the state-of-the-art scaffold designs utilized to regenerate ortho-
pedic tissue interfaces.

Lay Summary
Orthopedic tissues are connected to one another through interfaces that play an important role in transitioning mechan-
ical loads between the disparate tissues. After an injury, interfaces must be re-established in order to restore joint
function and stability. Understanding the mechanism governing the development of interfaces may lead to successful
interface re-establishment and scaffold designs. This article discusses the current knowledge of the structure-function
relationship at the interface, the mechanism underlying interface regeneration, and the current treatment available in the
clinic to treat interface injuries, as well as bioinspired scaffold designs and engineering strategies to regenerate the
complex orthopedic tissue interfaces.
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Introduction

Human organs are comprised of diverse tissue types that in-
terface with each other and operate in synchrony to enable
complex functions [1]. Musculoskeletal system, for instance,
works at a very advanced level of synchrony, where all the
physiological movements of the body are systematically per-
formed through very well-organized actions of bone in con-
junction with all the other musculoskeletal soft tissues, such as
ligaments, tendons, muscles, and cartilage [1]. These tissues
are well connected to each other through tissue-tissue inter-
faces, which act as bridging units between the distinct ortho-
pedic tissue types [1]. Interfaces demonstrate well defined
spatial change in cellular phenotype and extracellular matrix
composition, as well as mechanical properties (Fig. 1) [2].

This spatial change is crucial in mediating load transfer during
body movement, as well as sustaining the heterotypic cellular
communications required for interface function and homeo-
stasis [2]. When an injury occurs at the interface, it must be re-
established to restore its function and stability.

Clinically, interface injuries are treated using biological
grafts such as autografts, known as the transplantation of tissue
within an individual from a donor site to the injury site, or
allografts, known as the transplantation of tissue or a whole
organ from another individual or a cadaver [3]. Although bio-
logical grafts are considered the gold standard in today’s med-
icine, they possess a number of drawbacks which make them
risky to use or undesirable for long-term use [3]. For instance,
autografts cause pain and related complications to patients
whereas allografts pose the risk of disease transmission and

Fig. 1 Ultrastructure of the common musculoskeletal tissue-tissue interfaces. (A) Tendon/ligament-bone, (B) cartilage-bone, and (C) muscle–tendon
interfaces and their compositions
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immune-rejection [4]. Moreover, due to the structural and com-
positional complexity found at the interfaces, the conventional
clinical surgical approaches cannot re-establish their function
after surgery, leading to high rates of re-rupture due to poor
integration between soft tissue and bone [5]. In addition to
biological grafts, there are a limited number of artificial grafts
that have been FDA-approved and undergone human clinical
trials [6–10], but are inferior to currently used biological grafts
due to the inconsistent outcomes between patients and inability
to recapitulate the complexity found at the native interface,
which limits their clinical use [11–14].

Alternatively, regenerative engineering represents a new
paradigm for regenerating complex tissues and seamlessly
integrating them into organ systems through the utilization
of the most advanced technologies currently available in dis-
tinct fields such as advanced materials science, stem cell sci-
ence, developmental biology, physics, and translational med-
icine [3]. It is anticipated that increasing the levels of com-
plexity in tissues or organs targeted for repair presupposes a
concomitant increase in the complexity of the associated re-
generative engineering approaches and scaffold designs [15].
Hence, one of the main advantages presented in this field is
that it focuses on mimicking the physical, chemical, mechan-
ical, and complex topographical properties found at the native
tissues into the scaffold design for integrative and natural re-
generation [16].

To achieve a successful scaffold design, it is of paramount
importance to understand the structure-function relationship
of tissues targeted for repair and the mechanisms governing
their development and regeneration, such as those of the
tissue-tissue interfaces [17]. Ideally, an interfacial scaffold
should be multi-phased to recapture the multi-tissue organiza-
tion observed at the tissue-tissue interface. The scaffold
should also exhibit phase-specific structural, compositional,
and material properties to stimulate cellular response such as
proliferation and differentiation [18]. The scaffold should also
exhibit a gradual increase in mechanical properties across the
scaffold phases, similar to those found at the native tissue in
order to eliminate the formation of stress concertation [18]. In
addition, the scaffold should introduce a spatial control over
mineral distribution across the distinct phases, which can con-
trol the mechanical heterogeneity at the interface [18]. The
length of the interface targeted for repair should also be con-
sidered into the scaffold design, which can vary in length (sub-
millimeter-micrometers scale) depending on gender, age,
body mass index (BMI), species, and interface type [19, 20].
To better sustain the load transfer across the scaffold, the scaf-
fold should be pre-integrated. The scaffold should also exhibit
phase-specific surface properties to support the phase-specific
relevant cell performance [18]. Considering all of these pa-
rameters may enable the creation of optimal scaffold designs
with intrinsic properties, which in turn may accelerate their
translation into the clinic. In this review paper, we discuss

the current knowledge of the structure-function relationship
at the interface and the mechanism underlying interface regen-
eration. We also discuss the available clinical approaches to
re-establish injured interfaces, followed by a comprehensive
discussion and evaluation of the current state-of-the-art
bioinspired scaffold designs and engineering approaches to
regenerate the complex orthopedic tissue interfaces (e.g.,
ligament-bone interface, tendon-bone interface, and muscle-
tendon interface, as well as cartilage-bone interface).

Ligament-Bone Interface

Ligament-Interface-Bone Structure and Function

Ligament is a soft tissue that connects bone to bone through a
characteristic fibrocartilage interface, with a controlled spatial
change in cell phenotype, extracellular matrix composition,
and mechanical properties. Three distinct regions are found
along the bone-ligament junction: ligament, fibrocartilage in-
terface, and bone. The fibrocartilage interface is further divid-
ed into mineralized and non-mineralized fibrocartilage zones
[17], where ligament is directly connected to the non-
mineralized region of fibrocartilage and the mineralized re-
gion is directly connected to bone [5]. Within the ligament
tissue, ligament fibroblasts are found entrapped in collagen
type I and III matrix [17]. At the non-mineralized region of
the fibrocartilage interface, ovoid chondrocytes are found
entrapped in collagen type II proteoglycan-rich matrix. At
the mineralized region, heterotrophic chondrocytes are found
entrapped in collagen type X calcified matrix. At the bony
region, referred to as the “subchondral bone,” osteoblasts,
osteoclasts, and osteocytes are found embedded into a miner-
alized collagen type I matrix. This cellular heterogeneity
found along the bone-ligament insertion area plays a key role
in permitting the gradual transition of mechanical loads be-
tween soft tissues and bone, which decreases the concentra-
tion of stress formation during body movement [21, 22].

Current Understanding of the Mechanism Underlying
Tendon/Ligament-Bone Interface Development
and/or Regeneration

The mechanism governing tendons/ligaments-bone interface
development and regeneration is yet to be well understood. In
the clinic, it has been long observed that re-suturing tendon
into its original insertion site results in cellular organization
resembling that of the native interface in vivo [18]. This has
been further emphasized by Fujioka et al. when cellular orga-
nization at the native insertion site has been observed over
time after an Achilles tendon is re-sutured to its original at-
tachment site [23]. These intriguing observations led to the
hypothesis that the interactions between the resident cell
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populations (e.g., tendon/ligament fibroblasts) and (e.g., bone
osteoblasts) play a crucial role in initiating the repair response
which leads to the regeneration of the fibrocartilage interface
between bone and soft tissue [24]. It was further hypothesized
that fibroblasts-to-osteoblasts interaction interpose interface
regeneration through two mechanisms: (1) osteoblasts, fibro-
blasts, or both undergo trans-differentiation or phenotypic
changes, and (2) progenitor stem cells or mesenchymal stem
cells (MSCs) recruit to the graft-bone interface, where they
differentiate into fibro-chondrocytes and form the
fibrocartilage interface [24].

To examine the aforementioned hypothesis and observa-
tions, one study made an attempt to mimic the in vivo inter-
actions between fibroblasts and osteoblasts during anterior
cruciate ligament (ACL) reconstruction by creating a co-
culture system in vitro. In this system, a hydrogel divider
was added in the middle of the culture well that separated
the well into two equal chambers. Fibroblasts were seeded in
one chamber, and osteoblasts were seeded in the other cham-
ber [25]. When both cells reached confluence, the divider
hydrogel was removed allowing the cells to migrate and inter-
act at the interface region, which resulted in the formation of
fibrocartilage-like region. These findings suggest that hetero-
topic cellular communications may play a key role in inducing
the regenerative response that leads to the regeneration of the
fibrocartilage interface between soft tissue and bone [25].

Although the regeneration mechanism of the different ten-
dons and ligaments is similar, their rate of regeneration vary.
Several reports have shown that different tendons/ligaments
regenerate at different rates [26–32] and that combined
tendon/ligament injuries regenerate at a slower rate compared
with isolated injures and produce tissue of lower quality [26,
27, 33–37]. It has been also shown that there can be some
variability in the rate of regeneration within combined and
isolated tendons/ligaments (e.g., ACL and medial collateral
ligament (MCL); Achilles tendon and rotator cuff) [38–48].
The reason of the variability in the rate of regeneration be-
tween these tissues is not clear but was suggested to be attrib-
uted to the local microenvironment causing alteration in their
rate of regeneration, the different load regiment undertaken by
tendons/ligaments based on their anatomical locations, or to
what interventions they were employed to after the injury [49,
50].

Current Clinical Treatment for Ligament-Bone
Interface Injuries

ACL is the most common ligament prone to injury among all
the other ligaments throughout the body and requires an im-
mediate medical intervention upon injury due to its poor self-
healing potential. Several clinical approaches have been
adapted for ACL reconstruction. Generally, ACL reconstruc-
tion is done by completely removing the ruptured ACL,

followed by replacement with an autograft from the patient
own body (e.g., the hamstring tendon (HS) or bone-patellar
tendon-bone (BPTP)), or an allograft from another individual
or a cadaver [51]. Although these approaches have been suc-
cessful in most cases, they possess a number of drawbacks [3].
For instance, autografts cause donor-site morbidities such as a
decrease in knee flexion strength and tibial rotation, as well as
the possibility of sciatic or saphenous nerve damage during
harvesting the autograft, whereas allografts pose the risk of
disease transmission and/or immune rejection [4]. In addition,
current clinical approaches for ACL reconstruction mostly
focus on the restoration of the ligament but not the interface.
Interface is an important unit that bridges between ligament
and bone, and its establishment is important to facilitate prop-
er graft integration to the bone. Unfortunately, current clinical
approaches cannot re-establish proper interface function after
surgery, leading to high rates of re-injury due to poor integra-
tion between soft tissue and bone [5].

Bioinspired Scaffold Designs for Ligament-Bone
Interface Regeneration

Several simple and complex scaffold designs have been de-
veloped and employed aiming to functionally regenerate the
complex ligament-bone interface. These include bi-phasic and
multiple-phasic scaffold designs in the form of stratified or
gradient (summarized in Table 1). Our research group devel-
oped a bi-phasic ACL graft system composed of braided poly
(lactic-co-glycolic acid) (PLGA) microfibers at the center of
the graft for ligament regeneration, with two denser fiber re-
gions at either end of the graft to facilitate bone ingrowth and
osteointegration [52]. In vitro evaluations demonstrated the
high biocompatibility of the graft. When testing the mechan-
ical properties of the graft under tensile, it exhibited similar
properties to that at the native tissue [53]. In vivo evaluations
showed a great healing potential, when collagenous tissue
infiltration after 12 weeks has been observed [54]. In a similar
approach, Altman et al. developed a highly porous bi-phasic
silk graft system for ACL reconstruction. The graft system
consisted of multiple regions with different orientations,
where the middle region consisted of aligned yarns for liga-
ment regeneration that are densely connected to knitted yarns
at either end for bony integration. The graft system was eval-
uated in a goat ACL reconstruction model, resulting in the
formation of collagenous like structure with cell alignment
after 12 months of implantation at the ligament region of the
graft, with good osteointegration [55].

Despite the advances represented by the bi-phasic scaffold
design, a true ligament-bone interface regeneration was not
evident due to the fact that incorporating an interface-
specific region to the scaffold design was not put into ac-
counts, which is crucial to enable the regeneration of the
fibrocartilage interface between ligament and bone. The
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fibrocartilage interface is optimized to withstand the tensile
and compressive loading distributions along the ligament-
bone junction, and thus, it plays a critical role in transitioning
mechanical loads between bone and soft tissues, which as a
result protects the soft tissues from the contact deformation
and damage at high strains [69–73]. Inspired by the native
ligament-bone interface, Spalazzi et al. reported a tri-phasic
stratified scaffold design that was hypothesized to re-establish
the formation of the ligament-bone interface considering the
mechanical and morphological transition in the native inter-
face extracellular matrix (ECM), as well as the relevant cell
heterogeneity found along the complex tissues [59]. The tri-
phasic scaffold consists of three different pre-integrated con-
tinues phases, each engineered for the regeneration of a spe-
cific tissue type, ligament, fibrocartilage interface, and bone.
Phase A is made from polyglactin (10:90) knitted mesh to
support ligament fibroblasts culture for the regeneration of
ligament, phase B is made from PLGA (85:15) microspheres
to support fibro-chondrocytes culture for the regeneration of
fibrocartilage interface, and phase C is made from PLGA
(85:15) sintered microspheres and 45S5 bioactive glass (BG)
to support osteoblasts culture for bone regeneration [60]. The
three different phases were assembled and heat sintered for
pre-integration [60]. Pre-integrating the scaffold to form a
multi-phased graft system was essential in order to allow for
cellular interaction and to support the multiple tissue regions
observed across the native ligament-bone junction [61].

For ligament and bone formation, fibroblasts and oste-
oblasts were seeded in phases A and C, respectively.
Cellular interactions in the co-cultured tri-phasic scaffold
have been evaluated both in vitro and in vivo. In vitro cell
interaction evaluations revealed that the controlled cell
distribution resulted in the formation of cell type–
specific matrix on each phase of the scaffold. In addition,
phase C was found to be mineralized, and an extensive
deposition of collagen type I was found in both phases A
and B [60]. In vivo evaluations in a nude rat subcutaneous
model revealed that the co-cultured tri-phasic scaffold
supported multilineage cellular interactions as well as tis-
sue infiltration with abundant specific-matrix production
in phases A and C. Moreover, cell migration from both
phases to phase B was observed along with vascularity
and matrix production [61].

The tri-phasic scaffold system was further in vivo evaluat-
ed in the same animal model for the potential to form
fibrocartilage-like tissue at the interface region. This was done
by tri-culturing the three different cell types, fibroblasts,
chondrocytes, and osteoblasts, along the three different phases
and comparing the findings to the co-culturing system.
Specifically, fibroblasts were seeded on phase A,
chondrocytes were seeded on phase B, and osteoblasts were
seeded on phase C, respectively. Tri-culturing the three differ-
ent cell types resulted in an extensive collagen rich–matrix

production at the three different phases comparing to the co-
culture system. In addition, formation of fibrocartilage-like
tissue at the interface region containing collagen types I and
II as well as glycosaminoglycans was observed. Mechanical
properties of the tri-phasic scaffold were evaluated in vivo
both after the co-culture and tri-culture experiments resulting
in improvedmechanical gradient with the highest elastic mod-
ulus and yield strength observed at the bone phase, mimicking
that at the native ligament-bone junction [60]. These encour-
aging findings clearly demonstrate that a biomimetic stratified
multi-phased scaffold system that exhibits spatial control over
the phase-relevant cell heterogeneity can lead to the regener-
ation of complex tissues, as well as a fibrocartilage-like inter-
face, simultaneously on a single scaffold in vivo.

In addition to the stratified scaffold design, there has been a
serious shift towards designing scaffolds with a gradient of
properties to ensure continuous transition in composition,
structural organization, and cellular heterogeneity aiming to
achieve a linear gradient in mechanical properties. For exam-
ple, Subramony et al. developed a five-phased bone-interface-
ligament-interface-bone polycaprolactone-PLGA/hydroxyap-
atite (PCL-PLGA/HA) nanofiber gradient scaffold for ACL
reconstructions [68]. To form a continuous five-phased con-
struct, a blend of PCL-PLGA was electrospun to produce
aligned nanofibers at the middle of the construct for ligament
regeneration. For bone regeneration, a blend of HA nanopar-
ticles added into a solution of PCL-PLGAwas electrospun at
either end of the construct to produce an osteoconductive
phase. For the interface regeneration, prefabricated bi-phasic
nanofiber-based collars consisting of mineralized and non-
mineralized regions were placed at the interface of the liga-
mentous and bony regions of the construct. MSCs were seed-
ed in every junction along the graft and cultured for both
in vitro and in vivo evaluations. In vitro evaluations revealed
that MSCs upregulated into fibroblasts, fibro-chondrocytes,
and osteoblasts specific markers on the ligament, interface,
and bone phases, respectively. In vivo evaluation of the syn-
thetic ACL scaffold showed that the nanofiber-based graft was
well-tolerated, with minimal inflammatory response, and re-
duced the duration of the reconstruction procedure, accelerat-
ing bone formation at the mineralized region, production of a
proteoglycans (GAG)–containing tissue at the interface re-
gion, and most importantly, the formation of a multi-tissue,
structurally integrated ligament-bone junction. These findings
highlight the potential of gradient multi-phased scaffolds in
promoting ligament-bone junction regeneration, due to the
continuity between the multiple phases along the graft, which
facilitates enhanced cell-cell interactions as well as mechani-
cal load transition.

Taking the mineral gradient distribution across the calcified
fibrocartilage interface into account, different groups have uti-
lized the concept of introducing a gradient of minerals or
chemical cues, such as growth factors, to induce the formation
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of graded calcified matrix, mimicking that found at the native
ligament-bone junction. In a study done by Samavedi et al.,
osteogenic differentiation of stem cells seeded on polymeric
composition and mineral content graded coaxial electrospun
PCL fibrous scaffold was guided in a gradient-dependent
manner [57, 74]. In another study done by Phillips et al., fi-
broblasts seeded on an electrospun collagen scaffold with a
compositional gradient of retroviral coating for osteogenic
transcription factor-2 (RUNX2) produced a gradient of min-
eralized matrix both in vitro and in vivo [75].

Considering the scaffold physical properties such as pore
size, Oh et al. fabricated a PCL scaffold with different pore
size gradients for ligament-bone interface regeneration via a
centrifugation method [62]. The scaffold exhibits different
pore size gradients along the three regions, starting from
405 μm at the bony region, with a gradual decrease to
186 μm as transitioned to the ligament region. Osteoblasts,
chondrocytes, and fibroblasts were seeded in the three graft
regions, respectively. Cell counting was performed along the
graft, and it was found that both osteoblasts and chondrocytes
showed increased cell number at the regions with pore size of
380–405 μm, while fibroblasts were more localized at areas
with pore size of 186–200 μm. These findings suggest that
different pore sizes can strongly affect cell behaviors such as
proliferation and cell fate. Thus, providing the appropriate
gradient in pore size may act as a useful tool that can guide
cell differentiation and proliferation during ligament-bone in-
terface regeneration [62].

These results demonstrate the high potential of engineering
tissue-tissue interfaces by utilizing gradient multi-phased scaf-
fold design. Gradient scaffolds exhibit continuity in the struc-
ture, which in turn can lead to improved gradual, continuous
mechanical transition, cellular interactions, and gradient in
mineralization across the ligament-bone junction. The physi-
cal and chemical gradual transition demonstrated in the gradi-
ent scaffold can stimulate stem cell differentiation [62]. For
example, it was shown that the fate of MSCs is highly sensi-
tive to the matrix physical properties, and they can differenti-
ate into muscle, fibroblasts, or bone simply by changing the
stiffness of the substrate [76]. In addition, pore size gradual
distribution has been shown to have a large impact on guiding
cell differentiation and proliferation during ligament-bone in-
terface regeneration [62]. Gradient scaffolds are challenging
to fabricate, due to the gradual transition in properties found
along the scaffold length, which may limit gradation in fabri-
cation from the nano-scale to the micro-scale found in the
native ligament-bone junction, respectively. Although both
stratified and gradient scaffold designs seem to overcome
most drawbacks associated with complex ligament-bone in-
terface regeneration, it is strenuous to conclude which strategy
or design is best for this application. Further studies that sys-
tematically investigate and compare stratified and gradient
scaffolds are needed in order to determine whether both or

either is optimal for this type of regeneration. Growth factors
for bone (e.g., bone morphogenetic portion-2 (BMP-2),
platelet-derived growth factor (PDGF), transforming growth
factor-β (TGF-β), endothelial growth factor (EGF), vascular
endothelial growth factor (VEGF), insulin-like growth factor-
1 (IGF-1), basic fibroblast growth factor (bFGF), and hepato-
cyte growth factor (HGF)) [77–80] and ligament (e.g., IGF-I,
TGF-β, VEGF, bFGF, epidermal growth factor (EGF), and
PDGF) [81–90], as well as biomolecules for bone (e.g., sim-
vastatin, bisphosphonate, FTY720, purmorphamine, SVAK-
12, lovastatin, rosuvastatin, helioxanthin derivative (TH), N-
acetyl cysteine, oxysterols, and rolipram) [91–101] and liga-
ment (e.g., collagens, Wnts, and MMPs) [102], can all be
incorporated into the scaffold design as they have shown to
promote the maintenance of heterotypic cell populations rele-
vant along ligament-bone tissue interface during the regener-
ation process.

Tendon-Bone Interface

Tendon-Interface-Bone Structure and Function

Tendon transitions into bone through a fibrocartilage interface
at the bone-tendon junction (BTJ). This fibrocartilage region
is further divided intro mineralized and non-mineralized
fibrocartilage zones [17]. At the non-mineralized
fibrocartilage, ovoid chondrocytes are found entrapped in col-
lagen II proteoglycan-rich matrix. At the mineralized
fibrocartilage region, heterotrophic chondrocytes are found
entrapped in collagen type X calcified matrix. At the bony
region, referred to as the “subchondral bone,” osteoblasts,
osteoclasts, and osteocytes are found embedded into a miner-
alized collagen type I matrix. From a mechanical standpoint,
the fibrocartilage interface is half as stiff as the tendon, while
bone is two orders in magnitude stiffer than tendon. Under
applied compression, the tendon-bone interface gradually de-
creases mechanical loads as they progress from tendon to
bone. This mechanical synchrony presented at the tendon-
interface-bone junction minimizes the formation of high-
stress concentration and supports gradual load transfer from
soft tissue to bone. Similar to the ligament-interface-bone
junction, the cellular heterogeneity found along the tendon-
interface-bone junction is a key role in permitting gradual
transition ofmechanical load between tendon and bone, which
decreases the concentration of stress formation at the interface
site [21, 22]. Furthermore, due to the similarities between
tendon-bone and ligament-bone interfaces, their mechanism
of development and regeneration is also similar as discussed
in a previous section (“Current Understanding of the
Mechanism Underlying Tendon/Ligament-Bone Interface
Development and/or Regeneration”).
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Current Clinical Treatment for Tendon-Bone Interface
Injuries

Rotator cuff tear is considered as one of the most common
tendon injuries that requires an immediate medical interven-
tion upon injury due to the poor self-healing potential. Distinct
from treatment strategies followed for ligament restoration,
which mainly focus on the restoration of the ligament, tendon
injuries are clinically managed by re-attaching the tendon to
bone via mechanical means [51, 103]. Restoration of the na-
tive tendon-bone function is challenging, and tendon post-
operative detachment remains a primary reason for surgical
failure [103]. Although tendon-based grafts can to certain ex-
tents restore the physiological range of motion and joint func-
tion through the mechanical fixation methods, they do not
result in adequate graft integration and can result in the for-
mation of a scar tissue at the insertion site that lacks all bio-
logical and mechanical functions of the native fibrocartilage
tissue [103].

Bioinspired Scaffold Designs for Tendon-Bone
Interface Regeneration

In order to address this challenge, the feasibility of integrating
tendon graft to bone and facilitating the regeneration of
fibrocartilage interface has been evaluated by several groups
(summarized in Table 2). Most works reviewed here have
employed electrospinning technique over other techniques to
produce scaffolds for tendon-bone interface regeneration for
several reasons. (1) The biomimetic potential of these fibrous
scaffolds renders them ideal for orthopedic tissue engineering.
(2) Porosity, permeability, and fiber diameter, as well as mor-
phology, can be easily modulated during the fabrication pro-
cess to resemble the native tendon ECM [116]. (3) Both ran-
domly aligned and aligned nanofiber scaffolds can be pro-
duced by varying the electrospinning process and can be used
to guide cellular response. (4) In addition, a continuous struc-
tural and compositional gradient can be achieved on nanofiber
substrates using a variety of approaches [117]. Thus, the
unique properties of electrospun nanofibers make them ideal
for this type of application.

One of the early attempts towards the repair of rotator cuff
tears using electrospun scaffolds was done by Taylor et al.
[118]. In this study, randomly aligned PLGA electrospun scaf-
fold was developed and tested both in vitro and in vivo. It was
hypothesized that nanostructured resorbable polymeric scaf-
fold can result in the production of a matrix with cellular and
biomechanical properties suitable to provide initial strength
with an enhanced rate of regenerative repair. In vitro evalua-
tions showed that the scaffold supported the attachment, via-
bility, and proliferation of patellar tendon cells for 28 days. In
addition, the scaffold’s mechanical properties were evaluated
with and without cells, resulting in greater tensile strain when

cells were cultured on the scaffold. In vivo evaluation of the
electrospun scaffold in a rat rotator cuff model revealed a
functional restoration of the torn tendon. These findings indi-
cate the feasibility and potential of electrospun nanofiber scaf-
folds for the repair and regeneration of the tendon tissue.

To examine whether the nanofiber orientation can affect the
cellular response, Moffat et al. developed PLGA nanofiber-
based scaffolds and in vitro evaluated their potential for rotator
cuff repair [104]. The effect of fibroblasts attachment, align-
ment, and gene expression has been tested as a function of
nanofiber organization (aligned vs randomly aligned). It was
found that the underlying orientation primarily guided tendon
fibroblasts morphology, alignment, and gene expression. In
addition, it was found that the deposition of collagen types I
and III as well as mechanical properties was directly related to
the underlying nanofiber orientation. These findings indicate
that nanofiber organization plays a crucial role in guiding cell
response, and clearly highlights the biomimetic potential of
nanofibers to the native tendon tissue.

Building upon these successful nanofiber-based observa-
tions and taking into account the formation of fibrocartilage
tendon-bone interface, Moffat et al. also reported the develop-
ment of a biomimetic bi-phasic electrospun nanofibers scaf-
fold with contiguous non-mineralized (phase A) and mineral-
ized (phase B) regions that are designed to facilitate the regen-
eration of the tendon-bone interface. Phase A is composed of
aligned PLGA nanofibers, and phase B consists of aligned
PLGA-HA composite nanofibers. In vivo evaluations in rat
[105] and sheep [106] rotator cuff models revealed the forma-
tion of fibrocartilage-like matrix at the insertion site of the
graft. In addition, it was observed that mineral distribution
was highly maintained, in which calcified fibrocartilage
formed only at the HA-containing phase. Further,
fibrocartilage matrix maturation and enhanced collagen orga-
nization at the tendon-bone junction were promoted by pre-
seeding the bi-phasic scaffold with bone marrow–derived
stem cells (BMDSCs). When comparing the findings to the
single-phased PLGA or PLGA-HA, it was found that the re-
generation of an organized fibrocartilage interface was
achieved in the bi-phasic scaffold design. These observations
indicate that mimicking the alignment andmineral distribution
found along the native tendon-bone interface plays a crucial
role in guiding cells to form a fibrocartilage-like matrix at the
interface site therapy promoting its integration to the tendon
and supporting calcified fibrocartilage formation and
osteointegration.

Taking the mineral gradient distribution across the calcified
fibrocartilage interface into account to enhance fibrocartilage
formation, different groups have utilized the concept of intro-
ducing a gradation in minerals and protein content to induce
the formation of graded calcified matrix, mimicking that
found at the native TBJ. Li et al. demonstrated a coating-
based method to generate a linear gradation of calcium

461Regen. Eng. Transl. Med. (2020) 6:451–483



Ta
bl
e
2

B
io
in
sp
ir
ed

sc
af
fo
ld

de
si
gn
s
ut
ili
ze
d
fo
r
re
ge
ne
ra
tin

g
te
nd
on
-b
on
e
in
te
rf
ac
e

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

B
i-
ph
as
ic

E
le
ct
ro
sp
un

gr
af
tw

ith
an

al
ig
ne
d
re
gi
on

fo
r

te
nd
on

re
ge
ne
ra
tio

n,
an
d
un
al
ig
ne
d

re
gi
on

fo
r
gr
af
ta
tta
ch
m
en
ta
nd

au
gm

en
ta
tio

n

PL
G
A

E
le
ct
ro
sp
in
ni
ng

H
um

an
ro
ta
to
r
cu
ff

te
nd
on

fi
br
ob
la
st
s

N
/A

N
/A

T
he

un
de
rl
yi
ng

or
ie
nt
at
io
n
pr
im

ar
ily

gu
id
ed

te
nd
on

fi
br
ob
la
st
s
m
or
ph
ol
og
y,

al
ig
nm

en
ta
nd

ge
ne

ex
pr
es
si
on
.I
n

ad
di
tio

n,
it
w
as

fo
un
d
th
at
th
e
de
po
si
tio

n
of

co
lla
ge
n
ty
pe
s
I
an
d
II
I
as

w
el
la
s

m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s
w
er
e
di
re
ct
ly

re
la
te
d
to

th
e
un
de
rl
yi
ng

na
no
fi
be
rs

or
ie
nt
at
io
n

[1
04
]

B
i-
ph
as
ic

(g
ra
di
-

en
t)

E
le
ct
ro
sp
un

gr
af
tw

ith
an

al
ig
ne
d
re
gi
on

fo
r

te
nd
on

re
ge
ne
ra
tio

n
an
d
a
m
in
er
al
iz
ed

un
al
ig
ne
d
re
gi
on

fo
r
bo
ne

re
ge
ne
ra
tio

n.
T
he

gr
af
tw

as
w
ra
pp
ed

ar
ou
nd

a
cy
lin

dr
ic
al
bo
ne

co
re

PL
G
A
/P
L
G
A
-H

A
E
le
ct
ro
sp
in
ni
ng

C
ho
nd
ro
cy
te
s
N
/A

S
ub
cu
ta
ne
ou
s

at
hy
m
ic
ra
t

m
od
el

D
at
a
re
ve
al
ed

th
e
fo
rm

at
io
n
of

fi
br
oc
ar
til
ag
e-
lik

e
m
at
ri
x
at
th
e
in
se
rt
io
n

si
te
of

th
e
gr
af
t.
In

ad
di
tio

n,
it
w
as

ob
-

se
rv
ed

th
at
m
in
er
al
di
st
ri
bu
tio

n
w
as

hi
gh
ly

m
ai
nt
ai
ne
d,
in

w
hi
ch

ca
lc
if
ie
d

fi
br
oc
ar
til
ag
e
fo
rm

ed
on
ly

at
th
e

H
A
-c
on
ta
in
in
g
ph
as
e.
Fu

rt
he
r,

fi
br
oc
ar
til
ag
e
m
at
ri
x
m
at
ur
at
io
n
an
d
en
-

ha
nc
ed

co
lla
ge
n
or
ga
ni
za
tio

n
at
th
e

te
nd
on
-b
on
e
ju
nc
tio

n
w
as

pr
om

ot
ed

by
pr
e-
se
ed
in
g
th
e
bi
ph
as
ic
sc
af
fo
ld

w
he
n

co
m
pa
re
d
to

th
e
ac
el
lu
la
r
sc
af
fo
ld

[1
05
]

B
i-
ph
as
ic

(g
ra
di
-

en
t)

E
le
ct
ro
sp
un

gr
af
tw

ith
an

al
ig
ne
d
re
gi
on

fo
r

te
nd
on

re
ge
ne
ra
tio

n
an
d
a
m
in
er
al
iz
ed

un
al
ig
ne
d
re
gi
on

fo
r
bo
ne

re
ge
ne
ra
tio

n.

P
L
G
A
/P
L
G
A
-H

A
E
le
ct
ro
sp
in
ni
ng

N
/A

N
/A

Sh
ee
p
ro
ta
to
r

cu
ff
m
od
el

H
is
to
lo
gi
ca
ls
ta
in
in
g
re
ve
al
ed

th
at
at
w
ee
ks

4
an
d
16
,a
n
ex
tr
ac
el
lu
la
r
m
at
ri
x
ri
ch

in
co
lla
ge
n
w
as

fo
rm

ed
at
th
e
te
nd
on
-b
on
e

ju
nc
tio

n.
N
ew

ly
fo
rm

ed
tis
su
e
w
as

w
el
l

or
ga
ni
ze
d,
w
ith

pa
ra
lle
lf
ib
er
s
in
se
rt
in
g

fr
om

te
nd
on

to
bo
ne

in
th
e
sc
af
fo
ld

gr
ou
ps

w
he
n
co
m
pa
re
d
to

th
e
co
nt
ro
l

(t
en
do
n
at
ta
ch
ed

w
ith

no
sc
af
fo
ld
).

Po
si
tiv

e
pr
ot
eo
gl
yc
an

st
ai
ni
ng

at
th
e

te
nd
on
-b
on
e
ju
nc
tio

n
in

th
e
sc
af
fo
ld

gr
ou
p,
an
d
a
w
el
l-
or
ga
ni
ze
d
m
in
er
al
iz
ed

ne
o-
in
te
rf
ac
e
re
gi
on

w
as

ob
se
rv
ed

at
w
ee
k
16

[1
06
]

B
i-
ph
as
ic

(g
ra
di
-

en
t)

E
le
ct
ro
sp
un

w
ov
en

sy
nt
he
tic
-b
as
ed

sc
af
fo
ld

co
ns
is
tin

g
of

no
n-
m
in
er
al
iz
ed

an
d
m
in
-

er
al
iz
ed

re
gi
on
s
w
ith

a
lin

ea
rg

ra
da
tio

n
in

m
in
er
al
co
nt
en
t

P
L
G
A
-C
aP

or
P
C
L
-C
aP

E
le
ct
ro
sp
in
ni
ng

M
C
3T

3
N
/A

N
/A

A
dd
iti
on

of
C
aP

en
ha
nc
ed

th
e
at
ta
ch
m
en
t,

sp
re
ad
in
g,
an
d
pr
ol
if
er
at
io
n
of

M
C
3T

3
ce
lls
.R

eg
io
n
w
ith

th
e
hi
gh
es
tC

aP
co
nt
en
ts
ho
w
ed

th
e
hi
gh
es
tl
ev
el
of

ce
ll

de
ns
ity
,a
nd

th
e
re
gi
on

w
ith

th
e
lo
w
es
t

C
aP

co
nt
en
th
ad

fe
w
er
ce
ll
de
ns
iti
es
.T

he
G
ra
da
tio

n
in
m
in
er
al
di
st
ri
bu
tio

n
re
su
lte
d

in
gr
ad
at
io
n
in

m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s

al
on
g
th
e
te
nd
on
-i
nt
er
fa
ce
-b
on
e
ju
nc
tio

n.
In
cr
ea
si
ng

th
e
co
nc
en
tr
at
io
n
of

[1
07
]

462 Regen. Eng. Transl. Med. (2020) 6:451–483



T
ab

le
2

(c
on
tin

ue
d)

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

bi
ca
rb
on
at
e
io
ns

re
su
lte
d
in
an

in
cr
ea
se
in

m
in
er
al
co
nt
en
tt
ha
th

as
im

pr
ov
ed

th
e

m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s
al
on
g
th
e

te
nd
on
-i
nt
er
fa
ce
-b
on
e
ju
nc
tio

n
S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

B
i-
ph
as
ic

(g
ra
di
-

en
t)

E
le
ct
ro
sp
un

hi
gh
ly

po
ro
us

sc
af
fo
ld
,p
ro
te
in

co
at
ed

in
a
lin

ea
r
gr
ad
at
io
n
fa
sh
io
n

Po
ly
m
et
hy
lg
lu
ta
ri
m
id
e

(P
M
G
I)
-
fi
br
on
ec
tin

E
le
ct
ro
sp
in
ni
ng

N
IH

3T
3

N
/A

N
/A

C
el
lr
es
po
ns
e
on

th
e
fi
be
r
m
at
ri
x
de
pe
nd
s

st
ro
ng
ly

on
th
e
pr
ot
ei
n
co
nc
en
tr
at
io
n.

E
nh
an
ce
d
ce
llu

la
rr
es
po
ns
e
w
as

ob
se
rv
ed

on
th
e
pr
ot
ei
n-
co
at
ed

sc
af
fo
ld

w
he
n

co
m
pa
re
d
to

no
n-
co
at
ed

sc
af
fo
ld
.

[1
08
]

B
i-
ph
as
ic

(g
ra
di
-

en
t)

O
st
eo
ge
ni
c
an
d
ch
on
dr
og
en
ic
gr
ow

th
fa
ct
or
s
in
co
rp
or
at
ed

in
a
na
tu
ra
l-
ba
se
d

gr
af
tg

ra
du
al
ly
.T

hi
s
is
ac
hi
ev
ed

by
in
-

cr
ea
si
ng

th
e
os
te
og
en
ic
fa
ct
or

co
nt
en
t

fr
om

th
e
ce
nt
er

of
th
e
sc
af
fo
ld

to
w
ar
ds

th
e
di
re
ct
io
n
of

th
e
bo
ne
,w

hi
le
si
m
ul
ta
-

ne
ou
sl
y
de
cr
ea
si
ng

ch
on
dr
og
en
ic
fa
ct
or

co
nt
en
ti
n
a
gr
ad
at
io
n
fa
sh
io
n,
w
he
re

th
e

hi
gh
es
tc
on
te
nt

of
os
te
og
en
ic
fa
ct
or

w
as

ad
de
d
at
th
e
bo
ny

re
gi
on

an
d
th
e

ch
on
dr
og
en
ic
fa
ct
or

at
th
e
in
te
rf
ac
e

re
gi
on
,r
es
pe
ct
iv
el
y

S
ilk

K
ni
tti
ng

te
ch
ni
qu
e

M
S
C
s

B
M
P
-2
,

IG
F
-I

N
/A

C
ul
tu
ri
ng

M
SC

s
on

th
e
gr
ow

th
fa
ct
or
s

gr
ad
ie
nt

su
bs
tr
at
e
in

a
su
bc
ho
nd
ra
l

m
ed
iu
m

re
su
lte
d
in

gr
ad
ua
li
nc
re
as
e
in

ca
lc
iu
m

an
d
G
A
G
de
po
si
tio

n
an
d
an

in
cr
ea
se

in
co
lla
ge
n
ty
pe
s
I,
II
,a
nd

X
ge
ne

tr
an
sc
ri
pt
io
n
at
th
e
bo
ny

an
d

in
te
rf
ac
e
re
gi
on
s,
re
sp
ec
tiv

el
y.
F
ur
th
er

re
su
lts

re
ve
al
ed

th
at
th
e
gr
ad
at
io
ns

ac
hi
ev
ed

cl
os
el
y
re
se
m
bl
ed

th
e
tr
an
si
tio

n
fr
om

un
m
in
er
al
iz
ed

fi
br
oc
ar
til
ag
e
to

m
in
er
al
iz
ed

fi
br
oc
ar
til
ag
e
to

bo
ne
,

m
im

ic
ki
ng

th
os
e
fo
un
d
at
th
e
na
tiv

e
tis
su
e.

[1
09
]

B
i-
ph
as
ic

(g
ra
di
-

en
t)

Po
ro
us

sy
nt
he
tic
-b
as
ed

m
em

br
an
e
in
co
rp
o-

ra
te
d
du
al
gr
ow

th
fa
ct
or
s
fo
r
ac
ce
le
ra
te
d

te
nd
on
-b
on
e
he
al
in
g.

PC
L

Im
m
er
si
on
/p
re
ci
pi
ta
tio

n
m
et
ho
d

N
/A

P
D
G
F
-B
B
,

B
M
P
-2

R
at
pa
te
lla
r

te
nd
on

av
ul
si
on

m
od
el

Im
m
ob
ili
za
tio

n
of

bo
th

fa
ct
or
s
us
in
g

“h
ep
ar
in
-i
nt
er
m
ed
ia
te
d
in
te
ra
ct
io
ns
”
on

th
e
P
C
L
m
em

br
an
e
re
su
lte
d
in
a
m
in
im

al
bu
rs
tr
el
ea
se

in
ad
di
tio

n
to

a
su
st
ai
ne
d

an
d
co
nt
ro
lle
d
re
le
as
e
w
ith

up
to

80
%

to
ta
lr
el
ea
se

af
te
r
5
w
ee
ks
.I
n
vi
vo

ev
al
ua
tio

ns
re
ve
al
ed

th
at
bo
th

PD
G
F-
B
B
/B
M
P-
2
du
al
re
le
as
e
fr
om

th
e

PC
L
m
em

br
an
e
ac
ce
le
ra
te
d
th
e

re
ge
ne
ra
tio

n
of

te
nd
on
-i
nt
er
fa
ce
-b
on
e,

re
sp
ec
tiv

el
y,
du
e
to

th
e
co
nt
in
uo
us

re
le
as
e
of

bo
th

fa
ct
or
s

[1
10
]

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

B
i-
ph
as
ic

(g
ra
di
-

en
t)

D
ua
l-
la
ye
r
or
ga
ni
c/
in
or
ga
ni
c
fl
ex
ib
le
bi
po
-

la
r
el
ec
tr
os
pu
n
m
em

br
an
e
(B
FM

)
co
ns
is
tin

g
of

tw
o
re
gi
on
s,
a

no
n-
m
in
er
al
iz
ed

re
gi
on

fo
r

no
n-
m
in
er
al
iz
ed

fi
br
oc
ar
til
ag
e

PL
A

E
le
ct
ro
sp
in
ni
ng

N
/A

N
/A

R
ab
bi
tr
ot
at
or

cu
ff
te
ar

m
od
el
,a
nd

ro
ta
to
r
cu
ff

re
pa
ir

In
vi
vo

da
ta
sh
ow

ed
th
at
B
FM

si
gn
if
ic
an
tly

in
cr
ea
se
d
th
e
ar
ea

of
gl
yc
os
am

in
og
ly
ca
n

st
ai
ni
ng

at
th
e
te
nd
on
–b
on
e
in
te
rf
ac
e
an
d

im
pr
ov
ed

co
lla
ge
n
or
ga
ni
za
tio

n,
w
ith

in
-

du
ce
d
bo
ne

fo
rm

at
io
n
an
d

[1
11
]

463Regen. Eng. Transl. Med. (2020) 6:451–483



T
ab

le
2

(c
on
tin

ue
d)

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

re
ge
ne
ra
tio

n,
an
d
a
m
in
er
al
iz
ed

re
gi
on

fo
r
m
in
er
al
iz
ed

fi
br
oc
ar
til
ag
e
re
ge
ne
ra
-

tio
n
fo
r
en
ha
nc
ed

te
nd
on
-t
o-
bo
ne

in
te
-

gr
at
io
n
of

en
th
es
is

fi
br
ill
og
en
es
is
,w

he
n
co
m
pa
re
d
to

th
e

si
m
pl
e
fi
br
ou
s
m
em

br
an
e
(S
FM

)o
fP

L
A
.

T
he

B
FM

gr
ou
p
ha
d
al
so

a
gr
ea
te
r
ul
ti-

m
at
e
lo
ad
-t
o-
fa
ilu

re
an
d
st
if
fn
es
s
th
an

th
e

SF
M

gr
ou
p
at
12

w
ee
ks

af
te
r
su
rg
er
y

w
he
n
co
m
pa
re
d
to

th
e
ot
he
r
gr
ou
p

B
i-
ph
as
ic

(s
tr
at
i-

fi
ed
)

A
lig

ne
d
na
tu
ra
l-
ba
se
d
el
ec
tr
os
pu
n
gr
af
tf
or

te
nd
on
-b
on
e
he
al
in
g

K
er
at
in

E
le
ct
ro
sp
in
ni
ng

hT
C
s,
an
d

M
S
C
s

se
cr
et
om

e

N
/A

R
at
ch
ro
ni
c

ro
ta
to
r
cu
ff

te
ar

m
od
el

T
he

hM
S
C
s
se
cr
et
om

e
in
cr
ea
se
d
hT

C
s

vi
ab
ili
ty

an
d
de
ns
ity

in
vi
tr
o.
In

vi
vo
,a

si
gn
if
ic
an
ti
m
pr
ov
em

en
to

f
th
e
te
nd
on

m
at
ur
in
g
sc
or
e
w
as

ob
se
rv
ed

in
th
e

ST
C
/h
M
SC

/C
M

gr
ou
p
(1
5.
6
±
1.
08
)

co
m
pa
re
d
w
ith

th
e
M
R
C
T
gr
ou
p

(1
1.
0
±
1.
38
;P

<
0.
05
).
B
io
m
ec
ha
ni
ca
l

te
st
s
re
ve
al
ed

a
si
gn
if
ic
an
ti
nc
re
as
e
in
th
e

to
ta
le
lo
ng
at
io
n
to

ru
pt
ur
e

(S
T
C
/h
M
SC

/C
M
,1
1.
99

±
3.
30

m
m
;

sc
af
fo
ld
-o
nl
y,
9.
89

±
3.
47

m
m
;M

R
C
T,

5.
86

±
3.
16

m
m
;P

<
0.
05
)
as

w
el
la
s
a

lo
w
er

st
if
fn
es
s
(S
T
C
/h
M
S
C
/C
M
,

6.
25

±
1.
74

N
/m

m
;s
ca
ff
ol
d-
on
ly
,

6.
72

±
1.
28

N
/m

m
;M

R
C
T,

11
.5
4
±
2.
99

N
/m

m
;P

<
0.
01
)

[1
12
]

B
i-
ph
as
ic

(s
tr
at
i-

fi
ed
)

T
he

gr
af
tc
on
si
st
s
of

tw
o
re
gi
on
s
w
ith

di
ff
er
en
tp

or
e
al
ig
nm

en
ts
,a
ni
so
tr
op
ic
at

th
e
te
nd
on

si
de

an
d
is
ot
ro
pi
c
at
th
e
bo
ne

si
de

Si
lk

Fi
br
oi
n

D
ir
ec
tio

na
lf
re
ez
in
g

hA
D
M
SC

s
N
/A

N
/A

B
i-
ph
as
ic
sc
af
fo
ld

su
pp
or
te
d
ce
ll

at
ta
ch
m
en
ta
nd

in
fl
ue
nc
ed

ce
ll

or
ga
ni
za
tio

n
de
pe
nd
in
g
on

po
re

al
ig
nm

en
t.
In

ad
di
tio

n,
th
e
ge
ne

ex
pr
es
si
on

of
te
nd
on
/li
ga
m
en
t,
en
th
es
is
,

an
d
ca
rt
ila
ge

m
ar
ke
rs
si
gn
if
ic
an
tly

ch
an
ge
d
de
pe
nd
in
g
on

po
re

al
ig
nm

en
ti
n

ea
ch

re
gi
on

of
th
e
sc
af
fo
ld

[1
13
]

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

T
ri
-p
ha
si
c

(g
ra
di
-

en
t)

A
hi
er
ar
ch
ic
al
ly

st
ru
ct
ur
ed

sc
af
fo
ld

co
m
po
se
d
of

th
re
e
re
gi
on
s
w
ith

di
st
in
ct

fu
nc
tio

ns
:a
n
ar
ra
y
of

ch
an
ne
ls
to

gu
id
e

th
e
in
-g
ro
w
th

of
ce
lls

an
d
al
ig
ne
d
de
po
-

si
tio

n
of

th
e
fi
be
rs
,a
s
w
el
la
s
in
te
gr
at
io
n

of
th
e
sc
af
fo
ld

w
ith

th
e
te
nd
on

si
de
,a

re
gi
on

w
ith

a
gr
ad
ie
nt

in
m
in
er
al
co
m
-

po
si
tio

n
fo
r
in
te
rf
ac
e
re
ge
ne
ra
tio

n,
an
d
a

m
in
er
al
iz
ed

in
ve
rs
e
op
al
re
gi
on

to
pr
o-

m
ot
e
os
te
oi
nt
eg
ra
tio

n.

P
L
G
A
-H

A
/G
el
at
in

C
us
to
m

fa
br
ic
at
io
n

m
et
ho
d

A
D
SC

s
N
/A

N
/A

C
el
lc
ul
tu
re

ex
pe
ri
m
en
ts
co
nf
ir
m
ed

th
at

A
D
SC

s
w
er
e
ab
le
to

in
fi
ltr
at
e
an
d

pr
ol
if
er
at
e
th
ro
ug
h
th
e
en
tir
e
th
ic
kn
es
s
of

th
e
sc
af
fo
ld

w
ith

ou
tc
om

pr
om

is
ed

ce
ll

vi
ab
ili
ty
.T

he
se
ed
ed

st
em

ce
lls

ex
hi
bi
te
d

di
re
ct
ed

di
ff
er
en
tia
tio

n
in
to
te
no
cy
te
s
an
d

os
te
ob
la
st
s
al
on
g
th
e
m
in
er
al
gr
ad
ie
nt

as
a
re
sp
on
se

to
th
e
gr
ad
ie
nt

in
yo
un
g’
s

m
od
ul
us

[1
14
]

3-
D
pr
in
tin

g
M
SC

s
N
/A

[1
15
]

464 Regen. Eng. Transl. Med. (2020) 6:451–483



T
ab

le
2

(c
on
tin

ue
d)

S
ca
ff
ol
d

ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

Fa
br
ic
at
io
n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

T
ri
-p
ha
si
c

(g
ra
di
-

en
t)

A
ho
llo

w
cy
lin

dr
ic
al
sh
ap
e,
3-
D
pr
in
te
d

sc
af
fo
ld

fo
r
te
nd
on
-b
on
e
re
ge
ne
ra
tio

n
P
C
L
,P

L
G
A
an
d

β
-T
C
P

R
ab
bi
tA

C
L

re
co
ns
tr
uc
-

tio
n
m
od
el

H
is
to
lo
gi
ca
la
na
ly
si
s
sh
ow

ed
th
at
a
sm

oo
th

bo
ne
-t
o-
te
nd
on

tr
an
si
tio

n
th
ro
ug
h
br
oa
d

fi
br
oc
ar
til
ag
e
fo
rm

at
io
n
w
as

id
en
tif
ie
d
in

th
e
tr
ea
tm

en
tg

ro
up
,a
nd

th
e
in
te
rf
ac
e

zo
ne

sh
ow

ed
ab
un
da
nt

ty
pe

II
co
lla
ge
n

pr
od
uc
tio

n
on

im
m
un
oh
is
to
ch
em

ic
al

st
ai
ni
ng
.B

on
e-
te
nd
on

he
al
in
g
hi
st
ol
og
ic

sc
or
es

w
er
e
si
gn
if
ic
an
tly

hi
gh
er

in
th
e

tr
ea
tm

en
tg
ro
up

th
an

in
th
e
co
nt
ro
lg
ro
up

(w
ith

ou
tc
el
ls
ee
di
ng
)
at
al
lt
im

e
po
in
ts
.

μ
C
T
an
al
ys
is
at
12

w
ee
ks

sh
ow

ed
sm

al
le
r
tib

ia
l(
co
nt
ro
l,
9.
4
±
0.
9
m
m

2
;

tr
ea
tm

en
t,
5.
8
±
2.
9
m
m

2
;P

=
0.
04
4)

an
d

fe
m
or
al
(c
on
tr
ol
,9
.6
±
2.
9
m
m

2
;

tr
ea
tm

en
t,
6.
0
±
1.
0
m
m

2
;P

=
0.
03
)

bo
ne
-t
un
ne
la
re
as

in
th
e
tr
ea
te
d
gr
ou
p

th
an

in
th
e
co
nt
ro
lg

ro
up

N
/A
,n
ot

av
ai
la
bl
e

465Regen. Eng. Transl. Med. (2020) 6:451–483



phosphate on a nonwoven mat of a polymeric electrospun
nanofiber by varying the incubation time of the scaffolds in
a concentrated simulated body fluid (SBF). The gradation in
mineral distribution resulted in gradation in mechanical prop-
erties along the TBJ [107]. To further improve the mechanical
properties, the soaking solution was optimized by increasing
the concentration of bicarbonate ions, which resulted in an
increase in mineral deposition that improved the mechanical
properties along the TBJ [119]. In order to evaluate the ability
of the pre-coated scaffold to induce graded osteogenesis,
adipose-derived MSCs were seeded along the scaffold
resulting inmore extensive staining of osteogenic markers that
was observed in areas with higher mineral content [120]. The
effect of the mineral gradient distribution on fibrocartilage
interface formation was also evaluated by Harley et al. utiliz-
ing a unique approach [121]. Herein, a biphasic collagen-
glycosaminoglycan-based (CG) scaffold with different miner-
al contents along the scaffold’s length mimicking the structur-
al and compositional features of the native TBJ was fabricated
for tendon-bone interface regeneration. To fabricate the scaf-
fold, a degassed suspension of CGwas placed at the bottom of
a cylindrical mold (6 mm diameter, 15 mm deep) until half of
the mold was filled. The other top half of the mold was then
filled with CG/CaP suspension, which was carefully layered
on top of the CG suspension. Both suspensions were then
allowed to partially interdiffuse for 20 min before freeze-
drying to promote continuity of collagen fibers across the
interface, which resulted in a continuous tendon-bone scaffold
with divergent mineral content, where the highest mineral
content is localized at the bony phase, and decreases as
transitioned to the tendinous phase mimicking those found at
the native TBJ. Micro-computed tomography (μCT) and
energy-dispersive X-ray (EDX) analysis confirmed extensive
localization of the mineral mostly at the bony phase of the
scaffold, but minimal localization at the interface, with no
localization observed at the tendinous phase [122]. To evalu-
ate the cellular response to the mineralized gradient scaffold,
MSCs were pre-seeded along the scaffold length for 6 weeks
in the absence of a differentiation medium, resulting in exten-
sive osteogenic, chondrogenic, and tenogenic gene expression
at the bony, interface, and tendinous regions, respectively. To
evaluate the effect of protein gradient distribution, Shi et al.
evaluated the effect of fibronectin protein gradation on poly-
meric electrospun nanofiber scaffold for the formation of
tendon-bone fibrocartilage interface, which found to exhibit
control over density and morphology of cultured NIH 3T3
fibroblasts [108]. These findings suggest that gradation in
mineral or/and protein content along the bone-interface-
tendon graft may result in spatial control over osteogenesis
and tenogenesis, and may promote the formation of
fibrocartilage interface in between.

To evaluate the potential of growth factors in restoring the
native tendon-bone interface, several groups have introduced

different growth factors such as PDGF, BMP-2, IGF-I, bFGF,
and TGF-β into their scaffold designs. Lee et al. estimated the
feasibility of gradually immobilizing both PDGF-BB and
BMP-2 in an asymmetrically porous PCL membrane as a
potential strategy for effective regeneration of tendon-bone
interface. Both growth factors were immobilized using “hep-
arin-intermediated interactions,” which resulted in a minimal
burst release in addition to a sustained and controlled release
with up to 80% total release after 5 weeks. In vivo evaluation
in rat patellar tendon avulsion model revealed that both
PDGF-BB/BMP-2 dual releases from the PCL membrane ac-
celerated the regeneration of tendon-bone interface, respec-
tively, due to the continuous release of both factors [110].

In a different study, both BMP-2 and IGF-I were used by
absorbing different concentrations of BMP-2 and IGF-I along
a tendon-bone silk construct [109]. This was achieved by in-
creasing BMP-2 content from the center of the scaffold to-
wards the direction of the bone, while simultaneously decreas-
ing IGF-I content in a gradient manner, where the highest
content of BMP-2 was added at the bony region, and IGF-I
at the interface region, respectively. Culturing MSCs on the
substrate with growth factors gradient in a subchondral medi-
um resulted in a gradual increase in calcium and GAG depo-
sition and an increase in collagen types I, II, and X gene
transcription at the bony and interface regions, respectively.
Further results revealed that the gradient scaffold closely re-
sembled the transition from unmineralized fibrocartilage to
mineralized fibrocartilage to bone, mimicking those found at
the native tissue junction. These results demonstrate the fea-
sibility and the potential of gradual immobilization of growth
factors and the dual delivery of both factors from tendon-bone
grafts for the regeneration and the restoration of the complex
tendon-bone interface.

Muscle-Tendon Interface

Muscle-Interface-Tendon Structure and Function

Tendon is a highly organized connective tissue that connects
muscles to bone through a characteristic fibrocartilage inter-
face at either end, which plays an important role in gradually
transmitting force between muscle and bone [123]. Three spe-
cialized regions are characterized along the muscle-tendon-
bone junction: the myotendinous junction (MTJ), the tendon
proper with the region where tendons change direction by
wrapping around bony pulleys, and the bone-tendon junction
BTJ [124]. TheMTJ is further divided into muscle and tendon
regions overlapping through an interface in between. At the
muscle region, myoblasts are found entrapped in collagen type
IV. At the interface, muscle and tendon meet, creating a net-
work of overlapping muscles and tendon tissues with a greater
surface area for adhesion between them. Several adhesion
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proteins are found at the interface ECM that include, integrin,
laminin, vinculin, paxillin, and talin in addition to the ECM-
specific proteins for both tissues, muscles and tendons
[125–129]. At the tendon tissue, tendon fibroblasts are found
entrapped in collagen type I matrix [130].

Four separate ultrastructural domains are found along the
MTJ connecting the actin filaments of the terminal sarcomere
with the collagen fibers of the tendon. (1) “the internal
lamina,” composed of actin filaments and associated
crosslinking structures; (2) “the connecting domain,” which
connects the internal lamina to the external lamina; (3) “the
lamina densa of the external lamina,” with a structure similar
to other laminae densa; and (4) “the matrix,” found in the
space between lamina densa and the collagen fibers [131].

Mechanically, tendon is stiffer than muscle, and this is to
allow for adequate transfer of forces from muscle to bone
without undergoing significant deformation at the tendon.
Structurally, tendon fibers are merged to the muscle ECM.
Some muscles have tendons that are significantly shorter than
the length of the muscle fibers, while other muscles have
tendons that are several folds longer than the length of the
muscle fibers. Thus, the greater the length of the tendon com-
pared with the muscle, the greater the muscle will need to
contract in order to move a given distance or to achieve a
given velocity [132]. This implies that the relative length of
the tendon fibers to muscle fibers at the MTJ can differ from
one MTJ to another and thus, this variance should be consid-
ered when designing a scaffold for MTJ regeneration, depend-
ing on the MTJ targeted for repair.

Current Understanding of the Mechanism Underlying
Muscle-Tendon Interface Development and/or
Regeneration

Although the exact mechanism of MTJ development is not
well understood, studies suggest that the interaction between
tenocytes and myotubes is an essential process that leads to
the formation of a specialized muscle-tendon interface [133].
In fact, the development of MTJ is influenced by some factors
that are essential to establish a functional muscle-tendon inter-
face including interactions within muscle and tendon cells and
interactions between the future forming muscle and tendon
tissues in addition to some functional and structural interac-
tions between tenocytes and myocytes at the site of the future
MTJ [133]. These interactions take place gradually until a
complete and functional MTJ is formed. First, cells within
tendon interact forming a rich collagen matrix. Muscle cell
interactions result in the formation of well-developed muscle
tissue that consists of myofibers. Myofibers then apply a lat-
eral force to the tendon by the muscle contraction. In response
to this contractile force applied to the tendon, tenocytes and
the tendon’s ECM components such as collagen fibers align
themselves in the direction of the applied force. This allows

for direct contact between tendon and muscle through long
cytoplasmic processes. This direct contact enables the tapered
ends of the muscle myofibers to embed into the ECM of the
tendon, forming a well-developed MTJ through the creation
of a network of overlapping muscle and tendon tissues with a
greater surface area for adhesion [130, 133].

In an attempt to address the mechanism of the MTJ’s de-
velopment, Larkin et al. developed an in vitro model of three-
dimensional (3-D) skeletal muscle-tendon constructs based on
the hypothesis that an in vitro 3-D engineered skeletal muscle-
tendon constructs would develop MTJs resembling those
found during fetal development in vivo [134]. To validate
the hypothesis, MTJ structures in vivo have been compared
with those developed in 3-D skeletal muscle constructs co-
cultured with engineered self-organized tendon constructs
(SOT) or segments of adult (ART) or fetal rat tail (FRT) by
means of electron microscopy [134]. In vitro evaluations re-
vealed that some of the myofibers of the engineered 3-D skel-
etal muscle-FRTand SOTconstructs only displayed emerging
finger-like sarcolemmal projections surrounded by collagen
fibers, which structurally resemble fetal MTJs in vivo. In ad-
dition, a complete MTJ was developed on the muscle-FRT
constructs. These findings suggest that the muscle-FRT con-
struct model could be used for studies of developmental mech-
anisms involved in the establishment of interfaces among all
four muscular-skeletal tissues: muscle, tendon, and cartilage/
bone, including the two tissue-specific cellular interactions at
the insertion site.

Current Clinical Treatment for Muscle-Tendon
Interface Injuries

Muscle-tendon interface regeneration is another critical re-
search area in addition to tendon-bone interface regeneration.
As tendon connects muscle to bone, the MTJ connects muscle
to tendon and acts as a bridge to distribute mechanical loads
between muscles and bones [135]. Therefore, any injury at the
muscle-tendon junction will result in failure in mechanical
load distribution that can cause movement restrictions and
low quality of life to the injured individual [135]. Current
clinical treatments include conservation or surgical ap-
proaches. In conservation treatment, the patient is normally
asked to rest to relieve the pain or is given injections of a
variety of drugs, including corticosteroids and physiotherapy.
Due to the limited self-healing capacity of tendons, this type
of treatment can result in prolonged treatment time, recurrent
injury, weakness in the affected site, and thus partial loss of
function that may necessitate extensive and intensive future
rehabilitation [136, 137].

Surgical intervention includes the use of autografts and
allograft to treat tendon injuries. However, the high cost, pain,
and the donor site morbidity associated with harvesting auto-
graft, as well as the limited availability, poor biocompatibility,
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and poor integration of allografts to the host tissues, limit their
clinical use in most cases for this particular application [138].

Mechanical stimulation of the cells is known to promote
cell proliferation and differentiation and has been utilized as
another treatment strategy to treat muscle-tendon injuries.
During the treatment, mechanical stimuli are applied to the
injured site which stimulate cells to secrete biochemical sig-
nals that aid in the healing process [139]. Although this treat-
ment has shown signs of healing in some cases, the optimal
treatment parameters such as treatment duration, frequency,
magnitude, and type of mechanical stimulation applied to
the tendon are yet to be identified and can vary from one
patient to another, resulting in inconsistent outcomes between
patients [140, 141]. Limitations associated with the current
clinically used treatments clearly highlight the need for more
functional and integrative methods that mostly focus on effec-
tively regenerating these tissues rather than repairing them.

Bioinspired Scaffold Designs for Muscle-Tendon
Interface Regeneration

To date, relatively very few studies have explored the feasi-
bility to muscle-tendon interface regeneration comparing to
the tendon-bone interface. This may be due to the fact that
the majority of tendon injuries occur at either the tendon prop-
er or the tendon-bone insertion, which limits the number of
trials in this area [142].

Engineering approaches for muscle-tendon interface regen-
eration (summarized in Table 3) may include the use of
scaffold-based techniques or may be associated with
scaffoldless fabrication methods. Scaffold-based approaches
include the use of composite, stratified, and gradient scaffolds,
in which the native tissue can effectively be stimulated and
mimicked. On the other hand, scaffoldless approaches largely
rely on the concept of cellular self-assembly or self-
organization for tissue formation or repair without the use of
an exogenous substrate [146].

An ideal scaffold design for muscle-tendon interface repair
should mimic every single aspect found at the native tissue for
successful restoration of the muscle-tendon junction. The
engineered scaffold should consist of distinct multiple phases
with different mechanical properties with the ability to with-
stand mechanical load values near that undergone by the na-
tive tissue junction. In addition, the scaffold should structur-
ally and compositionally mimic the native muscle-interface-
tendon junction [146].

The first successful fabrication of multiphasic muscle-
tendon graft with functional MTJ was adopted by Larkin
et al. From a heterogeneous muscle “sarcolemma” and tendon
“fibroblasts” isolations, a scaffoldless substrate has been fab-
ricated by co-culturing both cell types. Specifically, cylindri-
cal scaffoldless multiphasic tissue construct was created with
robust interfaces. The contractile and structural characteristics

of the muscle constructs co-cultured with (1) engineered self-
organized tendon constructs or (2) segments of adult or (3)
fetal rat-tail tendon have been evaluated in vitro. In addition,
the construct diameter (1 mm) and maximum isometric force
(microN) were measured, and specific force in (kPa) was de-
termined. In vitro evaluations revealed that the neo-interface
region exhibited upregulated expression of muscle-tendon
junction-specific paxillin, and has been able to maintain ten-
sile loading at super-physiologic strain rates [134].
Furthermore, when extended to the point of rupture, they
failed at the mid-substance of the engineered muscle, with
the muscle-tendon interface intact. When implanted in vivo,
it resulted in complete maturation and integration to the native
tissue [133]. In vivo implantation also resulted in an increase
in force production, which in turns strengthened the MTJ.
This successful initial step towards the regeneration of the
muscle-interface-tendon junction clearly outlines the feasibil-
ity of engineering an MTJ substrate.

Larkin et al. have further investigated another possibility of
restoring the MTJ by developing an in vitro model of 3-D
skeletal muscle-tendon constructs to address mechanisms of
the MTJ development. In this study, it was hypothesized that
an in vitro 3-D engineered skeletal muscle-tendon constructs
would develop MTJs ultrastructurally resembling those found
during fetal development in vivo [133]. The nativeMTJ tissue
structure was compared with those developed in the 3-D skel-
etal muscle constructs co-cultured with engineered SOT, or
ART or FRT by electron microscopy. In vitro evaluations re-
vealed that some of the myofibers of the engineered 3-D skel-
etal muscle-FRTand SOTconstructs only displayed emerging
finger-like sarcolemma projections surrounded by collagen
fibers, which structurally resemble the fetal MTJ tissue. In
addition, a complete muscle-interface-tendon junction was de-
veloped on the muscle-FRTconstructs. These findings suggest
that the muscle-FRT construct model could be used for study-
ing the mechanisms of MTJ development as well as other
developmental studies involved in the establishment of inter-
faces among muscular-skeletal tissues: muscle, tendon, and
cartilage/bone.

Recently, Ladd et al. developed a tri-phasic polycarbonate-
collagen (PC-collagen) and poly(lactic acid)-collagen (PLA-
collagen) co-electrospun nanofibers scaffold onto opposite
ends of a mandrel to create a scaffold with three regions for
engineering muscle-tendon junction [144]. In vitro evaluation
demonstrated that the scaffold exhibited regional variations in
mechanical properties with moduli from 4.490 to 27.62 MPa,
similar to the native muscle-tendon junction and generally
withstood cyclic testing. In addition, further results revealed
that the scaffold facilitated both myoblast and fibroblast at-
tachment at the relevant-cell regions.

To this end, muscle-tendon interface regeneration is a crit-
ical research area for integrative tendon repair that has not
been explored enough yet. Further studies in this area are

468 Regen. Eng. Transl. Med. (2020) 6:451–483



Ta
bl
e
3

B
io
in
sp
ir
ed

sc
af
fo
ld

de
si
gn
s
ut
ili
ze
d
fo
r
re
ge
ne
ra
tin

g
m
us
cl
e-
te
nd
on

in
te
rf
ac
e

S
ca
ff
ol
d
ty
pe

Sc
af
fo
ld

de
si
gn

M
at
er
ia
l/s

us
ed

F
ab
ri
ca
tio

n
m
et
ho
d

C
el
lt
yp
e/
s

G
ro
w
th

fa
ct
or
/s

A
ni
m
al
m
od
el

R
es
ul
ts

R
ef

B
i-
ph
as
ic

(s
ca
ff
ol
dl
es
-

s)

Sc
af
fo
ld
le
ss

su
bs
tr
at
e
fa
br
ic
at
ed

by
co
-c
ul
tu
ri
ng

tw
o
di
ff
er
en
tc
el
lt
yp
es

N
/A

S
el
f-
as
se
m
bl
y/

se
lf
--

or
ga
ni
za
tio

n

M
us
cl
e

sa
rc
ol
em

m
a

an
d
te
nd
on

fi
br
ob
la
st
s

N
/A

R
at
m
od
el

In
vi
tr
o
ev
al
ua
tio

ns
re
ve
al
ed

th
at
th
e

ne
o-
in
te
rf
ac
e
re
gi
on

ex
hi
bi
te
d
up
re
gu
la
te
d

ex
pr
es
si
on

of
m
us
cl
e-
te
nd
on

ju
nc
tio

n-
sp
ec
if
ic

pa
xi
lli
n,
w
ith

th
e
fo
rm

at
io
n
of

an
in
ta
ct

m
us
cl
e-
te
nd
on

in
te
rf
ac
e.
In

vi
vo

ev
al
ua
tio

n
re
ve
al
ed

a
co
m
pl
et
e
m
at
ur
at
io
n
an
d
in
te
gr
a-

tio
n
to

th
e
na
tiv

e
tis
su
e
as

w
el
la
s
an

in
cr
ea
se

in
fo
rc
e
pr
od
uc
tio

n.

[1
33
]

B
i-
ph
as
ic

(d
ec
el
lu
la
ri
-

ze
d)

D
ec
el
lu
la
ri
ze
d
po
rc
in
e
A
ch
ill
es

te
nd
on

m
yo
te
nd
in
ou
s
ju
nc
tio

n,
w
ith

w
el
l-
pr
es
er
ve
d

na
tiv

e
bi
-p
ha
si
c
hi
er
ar
ch
ic
al
st
ru
ct
ur
e,
bi
o-

lo
gi
ca
lc
om

po
si
tio

n,
an
d
ex
ce
lle
nt
m
ec
ha
ni
ca
l

pr
op
er
tie
s
fo
r
m
us
cl
e
re
ge
ne
ra
tio

n

N
/A

D
ec
el
lu
la
ri
za
tio

n
te
ch
no
lo
gy

M
us
cl
e
sa
te
lli
te

ce
lls

N
/A

S
ub
cu
ta
ne
ou
s

ra
tm

od
el

In
vi
tr
o
ev
al
ua
tio

n
re
ve
al
ed

th
at
th
e

de
ce
llu

la
ri
ze
d
co
ns
tr
uc
ts
up
po
rt
s
m
us
cl
e

sa
te
lli
te
ce
lls

at
ta
ch
m
en
t,
pr
ol
if
er
at
io
n
an
d

in
fi
ltr
at
io
n
th
ro
ug
ho
ut
,a
s
w
el
la
s
th
e

di
ff
er
en
tia
tio

n
in
to

m
yo
fi
be
r-
lik

e
ce
lls
.

In
vi
vo

re
su
lts

de
m
on
st
ra
te
d
th
e

ne
o-
fo
rm

at
io
n
of

m
yo
fi
be
rs
al
on
g
th
e
co
n-

st
ru
ct
.

[1
43
]

T
ri
-p
ha
si
c

(g
ra
di
en
t)

E
le
ct
ro
sp
un

sy
nt
he
tic

an
d
na
tu
ra
l-
ba
se
d
sc
af
fo
ld

co
ns
is
tin

g
of

th
re
e
re
gi
on
s
fo
r
m
us
cl
e,
in
te
r-

fa
ce

an
d
te
nd
on

re
ge
ne
ra
tio

n,
re
sp
ec
tiv

el
y.

P
C
L
/C
ol
la
ge
n

or P
L
L
A
/C
ol
la
-

ge
n

E
le
ct
ro
sp
in
ni
ng

N
IH

3T
3

N
/A

N
/A

In
vi
tr
o
ev
al
ua
tio

n
de
m
on
st
ra
te
d
th
at
th
e
sc
af
fo
ld

ex
hi
bi
te
d
re
gi
on
al
va
ri
at
io
ns

in
m
ec
ha
ni
ca
l

pr
op
er
tie
s
w
ith

m
od
ul
if
ro
m

4.
49
0–
27
.6
2
M
P
a,
si
m
ila
r
to

th
e
na
tiv

e
m
us
cl
e-
te
nd
on

ju
nc
tio

n
an
d
ge
ne
ra
lly

w
ith

-
st
oo
d
cy
cl
ic
te
st
in
g.
Fu

rt
he
r
re
su
lts

re
ve
al
ed

th
at
th
e
sc
af
fo
ld
fa
ci
lit
at
ed

bo
th
m
yo
bl
as
ts
an
d

fi
br
ob
la
st
s
at
ta
ch
m
en
ta
tt
he

re
le
va
nt
-c
el
lr
e-

gi
on
s.

[1
44
]

T
ri
-p
ha
si
c

(g
ra
di
en
t)

3-
D
pr
in
te
d
gr
af
tc
on
si
st
in
g
of

th
re
e
re
gi
on
s,
al
l

re
gi
on
s
w
er
e
co
-p
ri
nt
ed

w
ith

ce
ll-
la
de
n
hy
-

dr
og
el
ba
se
d
bi
oi
nk

w
ith

di
ff
er
en
tp

ol
ym

er
s

an
d
di
ff
er
en
tc
el
lt
yp
es

to
m
im

ic
th
e
di
ff
er
en
t

as
pe
ct
s
of

th
e
na
tiv
e
m
us
cl
e-
te
nd
on

ju
nc
tio

n.

Po
ly
ur
et
ha
ne

(P
U
)
(m

us
cl
e

ph
as
e)
,a
nd

PC
L
(t
en
do
n

ph
as
e)

3-
D
pr
in
tin

g
C
2C

12
(f
or

m
us
cl
e

re
ge
ne
ra
tio

n)
,

an
d
N
IH

3
T
3

(f
or

te
nd
on

re
ge
ne
ra
tio

n)

N
/A

N
/A

T
he

fi
na
lc
on
st
ru
ct
w
as

el
as
tic

on
th
e
P
U
-C
2C

12
m
us
cl
e
si
de

(E
=
0.
39

±
0.
05

M
Pa
),
st
if
f
on

th
e
P
C
L
-N

IH
/3

T
3
te
nd
on

si
de

(E
=
46
.6
7
±
2.
67

M
Pa
)
an
d
in
te
rm

ed
ia
te
in

th
e
in
te
rf
ac
e
re
gi
on

(E
=
1.
03

±
0.
14

M
Pa
).

T
he

co
ns
tr
uc
ts
up
po
rt
ed

ce
ll
vi
ab
ili
ty

af
te
r
1

an
d
7
da
ys

po
st
-p
ri
nt
in
g,
as

w
el
la
s
in
iti
al
tis
-

su
e
de
ve
lo
pm

en
ta
nd

di
ff
er
en
tia
tio

n.

[1
45
]

469Regen. Eng. Transl. Med. (2020) 6:451–483



required to overcome many limitations associated with MTJ
regeneration. The addition of growth factors such as IGF-I and
II, TGF-β, VEGF, bFGF, EGF, and PDGF [147, 148] into the
scaffold design may enhance the regenerative potential of the
MTJ and/or overcome some of the current limitations.

Cartilage-Bone Interface

Cartilage-Interface-Bone Structure and Function

Cartilage Zone Structure and Function

Osteochondral (OC) is a uniquely structured tissue that is
comprised of articular cartilage, the subchondral bone, and
the central cartilage-bone interface [149]. This unique hierar-
chical structure plays an important role in maintaining the
knee homeostasis as well as providing the synchrony in phys-
iological movements. The articular cartilage is further divided
into three distinguishable well-organized zones from top to
bottom [150]. The top zone is the superficial or tangential
zone, occupying 10–20% of the articular cartilage [151].
The middle zone occupies the following 40–60% of the artic-
ular cartilage, and the remaining thickness is occupied by the
deep zone and the calcified cartilage which are believed to be
30% of the total articular cartilage thickness.

Cells within the superficial zone or “articulating surface”
are known to secrete special types of proteins that facilitate the
wear and frictional properties of the tissue during movement
[152]. The middle zone, the largest zone, has the most abun-
dant content of GAG with the least number of cells. This zone
is known for its obliquely oriented collagen fibrils, which
inherit its high compressive modulus that allows for recovery
from impacts undergone by the articular surface [153, 154]. In
the deep zone, where the fibrils are anchored to the underlying
subchondral bone, cells and collagen fibrils are oriented per-
pendicularly to the articular cartilage’s surface [155]. This
zone is known for its high compressive modulus, less GAG
content comparing to the middle zone, and less cellular con-
tent comparing to the previous two zones [156]. The GAG
content of the two last layers enables the extracellular matrix
to withstand high compressive forces. At the bottom of the
deep zone, a thin layer known as the “tidemark” or “wavy
tidemark,” marks the interface between the last calcified car-
tilage zone to the subchondral bone. This layer is important, as
it separates between the calcified and uncalcified cartilage,
and is responsible for regulating the activities of chondrocytes
in both regions. In addition, this last layer is known to mini-
mize the stiffness gradient between the cartilage and
subchondral bone. The cell content and the collagen fibrils
are very minimal in this last layer [157].

The articular cartilage is a rich collagen tissue that is mainly
composed of collagen type II. Other collagen types such as V,

VI, IX, and XI are also present throughout the zonal cartilage,
and play a key role in the intermolecular interactions and the
modulation of type II collagen [158]. In addition, type X col-
lagen is known to assist in the mineralization between the
cartilage and underlying bone [159].

Subchondral Bone Structure and Function

The subchondral bone is the last component of the OC tissue
that is located just below the interface between the zonal car-
tilage and the subchondral bone. It is composed of two bony
zones, lamella and trabeculae. The lamella contains a large
mass of bone with thickness varying between 0.2 and
0.4 mm in humans [160]. The subchondral trabecular bone
supplies both the lamella and the adjacent articular cartilage
with nutrition and oxygen due to its high vasculature nature
[161]. The three main functions of the subchondral bone are
absorption, maintaining joint shape, as well as providing the
strength to the adjacent articular cartilage due to its large area
and low modulus of elasticity [162].

Current Understanding of the Mechanism Underlying
Cartilage-Bone Interface Development and/or
Regeneration

Cell-cell interactions between the subchondral bone and the
zonal cartilage are very important for the formation of the
tidemark interface. The interactions between many cell types
have been examined to understand their contributions in the
formation of cartilage-bone interface in the OC tissue by co-
culturing cells relevant to tissue types like fibroblasts, osteo-
blasts, and chondrocytes, or stem cells such as MSCs in bio-
mimetic 3-D microenvironments [163, 164]. For example,
Jiang et al. studied whether relevant tissue cells such as
chondrocytes and osteoblasts can contribute and interact to
form the interface found at the cartilage-bone junction [165].
In this study, a stratified agarose hydrogel and composite mi-
crospheres of PLGA and 45S5 BG scaffold mimicking the
three distinct yet continuous regions of cartilage calcified car-
tilage and bone has been developed. The scaffold was devel-
oped in order to evaluate the potential of OC interface forma-
tion by co-culturing chondrocytes at the agarose hydrogel
phase and osteoblast at the PLGA-BG phase. In vitro analysis
showed extensive chondrogenesis and improved graft me-
chanical property over time. In addition, it was shown that
PLGA-BG phase promoted chondrocyte mineralization,
which in turn aided the formation of the interface region and
bone. These results suggest that co-culturing the relevant tis-
sue cells such as chondrocytes and osteoblasts has the poten-
tial to improve OC interface formation.

In a similar approach, Chen et al. created a stem cell–
derived OC interface using an interface-specific microenvi-
ronment in a 3-D configuration via multilayered co-culturing
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[166]. In this study, MSCs were encapsulated in collagen mi-
crospheres, which guided their differentiation into
chondrogenic and osteogenic functional units that enabled
the formation of the mediated interface. The pre-
differentiated functional microsphere layers were combined
to form a tri-layered scaffold with the chondrogenic micro-
spheres on top and osteogenic microspheres at the bottom,
intermediating with an undifferentiated layer of MSCs encap-
sulated in collagen microspheres. Culturing the tri-layered
construct in a chondrogenic medium generated a continuous
calcified interface with hypertrophic chondrocytes and exten-
sive production of collagen type X. In addition, sandwiching
the undifferentiated MSC with the two differentiated layers in
the co-culture system resulted in enhanced integration of the
three distinct phases enabling the formation of an OC-like
interface. These data suggest that co-culturing differentiated
and undifferentiated MSCs in an appropriate 3-D microenvi-
ronment can stimulate them and guide their fate towards the
regeneration of OC interface.

Findings from these two studies suggest that both tissue-
relevant cells and stem cells have the potential to interact when
co-cultured in biomimetic 3-D microenvironments and form
an interface-like tissue. Further studies are required in order to
study the mechanism governing the heterogeneous cellular
interactions of these cells for prolonged times to examine their
potential to sustain the formation of the interface-like tissues.

Current Clinical Treatment for Osteochondral Defects
(OCD)

Articular cartilage is a connective tissue that acts as a shock
absorber and facilitates joint motion in low friction [149]. Like
any other tissue, the articular cartilage is prone to lesions for
many reasons, such as traumatic events, chronic repetitive
microtrauma, and aging [167]. Distinct from bone, the avas-
cular nature of articular cartilage makes it irreparable due to
the consequent lack of supplementation of potentially repara-
tive cells/bioactive factors, which makes the possibility of
cartilage to self-regenerate below minimal [168]. As the car-
tilage lesion progresses, it extends to the underlying
subchondral bone and the OCD appears. Not only diseases
orienting from cartilage will result in OCD, in fact, other dis-
eases originating from the subchondral bone can also induce
OCD when the cartilage layer is reached, such as
osteochondritis dissecans and osteonecrosis [169].

As a result of the OCD, the formation of fibrocartilage
tissue at the defect site takes place, which only provides very
poor protection to the subchondral bone [170]. The continu-
ous movement of the individual can cause a subsequent deg-
radation to the newly formed fibrocartilage tissue followed by
degradation to the adjacent tissues, resulting in impaired joint
mobility, severe pain, and low quality of life, which necessi-
tate the clinical intervention [171, 172].

Current clinical treatments to OCD are limited by arthro-
scopic debridement, bone marrow stimulation techniques, the
use of OC allografts, autologous chondrocyte implantation
(ACI), or matrix-assisted chondrocyte implantation (MACI)
[173, 174]. Although arthroscopic debridement and bonemar-
row stimulation techniques have shown the same positive re-
sults in treating OCD, these techniques are palliative, but not
curative and have no significant benefits for larger OCDs [76].

ACI and MACI are two clinical reparative techniques that
to a certain extent have overcome most of the drawbacks
associated with the discussed conventional clinical treatments.
ACI generally involves an arthroscopic evaluation of the de-
fect site, followed by a biopsy collection from the same pa-
tient. The biopsy is then used to isolate autologous
chondrocytes, expand them in culture, and finally seed them
back onto the affected area [174]. A similar approach is
followed for the MACI with a slight difference, where the
chondrocytes are first seeded on a biodegradable matrix and
then implanted at the affected area [174]. Although these two
approaches are considered the gold standard among all the
alternative clinical treatments in modern medicine, limitations
are still present that include the creation of a secondary OCD
during the biopsy, the multiple numbers of surgeries required,
and the relatively long recovery time, as well as the slow
regeneration of the defect [175].

The aforementioned clinical treatments are more focused
on either palliating the pain associated with the OCD or
repairing the damaged cartilage only. It has been shown in
many reports that without the support from the subchondral
bone, any treatment to re-establish the cartilage layer is likely
to fail [176]. The cartilage and subchondral bone should be
taken into account as one unit during OC regeneration, instead
of being considered separately. This comes after the fact that
both the zonal cartilage and the subchondral bone are tightly
connected, and no matter where the disease is orienting from,
the other adjacent tissues will always be affected, which will
result in negative contributions to the mechanical homeostasis
of the whole joint [177].

In other words, OCD leads to the degeneration of bone,
cartilage, and the bone-cartilage interface. For OCD regener-
ation to be possible, it is essential that each of these compo-
nents be taken into account as one complex synchronized unit
during OC regeneration, instead of being considered separate-
ly, as the main goal for OC regeneration is to restore its bio-
mechanical properties, besides the regeneration of the defect.

Bioinspired Scaffold Designs for Cartilage-Bone
Interface Regeneration

Several scaffold designs and engineering approaches have
been applied aiming to achieve an integrative and a functional
regeneration to the OCD (summarized in Table 4). One of the
very early engineering attempts to regenerate an OCD was
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at
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at
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re
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ra
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s
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P
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d
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at
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.B

ot
h
sc
af
fo
ld
s
su
pp
or
te
d
ce
ll

pr
ol
if
er
at
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re
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ra
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at
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at
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at
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n
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os
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n
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ra
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ab
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ra
tio

n
w
he
n
co
m
pa
re
d
to

th
e

un
tr
ea
te
d
gr
ou
p
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n
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at
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e
de
fe
ct
tr
ea
te
d
w
ith

PL
A
/A
C
P-
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w
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ca
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at
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at
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at
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ra
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r
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re
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ra
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P
L
G
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ab
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ly
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M
SC

s
in
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o
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ra
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re
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ra
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n
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re
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ra
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d
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ra
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ra
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h
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s
ar
e
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m
m
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e
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D
re
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ra
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r
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re
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ra
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r
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re
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ra
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m
e
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r
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d
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ra
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-

m
en
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er
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w
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m
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n
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e

P
L
G
A
/P
G
A
sc
af
fo
ld
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A
ft
er

26
w
ee
ks
,
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fe
ct
s
tr
ea
te
d
w
ith

co
lla
ge
n-
G
A
G
-C
aP

ha
d
si
gn
if
ic
an
tly

hi
gh
er

co
nt
en
to

f
hy
al
in
e

cP
G
A
sc
af
fo
ld
s/
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A
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af
fo
ld
s,
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,
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ec
tiv

el
y.
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di
tio

n,
th
e
hi
st
ol
og
ic
al

sc
or
e
in

th
e
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te
ra
lt
ro
ch
le
ar

su
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us

w
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si
gn
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an
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gh
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n
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d
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e
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A
G
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ld

th
an

P
L
G
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fo
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at
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at
ca
rt
ila
ge

an
d
bo
ne
-l
ik
e
tis
su
es

w
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C
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ic
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g
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w
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e
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n
is
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w
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re
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ra
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w
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ic
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r
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re
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ra
tio

n

P
L
G
A
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nd

P
L
G
A
-H

A
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ea
ts
in
te
ri
ng

N
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T
G
F
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B
M
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P
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ab
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C
D

m
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at
ex
te
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ge
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d
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at
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at
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at
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ra
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re
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re
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adopted by Chu et al. In this study, commercially available
PLA cubes were used to fabricate a single-phased OC scaf-
fold. Peri-chondrocytes were derived from the cartilage of
New Zealand white rabbits and used to pre-seed the scaffolds
prior to in vitro and in vivo evaluations [178]. Both in vitro
and in vivo evaluations showed an extensive production of
collagen type I as high as 81 ± 4%, with very minimal produc-
tion of collagen type II. Although the single-phased scaffold
did not show evidence for sufficient production of collagen
type II, it supported the proliferation, attachment, and survival
of the pre-seeded peri-chondrocyte cells.

In a different attempt, Malda et al. evaluated the effect of
the scaffold’s fabrication techniques on the OC regeneration
based on the hypothesis that the scaffold design can highly
affect the regeneration of the OC tissue [179]. In this study,
two different fabrication techniques, compression molding,
and 3-D fiber deposition were used in order to fabricate a
single-phased scaffold using the biodegradable poly(ethylene
glycol) terephthalate/poly(butylene terephthalate)
(PEGT/PBT). Pore size analysis revealed that there was a
significant pore size variation between the two scaffold de-
signs, where the compression molding scaffolds had an aver-
age pore size of 182 μm, while the 3-D fiber deposition scaf-
folds had an average pore size of 525 μm. To further validate
the hypothesis, both scaffolds were pre-seeded with
chondrocytes and in vitro and in vivo evaluations were con-
ducted. In vitro evaluations showed a slight increase in the
DNA content of the compression scaffold after 3 days of cul-
ture in comparison to the other scaffold, but no difference was
noticed after 14 days. In vitro GAG production was also de-
termined resulting in no difference between the scaffolds at all
time points. In vivo evaluations in a nude mice subcutaneous
model showed that there was an increase in the GAG produc-
tion in the 3-D fiber deposition scaffolds in comparison to the
compression scaffold along with better mechanical integrity.
This study suggests that porosity, as well as the scaffold ar-
chitecture, may play a key role in the OC tissue regeneration.

Following a different approach, Coburn et al. developed a
single-phased poly(vinyl alcohol)-methacrylate and low-
density chondroitin sulfate methacrylate electrospun nanofi-
ber scaffold that was used to aid chondrogenesis of goatMSCs
in vitro [180]. In vitro results showed that the scaffold exhib-
ited an elastic behavior similar to the hyaline cartilage. In
addition, further tests showed an increase in cell proliferation
and an extensive accumulation of GAG and lacunae forma-
tion. To evaluate the in vitro production of both collagen types
I and II, immunohistochemical evaluations were conducted
and showed an increase in collagen type II production, with
no evidence of collagen type I production. This indicates that
the addition of chondroitin sulfate methacrylate facilitates the
production of collagen type II and had no effects on collagen
type I production. In vivo evolutions of the scaffold in a rat
OC model revealed that the cell-seeded scaffold had a higherT
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GAG deposition than the acellular scaffold but had less GAG
deposition than normal articular cartilage. Similar to the
in vitro study, collagen type II was observed with no evidence
to collagen type I in the nanofiber scaffold. Results from this
study demonstrate the potential of nanofibers in supporting
cartilage regeneration.

Although studies suggest that the single-phased scaffolds
can support cellular functions to enhance bone and/or cartilage
regeneration, these scaffolds do not mimic the complexity
found in the native OC tissue. There has been a serious shift
towards the production of bi-phasic and multi-phasic scaffolds
to facilitate the regeneration of the different components found
in the native OC tissue including the interface. Getgood et al.
developed two bi-phasic scaffolds to evaluate their perfor-
mance at healing the medial femoral condyle and the lateral
trochlear sulcus OCDs in a caprine model [183]. The first
scaffold was composed of collagen-GAG-calcium phosphate
(collagen-GAG-CaP), while the second scaffold was com-
posed of PLGA-PGA. Both scaffolds were implanted on de-
fects made either in the medial femoral condyle or the lateral
trochlear sulcus. In vivo evolutions revealed that the collagen-
GAG-CaP scaffold became stiffer and provided radical me-
chanical reinforcement after 12 weeks in comparison to the
other scaffold. After 26 weeks, defects treated with collagen-
GAG-CaP had a significantly higher content of hyaline carti-
lage in comparison to defects treated with PLGA/PGA scaf-
folds, 75–50% respectively. In addition, the Stellar’s histolog-
ical score in the lateral trochlear sulcus was significantly
higher when treated with the collagen-GAG-CaP scaffold than
PLGA/PGA scaffolds [183].

Chen et al. developed a bi-phasic stratified scaffold [184].
The upper layer of the scaffold for cartilage regeneration was
made from collagen sponge, while the lower layer for bone
regeneration was made from PLGA 75:25 and naturally de-
rived collagen. To fabricate the porous PLGA-collagen base
layer, a particulate-leaching technique was used. Briefly, the
scaffold was immersed in collagen type I solution followed by
the addition of collagen acidic solution to one side of the
scaffold until solidified. The PLGA-collagen scaffold was
pre-seeded with bone marrow stromal cells (BMSCs) and cul-
tured for 1 week in vitro prior to an in vivo implantation in a
femoral condyle beagle model. Four months after implanta-
tion, it was found that cartilage and bone-like tissues were
formed in the respective layers. Additional in vivo data re-
vealed that the implant well integrated with the surrounding
host tissues suggesting that PLGA-collagen bi-phasic scaffold
is useful for OC regeneration.

Growth factors have been also used in combination with
scaffolds as a strategic approach for OC regeneration to en-
hance chondrocyte proliferation and to cue cells to form the
specific tissues found in the native OC. Huang et al. developed
a PLA/amorphous calcium phosphate (PLA/ACP) hybrid
scaffold incorporated with bFGF for OC regeneration [181].

The scaffold was implanted in a femoral condyle OCD in a
rabbit model for 4 and 12 weeks. Untreated defects and PLA
scaffolds incorporated with bFGF were used as controls.
In vivo assessments revealed that the PLA-bFGF-treated de-
fects presented better defect regenerationwhen comparedwith
the untreated group in all time points. Although PLA-bFGF
group showed a good defect regeneration, only low amount of
collagen type II and bone formation was observed with a
completely negative expression of aggrecan. On the other
hand, PLA/ACP-bFGF-treated defects were completely filled
with well-established cartilage tissue and cartilaginous ECM
after 12 weeks. In addition, an extensive collagen type II pro-
duction was observed and high levels of aggrecan gene ex-
pression were detected.

Growth factors have been also incorporated in a gradient
fashion to establish a scaffold for OC interface regeneration.
Mohan et al. developed a growth factor gradient scaffold that
consisted of TGF-β1 and BMP-2 in combination with PLGA
microspheres for OC repair [185]. TGF-β1 was used to estab-
lish chondrogenesis at the upper portion of the scaffold, while
BMP-2 was used to establish osteogenesis at the lower portion
of the scaffold. Combining both factors in a gradient fashion
in a single scaffold was based on the hypothesis that the com-
bination of both factors can facilitate the formation of the
zonal cartilage and subchondral bone as well as the interface
in between. The scaffold was composed of a chondrogenic
layer of TGF-β1-loaded PLGA microspheres, and an osteo-
genic layer of BMP-2 or BMP-2/HA-loaded PLGA micro-
spheres with a gradient transition between both factors in the
middle. Blank PLGA scaffold or blank gradient PLGA and
PLGA/HA scaffolds were used as controls. Scaffolds were
implanted in a medial condyle OCD in a rabbit model for 6
and 12 weeks. It was observed that after 6 and 12 weeks, a
great extent of cartilage and subchondral bone similar to those
found in the native tissue were achieved in the growth factor–
loaded groups when compared with the controls based on the
gross morphology, magnetic resonance imaging (MRI), and
histological data. In addition, TGF-β1/BMP-2/HA-loaded
PLGA microsphere group showed well edge integration with
the host bone when compared with all the other groups. These
data suggest that incorporating both BMP-2 and HA can fa-
cilitate better bone ingrowth and integration to the host bone,
whereas TGF-β1 can enhance cartilage regeneration and that
the combination of both factors may facilitate the interface
regeneration.

Integrating cell-based approaches along with growth fac-
tors has also been considered to regenerate OCD. Various cell
types have been used to aid in the regeneration of OCD such
as progenitor cells and tissue-specific cells such as
chondrocytes for cartilage regeneration and osteoblasts for
bone regeneration [165]. The small number of chondrocytes
found in the cartilage, as well as the difficulties associated
with maintaining their phenotype in culture, may present
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clinical transitional challenges [189]. In addition, the thorough
digestion required to the cartilage matrix by collagenase in
order to isolate chondrocytes may be harmful to the cells.
Moreover, chondrocytes lose their proliferation capabilities
as well as their ability to produce collagen types II and I as
soon as the fourth passage is reached by 29,000 folds when
compared with the freshly isolated chondrocytes [190]. Due to
the aforementioned limitations associated with chondrocytes
isolation, maintenance, and usage, many researches shifted to
the use of progenitor cells such as stem cells due to their
source availability in various body parts, rapid proliferation,
and their potential to undergo chondrogenic and osteogenic
differentiation, which mark them as ultimately useful for OC
regenerative engineering [191].

Cell aggregation at the OCD has been shown to be useful
for extracellular matrix synthesis and protein production to
support OC tissue regeneration [156]. A novel cell-based ap-
proach was studied by Sridharan et al. wherein BMSC aggre-
gates were used for OC regeneration [156]. In this study, dif-
ferent densities of isolated rat BMSC aggregates were encap-
sulated in fibrin hydrogel and injected in a rat OCD model.
Four experimental groups were involved for the in vivo study
as follows: fibrin gel encapsulated with high density of BMSC
aggregates, low of BMSC aggregates, sham and fibrin hydro-
gel alone filling the defect. Eight weeks post-implantation,
various post vivo evaluations have been conducted in order
to evaluate the tissue regeneration including gross morpholo-
gy observations, hematoxylin and eosin (H&E), Safranin O
for GAG production, collagens I and II, and aggrecan immu-
nostaining. Gross morphology analysis showed that fibrin gel
encapsulated with high density of BMSC aggregates demon-
strated a complete repair to the defect, with much smoother
texture surrounding the defect area and color similar to the
native cartilage in comparison to the other groups.
Immunohistochemistry showed an extensive GAG and colla-
gen type II production with moderate staining of Safranin O in
the high-density aggregate group comparing to the low densi-
ty and fibrin alone. In addition, collagen type I was evident in
all groups and stained deeper in the defect filled with high-
density aggregates. These recent findings demonstrate the po-
tential of employing cell-based approaches, more specifically,
high cellular aggregate densities in facilitating OC tissue re-
generation. In this study, fibrin gel encapsulated with high
densities of cell aggregates facilitated deep bone formation
and full thickness cartilage formation, which suggest that it
can be used as a candidate for OC regeneration.

In summary, both stratified and gradient scaffolds in con-
junction with growth alone or in combination with cells have
been suggested to have significant potential for OC regenera-
tion. Further studies are required in order to prove the capa-
bilities of stratified and gradient scaffold for OC regeneration
to accelerate clinical translation.

Conclusion

Different engineering approaches and scaffold designs to-
wards complex tissue regeneration have been employed seek-
ing to recapitulate the graded structural, mechanical, and com-
positional properties inherited between bone and soft tissues.
Based on the various studies discussed here, it is obvious that
the traditional tissue engineering approaches of utilizing
single-phased scaffold systems are insufficient for recapitulat-
ing soft tissue functionality and can poorly achieve graft inte-
gration with host tissues. In addition, single-phased scaffold
systems do not mimic the complexity found at the native
tissue-tissue junctions, leading to negative outcomes towards
the formation of tissue-specific interfaces after implantation
in vivo. On the other hand, multi-phased scaffold system is
more sufficient when it comes to achieving graft integration
and physiological functions if topographical and physiologi-
cally relevant interface regions are incorporated into the scaf-
fold design, which can be achieved both in stratified and gra-
dient fashions. Regional scaffold cues can also be introduced
in order to direct cell fate in the absence of differentiation
media both in vitro and in vivo. Spatial patterning in terms
of surface chemistry, mechanical properties, or architecture of
the underlying substrate has been shown to trigger the differ-
entiation of stem cells to specific targeted tendencies on strat-
ified and gradient scaffolds. Therefore, it is likely that spatial
control of relevant inductive factors on the stratified or gradi-
ent scaffold is essential to control the fate of the multiple cell
populations and direct region-specific matrix development.

Despite the fact that much efforts have been made in this
fast-growing field towards the regeneration of complex tissues
and their assembly into multi-tissue units, there remain several
challenges that need to be carefully addressed. One of the
challenges resides on how to ensure the phenotypic mainte-
nance of multiple cellular populations in the heterogeneous
cellular environment in vitro, such as determining the optimal
culturing media and loading regiment, which are two impor-
tant factors that can largely affect the phenotypic maintenance
and the elaboration of related matrix synthesis. Another chal-
lenge is the need of in vitro and in vivo physiologically rele-
vant models to evaluate the clinical transitional potential of
these stratified and gradient scaffolds.

This review discusses the various biomimetic engineering
approaches and scaffold designs to promote interface tissue
regeneration. It is anticipated that these efforts will enable
bridging between the distinct tissue types, which can be in-
strumental towards the regeneration of complex organ sys-
tems or a total limb in the near future.
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