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Abstract

The musculoskeletal system is comprised of three distinct tissue catego-
ries: structural mineralized tissues, actuating muscular soft tissues, and
connective tissues. Where connective tissues — ligament, tendon and carti-
lage — meet with bones, a graded interface in mechanical properties occurs
that allows the transmission of load without creating stress concentrations
that would cause tissue damage. This interface typically occurs over less
than 1 mm and contains a three order of magnitude difference in elastic
stiffness, in addition to changes in cell type and growth factor concentra-
tions among others. Like all engineered tissues, the replication of these
interfaces requires the production of scaffolds that will provide chemical
and mechanical cues, resulting in biologically accurate cellular differen-
tiation. For interface tissues however, the scaffold must provide spatially
graded chemical and mechanical cues over sub millimetre length scales.
Naturally, this complicates the manufacture of the scaffolds and every
stage of their subsequent cell seeding and growth, as each region has dif-
ferent optimal conditions. Given the higher degree of difficulty associated
with replicating interface tissues compared to surrounding homogeneous
tissues, it is likely that the development of complex musculoskeletal tissue
systems will continue to be limited by the engineering of connective tis-
sues interfaces with bone.
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11.1  Introduction

The interface between bone and soft tissues such
as tendon, ligament or cartilage is characterized
by a multiphasic interface containing spatial gra-
dients in mechanical properties, structure and cell
type. These gradients exist over a distance of less
than 1 mm and serve to mediate load transfer
between highly dissimilar tissues by minimizing
stress concentrations. As mechanical mediators
in the musculoskeletal system, the insertion sites
of ligaments or tendons with bone, or the bone-
cartilage (osteochondral) interface, have high
incidences of acute and long-term injury respec-
tively (United States Bone & Joint Initiative
2011). Principal sites of failure are the rotator
cuff tendon (600,000 surgeries in the US per year
(Yamaguchi 2011)), the anterior cruciate liga-
ment (ACL) (100,000 surgeries in the US per
year (AAOS 2014)), and osteoarthritis of the hip
joint (580,000 surgeries in the US in 2013 (OECD
2013)). Additionally, current surgical repair tech-
niques for many of these tissues are largely unsat-
isfactory as they do not regenerate the complex
structure of the natural interface (Rodeo et al.
1993). Given the variety and prevalence of fail-
ures, repair or regeneration of interface tissues
remains a significant clinical challenge.

This chapter begins by discussing the anatomy
and materials involved in two distinct types of
natural interface tissues: the ligament or tendon
insertion site and the osteochondral interface.
This will include a discussion of the challenges
associated with determining the mechanical
properties of these highly heterogeneous tissues.
The bulk of the chapter contains an outline of
specific strategies and methods employed when
engineering interface tissues. Firstly, scaffold
specific methods concerning manufacture,
mechanics and composition will be considered.
Secondly, exogenous factors in the system such
as growth factors will be discussed. Thirdly, cel-
lular factors concerning cell type and cell differ-
entiation will be reviewed. Overall, the methods
required and problems associated with generat-
ing biomimetic gradients will be considered for
each of the factors influencing the tissue replica-
tion process.
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11.2 Structure of Natural
Interface Tissues

Connective tissues in the musculoskeletal system
are subdivided into tendons (bone-muscle inter-
actions in tension), ligaments (bone-bone inter-
actions in tension) and cartilage (bone-bone
interactions in compression). In this section we
will discuss these tissues and their interface with
mineralized tissue, primarily bone.

11.2.1 Ligament and Tendon
Insertions

Bone is a stiff rigid connective tissue consisting
of a highly organized extra cellular matrix (ECM)
of type I collagen fibers, interconnected with
stiffening  hydroxyapatite  (Ca,;((PO,4)s(OH),)
mineral deposits. Bone mineral is highly impure,
containing 3 % by weight structural water (Yoder
et al. 2012), and around 15 % substitution of car-
bonate (CO3" ) ions for either OH~ or PO* groups
(Elliott 1994). This composite is maintained by
an extensive vascular and nervous system along
with the “osteo” group of cells: osteoclasts,
osteoblasts and osteocytes. Bone’s primary func-
tion is to support and protect the soft tissues sur-
rounding it, while the central marrow maintains
and produces populations of the blood cells.
Ligaments and tendons are compliant, hydrated,
connective tissues whose primary function is to
transmit tensile forces between either two bones,
or a bone and a muscle respectively. They consist
of 86 wt% (dry) highly aligned type I collagen,
assembled into a hierarchical structure of fibrils
(Amiel et al. 1984). The remainder of the liga-
ment or tendon is a proteoglycan matrix sur-
rounding rows of fibroblast cells. The insertion
site (enthesis) of the ligament or tendon into bone
can be between 100 pm and 1 mm across (Evans
et al. 1990; Genin et al. 2009) with a structure
that can vary from ligament to ligament and even
between two ends of the same ligament. From an
anatomical perspective the insertion of ligaments
or tendons into SCB) is subdivided into two
broad designations: direct (fibrocartilagenous)
entheses and indirect (fibrous) entheses.
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The medial collateral ligament (MCL) inser-
tion into the femur and the supraspinatus tendon
insertion into the humerus are both typical
examples of a direct, fibrocartilaginous enthesis.
At direct insertions the deep fibers of the liga-
ment or tendon join perpendicular to the bone
surface through a multi-tissue fibrocartilagenous
transition of four distinct yet continuous zones
(Fig. 11.1). These are pure ligament or tendon,
unmineralized fibrocartilage, mineralized fibro-
cartilage and subchondral bone (Yahia and
Newman 1970; Benjamin et al. 1986).

Zone 1, ligament or tendon, consists of highly
aligned collagen fibrils supporting fibroblasts
with minimal vascularization and nerve supply as
it approaches the enthesis. In zone 2, the tissue
transforms into unmineralized fibrocartilage,
where the cells become more rounded chondro-
cytes and the degree of collagen alignment low-
ers to 8° deviation from the tendon alignment
(Genin et al. 2009). Zone 3, known as mineral-
ized fibrocartilage, is histologically separated
from zone 2 by the mineralization tidemark
(Benjamin et al. 1986) but contains similar chon-
drocytic cell populations as in zone 2. Zone 4 is
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bone proper and hence is characterized by sig-
nificant intrafibrillar mineral content, vascular-
ization, a neural network, and the presence of the
osteo group of cells to conduct bone
remodelling.

The degree and location of mineralization
across the two fibrocartilaginous regions of the
enthesis is not completely conclusive. The classi-
cal view, stemming from histological staining, is
that the mineral content increases abruptly at the
clear visual mineralization tidemark. This is sup-
ported by SEM energy dispersive x-ray analysis
(EDAX) of the bovine patellar tendon (Moffat
et al. 2008), along with Fourier transform infra-
red spectroscopy imaging (FTIR-I) of the bovine
(ACL) (Spalazzi et al. 2007). Conversely, Raman
spectroscopy of the rat supraspinatus tendon
insertion has shown a linearly increasing phos-
phate ion content, and hence mineral content,
across the combined width of both fibrocartilagi-
nous regions (Wopenka et al. 2008; Genin et al.
2009). Hence, a single rule governing mineral
distribution across all entheses is not yet known,
and the specific microstructure and composition
must be considered on a tissue-by-tissue basis.

Fig.11.1 The structure of a direct

enthesis with bone. Ligament and
tendon contain highly aligned,
hierarchical collagen fibrils
containing elongated fibroblast cells.
In the unmineralized fibrocartilage
the degree of collagen organization
and alignment goes down and the @
cells become rounder chondrocytes.

In the mineralized fibrocartilage the
organic structure remains unchanged
but hydroxyapatite crystals begin to
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Indirect entheses differ from direct insertions
in that the ligament or tendon fibres approach the
bone surface at an acute angle where the outer
fibers blend into the periosteum. The deep fibers
penetrate directly into the outer SCB) via
Sharpey’s fibers (Lui et al. 2010) with little to no
fibrocartilaginous transition and often just a min-
eralization tidemark separating the two tissues
under microscopy (Walsh 2007). This results in a
characteristically less mechanically robust inter-
face for indirect insertions (Benjamin and Ralphs
1998). An example of an indirect insertion would
include the tibial insertion of the MCL.

11.2.2 The Osteochondral Interface

Cartilage is an avascular, aneural tissue that lines
joints to aid in low friction movement and serves
to resist compressive forces in the joint. Cartilage
consists of a network of type II collagen, filled
with a proteoglycan containing fluid phase, with
a large internal osmotic pressure. Volume con-
straints imposed by the collagen network on the
proteins that occupy the fluid filled space cause
the tissue to swell and load the collagen fibrils in
tension (Mow et al. 1992).

The bone-cartilage junction is characterized
by a zone of calcified cartilage (ZCC) approxi-
mately 100200 pm across (Hunziker et al.
2002). Thus giving an interface structure that is
similar in size to, but less differentiated than, the

Fig.11.2 The osteochondral interface
occurring at the medial femoral condyle
of a human knee. The three regions of the
osteochondral interface: Hyaline Cartilage
(HC), Calcified Cartilage Zone (CCZ) and
the Subchondral Bone (SB) can be seen.
Von Kossa staining of this tissue shows
the mineralization in each region of the
interface (scale bar in CCZ region: 327 pm)
(Reproduced with permission from

Zhang (2012))
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four region ligament insertions. The ZCC forms
during postnatal development via calcification of
the basal layer of the overlaying hyaline carti-
lage. The calcification front is known as the tide-
mark and can be clearly seen on histological
sections as an undulating line (Fig. 11.2). Types
IT and V collagen that make up hyaline cartilage,
extend across the ZCC and remain highly
hydrated in this region and hence less densely
packed compared to the neighbouring subchon-
dralbone (SCB).Itis the hydration, proteoglycans,
collagen type and presence of hypertrophic chon-
drocytes that makes this region a calcified carti-
lage as opposed to bone that is lacking osteo
group cells. Mineral particles in the ZCC are of a
similar composition size and distribution to that
found in bone (Zizak et al. 2003). The mineral
content across the ZCC varies greatly from tissue
to tissue. Because of the cartilage-like structure
of this region, there is a large proportion of fluid
filled interfibrillar space. When mineral is
secreted from the SCB, some proportion of this
fluid is displaced, allowing for large variations in
the degree of mineralization, depending on the
quantity of mineral secreted from SCB). Many
studies have shown that the mineral concentra-
tion increases across the ZCC as you progress
from the bone towards the tidemark with carti-
lage proper (Reid and Boyde 1987; Ferguson
et al. 2003; Gupta et al. 2005). These studies
should be considered as a rebuttal to the com-
monly held belief that the mineral concentration

HC
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forms a functional gradient across the ZCC. The
width of the ZCC is limited on the bone side by
the vascular front, beyond which bone remodel-
ling by the group of osteo cells is limited, and on
the cartilage side by the progression of the min-
eral tidemark into the unmineralized cartilage.

11.2.3 Mechanical Properties
of Interface Tissues

Ligament or tendon entheses, or the osteochondral
junction, serve to join two tissues with multiple
orders of magnitude differences in mechanical
properties. Ligament, tendon and cartilage have
indentation moduli in the region 1-100 MPa
(Hauch et al. 2009; McKee et al. 2011). Whereas
the SCB) they anchor to has an indentation modu-
lus three orders of magnitude larger, approxi-
mately 10 GPa (Bembey et al. 2006).

The challenge of mechanical integration of
two materials with vastly disparate moduli arises
in many engineering contexts. A common solu-
tion to this is to use functional gradients in micro-
structure and composition that give rise to similar
functional gradients in mechanical properties.
Thus, alleviating problems related to strength,
stiffness and fracture at the material interface
(Suresh and Mortenson 1998). Hence, a
fundamental understanding of the structure-func-
tion relationships, and the mechanical properties
they give rise to in the native tissue, is essential
for successful tissue engineering solutions. Yet,
direct measurement of the mechanical properties
of either ligament or tendon entheses, or the
osteochondral junction, is difficult due to their
highly heterogeneous nature coupled with the
small length scales involved.

Many of the issues associated with direct mea-
surement of the interface have been bypassed with
bulk compression or tensile experiments, where
microscopic video analysis, or ultrasound scan-
ning, was used to determine local strain across the
different zones of the interface. Bulk compression
of the enthesis of the bovine ACL showed a
smooth and gradual increase in strain from the
bone, through the mineralized and unmineralized
fibrocartilage, to the pure ligament, suggesting a
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corresponding decrease in modulus over the same
region (Moffat et al. 2008). Similar observations
of the local strain distribution in the bovine ACL
enthesis were obtained from ultrasound during
cyclic tensile testing of a whole femur-ACL-tibia
complex (Spalazzi et al. 2006b).

Direct measurement of mechanical properties
of interface tissues at severely dehydrated condi-
tions can be conducted using nanoindentation.
Dehydrating the osteochondral region of human
patellae (Gupta et al. 2005) caused the soft tissue
to stiffen so significantly that nanoindentation
mapping with sharp indenters (as would be con-
ducted on a weld metal or ceramic composite)
could be conducted. Their nanoindentation
results, alongside quantitative backscattering
SEM, revealed that the morphology of the gradi-
ents in mechanical properties closely match that
of the mineral distribution. This is in accordance
with the idea that the elastic properties of miner-
alized tissues can be predicted from the mineral
volume fraction and will follow particulate com-
posite bounds regardless of length scale (Oyen
and Ko 2008; Ferguson 2009). Yet, the mecha-
nism by which mineral concentration gives rise
to tissue stiffening can be considered more com-
plex than just a volume fraction composite
bounds problem. It has also been suggested by
theoretical analysis in Oyen et al. and simulations
by Genin et al. that significant tissue stiffening
occurs when the mineral concentration becomes
sufficient that a mechanically continuous net-
work of crystals has formed within the collagen
fibers (Oyen et al. 2008; Genin et al. 2009).

In contrast to severely dehydrated tissues,
direct measurement of mechanical properties at
biologically relevant conditions is more challeng-
ing. Both Hauch et al. (2009) and Abraham and
Haut Donahue (2013) conducted nanoindenta-
tion of hydrated meniscal attachment sites using
a 150 pm radius spherical tip. Their line mapping
suggests that the mechanical transition occurs
over a wide 200 pm region spanning the mineral-
ization tidemark. For this tissue, this is equivalent
to approximately half way through the unminer-
alized fibrocartilage to half way through the
mineralized fibrocartilage. However, these exper-
imental conditions give an indenter-sample
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Fig.11.3 The stress field occuring during indentation over
a material containing a sharp transition in elastic modulus.
The dark right hand side signifies the stiff material and the
lighter left hand side the more compliant material. It can
be seen that the stiffer side deforms out into the more com-

contact patch of 25-40 pm in diameter at SCB)
and soft tissue respectively, thus inducing inden-
tation specific artefacts in the results. Finite ele-
ment simulations by this author show that
indentation at length scales equivalent to material
heterogeneities results in the transition region of
modulus appearing wider than it actually is
(Armitage and Oyen 2015). In Fig. 11.3, the
dashed line shows an approximation of the stress
field during indentation, for a material with a
sharp transition in modulus. From this it can be
seen that any indent close to the interface gives a
modulus that is a non-uniform average of a region
bridging the interface. Hence, when the indenter
contact patch is of a similar size to, or larger than
the material heterogeneity, the width of the tran-
sition region in the observed function of modulus
appears much wider than the true function of
modulus. As such, the true nature of the transition
in mechanical properties of the ligament or ten-
don enthesis, or the osteochondral interface,
remains inconclusive. This is due to a combina-
tion of lack of direct testing at native conditions
and issues associated with testing heterogeneous
materials with a probe of a similar size to the
material heterogeneities.

pliant side during indentation. The dashed line represents
a typical stress field under the indenter. It can be seen that
if the contact patch is similar in size, or larger than the
interface region, that the stress field extends outside the
interface range being tested in a non-uniform manner

11.3 Engineering of Tissue
Interfaces

As discussed above, the interfaces between liga-
ments and tendons with bone, or cartilage with
bone, are a key site of injury or long-term degra-
dation in the musculoskeletal system.
Additionally, these interfaces are some of the
most complex tissues to regenerate due to their
small size and high degree of heterogeneity in
mechanical properties, microstructure, composi-
tion and cell phenotype. Tissue engineering
methods have already been implemented for rep-
lication of many of the homogenous tissues
involved in these interfaces such as bone (Amini
et al. 2012), ligament (Yilgor et al. 2012), tendon
(Butler et al. 2008) and cartilage (Moutos and
Guilak 2008). Yet, in the current state of the field,
biomimetic fixation to bone of the homogeneous
tissue engineered ligament or tendon graft is a
key obstacle to successful clinical implementa-
tion. Natively, the variety of distinct tissues that
are present at the interface, interact with one
another to provide the physiological function of
mediating load transfer between vastly different
parts of the musculoskeletal system. Thus the
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aim of tissue engineering in this field is to repli-
cate the structure-function relationships of the
native tissue interfaces, and allow the engineered
tissues to replicate the same physiological func-
tion. In this section we will discuss the strategies
associated  with  replicating the natural
structure-function relationships that allow this to
happen. This includes material specific scaffold
properties, cellular influences, and the applica-
tion of external stimuli such as growth factors.

11.3.1 Scaffolds

Scaffolds in tissue engineering replace the func-
tion of the natural ECM and hence provide the
medium through which cells, soluble proteins,
mechanical cues and other external factors are
delivered to the growing tissue. Additionally, the
chemical, mechanical and topographical proper-
ties of the scaffold on a microscopic level, consti-
tute a significant proportion of signalling in the
cellular microenvironment, and hence have a
large degree of control over cellular differentia-
tion and growth. For the reproduction of an inter-
face tissue the scaffold needs to mimic the
gradient in structural organisation, biological fac-
tors and mechanical properties that are present in
the natural tissue. There are two main approaches
to the construction of scaffolds aiming to repli-
cate the graduated properties of a natural inter-
face tissue. The first is to create a number of
discrete phases that each mimic a single region of
the natural tissue, these can then be either chemi-
cally or mechanically joined to create an inter-
face scaffold. The second option is to produce a
single mass of scaffold material that is graded
during manufacture to replicate an interface
tissue.

Discrete scaffolds, made of a number of sepa-
rate homogeneous scaffolds that are then joined
together, are the easiest and most obvious option
for multiphase scaffolds to replicate interface tis-
sues. Examples of this for osteochondral inter-
face reproduction include: (Schaefer et al. 2000),
where seeded and cultured bone and cartilage
scaffolds were sutured together to create an inter-
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face tissue; or (Niederauer et al. 2000) where
polymer bone and cartilage scaffolds were glued
together prior to culture. Yet, if significant care is
not taken over the joining method then issues
arise with scaffolds created in this way. The
microstructure of the interface between regions
of discretely joined scaffolds can result in a lack
of interconnectivity between the two porous net-
works, inhibiting cellular infiltration, nutrient
transport and cell-cell signalling between the two
populations. Signalling between the cell popula-
tions in different regions of the growing tissue is
known to be important for regulating tissue
growth and viability in the ligament enthesis
(Jiang et al. 2005; Wang et al. 2007). Furthermore,
the primary in situ function of interface tissues is
to mediate the joining of highly dissimilar mate-
rials. Hence, mechanical or chemical joining of
discrete tissues in an abrupt manner results in a
lack of mechanical integration at the interface,
that is unlikely to adequately replace the natural
biomechanical function in this region.

A gold standard example of a ligament enthe-
sis scaffold, where distinct regions have been
interconnected to give a graded structure, can be
found in (Spalazzi et al. 2006a, 2008). In this
work, three phases were individually synthesized
as follows: a fibrous poly(lactic-co-glycolic acid)
(PLGA) 10:90 knitted mesh for ligament fibro-
blast culture; a sintered network of PLGA 85:15
microspheres for chondrocyte culture of the
fibrocartilaginous regions; and a sintered net-
work of PLGA 85:15 and bioactive glass micro-
spheres for osteoblast culture of a bony region.
These three phases were sintered together to
maintain a degree of similarity and structural
continuity throughout the scaffold (PLA continu-
ity at the ligament-fibrocartilaginous interface
and PLGA continuity at the fibrocartilaginous-
osseous interface). Subsequently the scaffold was
tri-cultured in a subcutaneous rat model with
fibroblast, chondrocyte and osteoblast cell lines
pre-seeded in each region respectively. This
resulted in mineralization localized to the osse-
ous scaffold phase, and a distribution of collagen
types that mimicked those found in natural tissue
(Wang et al. 2006).
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Continuously graded scaffolds, or those con-
sisting of distinct regions that have been fully
interconnected and integrated with one another
prior to cell seeding, are more complex to pro-
duce but alleviate many of the issues with dis-
crete scaffolds. Within these scaffolds gradients
in pore size, mechanical properties and scaffold
chemistry can all be used to influence region
specific cell proliferation, or differentiation, to
induce distinct localized tissue types. Yet, all of
these factors are highly interdependent.
Microscopic matrix stiffness, as felt in the imme-
diate cellular environment is dependent on poly-
mer choice, which affects surface chemistry. Pore
size will affect macroscopic material properties
and permeability, and hence influence fluid flow
and cell-cell signalling within the scaffold.
Hence, researchers must take significant care
during scaffold design, as many symbiotic
parameters must be prioritized simultaneously.
Fabrication methods for continuously graded
scaffolds will be discussed later.

11.3.1.1 Scaffold Properties

Pore size has been shown to be important for cell
proliferation, with each of the primary cell types
involved in interface tissues having an ideal range
of pore sizes for optimal tissue growth. In gen-
eral, fibroblasts and chondrocytes favour smaller
pores compared to osteo group cells that favour
larger pores. Specifically, fibroblasts and chon-
drocytes proliferate well on the surface of sub-
strates with pores on the order of 10 pm but
struggle to penetrate the bulk of the scaffold
(Nehrer et al. 1997; Bhardwaj et al. 2001; Lowery
et al. 2010). Scaffolds with pores in the range
70-120 pm have been observed to promote both
chondrocyte and fibroblast proliferation through-
out the scaffold pore structure (Salem et al. 2002;
Griffon et al. 2006). In bone scaffolds the mini-
mum pore size as determined by cell sizes is
approximately 100 pm. Yet, pore size being
approximately equal to cell size results in a lack
of vascularization and hypoxic conditions, result-
ing in many papers concluding that osteogenesis
is best served by pore sizes greater than 300 pm
(Karageorgiou and Kaplan 2005; Murphy et al.
2010). However, an upper functional limit is also
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placed on pore size by the mechanical integrity of
the scaffold, which is often desired to be stiffest
in bony regions. Gradients in pore size through
an interface scaffold can be achieved using a
number of techniques such as freeze drying,
graded hydrogels or functionally graded electros-
pinning, all of which will be discussed herein.
Mechanical properties of interface tissue engi-
neering scaffolds are important factors that help
to regulate cell phenotype expression (stem cells)
or culture viability (bi or tri-culture of pre-
differentiated cell lines). Scaffold mechanical
properties can be considered on two length
scales. On a microscopic scale (tens of microns
in the immediate cellular microenvironment) the
wall stiffness of foam-like porous scaffolds, or
the individual fiber stiffness of fibrous scaffolds,
heavily influences phenotype expression or cul-
ture viability. Cells attach to the ECM via mecha-
nosensitive focal adhesion protein complexes
(Chen 2008). These attachments allow them to
probe their surroundings by actively pulling on
the protein tethers, and subsequently sensing the
resistance to the induced deformations up to a
depth of 5 pm (Buxboim et al. 2010). For stem
cells the mechanical response that they sense in
this region is a determining factor regarding their
differentiation into a range of cell types (Engler
et al. 2006; Trappmann et al. 2012). On a macro-
scopic scale, the bulk mechanical properties of a
scaffold must be sufficiently robust for pre-
implantation culture and handling during surgery.
While this is important for any tissue engineered
scaffold, it provides additional complications for
the higher loads and more aggressive surgical
techniques associated with orthopaedic surgery.
Moreover, once implanted, scaffolds must match
the macroscale mechanical properties of the tis-
sues surrounding them; implanted scaffolds are
required to replace biomechanical function of the
lost native tissue from the point of implantation,
through to the completion of tissue remodelling.
Scaffolds for interface tissues are hence required
to simultaneously mimic the macroscale mechan-
ical properties of the natural tissue, in both mag-
nitude and distribution, whilst containing a
gradient in microscale material stiffness to direct
cellular differentiation. This has historically
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proven difficult, as scaffolds focused on replicat-
ing macroscale properties of bone or cartilage
have failed to provide the high porosity or chemi-
cal cues required for successful tissue growth,
causing them to fail in vivo (O’Brien 2011). An
example of a scaffold that successfully recreated
many of the macroscale mechanical properties of
the ACL can be found in (Cooper et al. 2005;
Freeman et al. 2007). These papers detail a
fibrous scaffold produced from a combination of
braided and twisted poly l-lactic acid (PLLA)
where the tensile mechanical properties mim-
icked both the initial toeing in region of load
(characteristic of collagen fiber uncrimping) fol-
lowed by a linear region of approximately the
correct stiffness. This fibrous scaffold was also
shown to be biocompatible. An in vitro study and
an in vivo rabbit model showed that the fibrous
structure presented sufficient porosity for cellular
ingrowth to the centre of the tissue engineered
ligament by 12 weeks (Lu et al. 2005; Cooper
et al. 2007). Yet, this scaffold was not designed to
regenerate the multiphasic ligament-bone inter-
face and was implanted by merely suturing into a
bone tunnel. As such, this scaffold was observed
to sufficiently replicate mechanical tensile func-
tion of the natural ligament in the bulk region but
not regenerate the graded tissue interface charac-
teristic of the ligament bone junction. A recent
work (Chung et al. 2014) used a similarly braided
PLL scaffold to replace tendon function but also
integrated their braided scaffold into regions of
porous HA nanocomposite bone scaffold at either
end. This work showed good scaffold uptake in a
rabbit model, attributed to the enhanced healing
possibility of the bone scaffold to bone rather
than a tendon scaffold to bone. This work did not
seek to generate a multiphasic interface between
the braided tendon scaffold and the nanocompos-
ite bone scaffold and it remains to be seen if the
lack of an enthesis like region will cause increased
incidence of failure in scaffolds of this type.

The focal adhesion protein complexes that
cells utilize to sense their mechanical microenvi-
ronment are composed of integrins, trans mem-
brane receptor proteins that facilitate cell-ECM
binding interactions (Chen 2008). Integrins bind
with a family of molecules on the ECM, ligands,
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and the specificity of the pairing mediates many
cell processes including gene expression, cell
proliferation and cell differentiation (Langholz
et al. 1995; Zandstra et al. 2000; Lutolf and
Hubbell 2005). There are over 20 known integrin
proteins (Ruoslahti 1996), each of which can
bind with a number of ligand molecules. Yet,
integrin specificity for the ligands present in the
native ECM has been observed to be important in
culture viability, while the misregulation of
integrin-ligand binding has been linked with seri-
ous cellular diseases such as cancer metastasis
(Logsdon et al. 2003). Hence, it has been con-
cluded that both the density and type of integrin-
ligand bonds that form between a cellular
population and its ECM mediate much of the
cells behaviour (Massia and Hubbell 1991;
Asthagiri et al. 1999). Ligands occur naturally
within the sequences of proteins that make up the
natural ECM including collagen, fibronectin,
hyaluronic acid and proteoglycans. This makes
these molecules attractive options for tissue engi-
neered scaffolds, as they will continue to present
biologically relevant types and densities of
ligands for cell-ECM binding. Conversely, syn-
thetic polymers such as poly(esters), or natural
ones occurring outside of the body, such as silk or
alginate, need be functionalized with ligands to
promote cell-ECM binding. For instance (Paxton
et al. 2009), incorporated the RGD ligand into a
poly ethylene glycol (PEG) hydrogel, showing
increased attachment of primary tendon fibro-
blasts over unfunctionalized PEG gels. Given the
important role of integrin-ligand binding in all
aspects of the cellular life, it can be an important
tool when designing interface tissue engineered
scaffolds, where zonal differentiation is required.
Use of ligands to control stem cell differentiation
is discussed in (Saha et al. 2007) for neural, mes-
enchymal, epithelial and embryonic stem cells.
While these principles have not as of yet been
applied to gradient scaffolds for interface tissues,
their potential for influencing localized differen-
tiation is clear. Additionally, methods of gradient
generation in ligand concentration or type have
been developed in hydrogels for studying cell
attachment or motility as a function of ligand
density (Lithmann and Hall 2009; He et al. 2010;
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Sarvestani 2010). These gradient generation
methods, alongside knowledge of specific
integrin-ligand pairings that induce specific cell
phenotypes, have the ability to assist guided dif-
ferentiation of stem cells for interface tissue
scaffolds.

Inorganic inclusions such as calcium phos-
phate, calcium carbonate and silicon dioxide
have all been shown to promote osteoinduction in
tissue engineered scaffolds for bone regeneration
(Yuan et al. 1998; Xynos et al. 2001; Ripamonti
et al. 2009; Poologasundarampillai et al. 2011).
The mechanism by which inorganic mineral
deposits promote osteoinduction is multifaceted.
Firstly, the elastic stiffness of these materials is in
the gigapascal range, promoting differentiation
into osteoprogenitor cell types that naturally
occupy stiff tissue environments. Secondly, these
inorganic inclusions undergo cellular resorption
and remodelling via ionic exchange at the
mineral-cell boundary. This interaction promotes
osteoblast proliferation and attachment by regu-
lating cellular signalling pathways (Barrere et al.
2006). Additionally, during remodelling, the
resorption of calcium phosphate, calcium car-
bonate or silicon dioxide inclusions does not
induce abnormal or harmful levels of ions in the
body (LeGeros 1993; Barrere et al. 2006;
Rahaman et al. 2011). Their controllable deposi-
tion, and natural biocompatibility, makes inor-
ganic inclusions a good option for promoting
growth of bony tissue over fibrous tissue in
regions of an enthesis or osteochondral scaffold.
Multiple studies have employed this strategy,
including: injecting calcium phosphate into a ten-
don graft to improve osteoinduction (Mutsuzaki
et al. 2004); a 45S5 bioactive glass phase to pro-
mote a bony region in an ACL enthesis scaffold
(Spalazzi et al. 2008); using calcium phosphate
bone cement to simultaneously fixate a tendon
graft in the bone tunnel and promote osteoinduc-
tion (Tien et al. 2004); inclusion of HA in a PEG
hydrogel to assess interface formation with bone
(Paxton et al. 2009); inclusion of HA particles
within an alginate hydrogel to observe chondro-
cyte behaviour with different mineral concentra-
tions (Khanarian et al. 2012); and graded
deposition of HA using a varied incubation time
in simulated body fluid (Li et al. 2009).
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11.3.1.2 Scaffold Manufacturing
Techniques

Freeze-drying is a widely used technique for the
manufacture of highly interconnected porous
scaffolds for tissue engineering. A range of mate-
rials can be freeze dried, including both organic
and inorganic polymers such as collagen or poly-
caprolactone (Whang and Healy 2002; Maquet
et al. 2003; Haugh et al. 2010) or stiff minerals
such as HA (Macchetta et al. 2009). As a tech-
nique, freeze-drying offers a high degree of con-
trol over scaffold pore size, making it particularly
apt for musculoskeletal scaffolds. Additionally,
compared to other scaffold production tech-
niques, freeze-drying eliminates the need for
porogens that would later need to be leached
away from the scaffold material. Graded struc-
tures of pore size or composition can also be
manufactured. Gradients in pore size can be
achieved by manipulating the thermodynamic
conditions for ice crystal nucleation across the
scaffold (Macchetta et al. 2009). Compositional
gradients can be achieved by use of a graded pro-
portion of two different precursor slurries
(Weisgerber et al. 2013). A known disadvantage
of freeze-dried scaffolds is cell encapsulation.
Due to the inhospitable conditions associated
with the freeze and sublimate steps, cells cannot
be encapsulated within the scaffold during manu-
facture and must be infiltrated postproduction. In
comparison to hydrogels this means that cells
mount to the sidewalls of the foam rather than get
encapsulated on all sides by the matrix, this often
reduces the viability of their scaffold attachment.
A freeze dried scaffold for osteochondral inter-
face tissue engineering was described over a
series of three papers (Harley et al. 2010a, b;
Lynn et al. 2010). This scaffold was made from a
collagen — glycosaminoglycan (collagen-GAG or
CG) slurry and contained a gradient in both pore
size and chemical composition. SEM images of
this scaffold can be seen in Fig. 11.4 and show
the graded transition from a dense cartilaginous
scaffold to a more porous and mineralized osse-
ous scaffold.

Hydrogels are hydrophilic polymer networks
that swell to many times their dry weight when
exposed to water. In this way hydrogels mimic
the ECM of cartilaginous tissues and hence have
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Fig. 11.4 An SEM image of a CG scaffold designed for
replication of an osteochondral interface tissue. Left and
right images are the same scaffold at different magnifica-
tions. The red dashed line indicates the dense cartilagi-

been considered as possible scaffolds for engi-
neering of cartilage, among others (Suh and
Matthew 2000). Hydrogels are prepared by either
physical entanglement or chemical crosslinking
of polymer chains. Polymer chain interconnectiv-
ity is brought about by either thermal settings or
reversible bridging reactions in the case of physi-
cal entanglements, or by covalent bonding or
photopolymerization in the case of chemical
crosslinking (Oyen 2014). Additionally, it is sim-
ple to create interpenetrating double networks of
two independent hydrogels. Double networks can
be formed by mixing separate polymer solutions
that are then cross-linked either in series or paral-
lel, depending on the crosslinking techniques
required for each network. Moreover, it is rela-
tively simple to manufacture gradients in
mechanical properties, pore size and chemistry
within hydrogels. By generating a changing ratio
of two polymers solutions the gel then contains a
gradient in properties from that of purely one
phase, to the properties of purely the other phase.
For example, a mechanically and chemically
graded collagen hydrogel was created using a
microfluidics system for the study of matrix
effects on hematopoietic stem cells (HSCs)
(Mahadik et al. 2014). Alternatively, a homoge-
nous polymer solution can be cross-linked in a
graded manner to create a gradient in properties
dependent on cross-linking density. Figure 11.5
shows examples of each of these methods of cre-
ating gradient hydrogels.

nous scaffold while the more porous area below is the
osseous scaffold (Adapted with thanks and permission
from Harley et al. (2010b))

Electrospinning produces a mat of nanofi-
brous mesh from a large variety of organic and
inorganic polymers. Electrospinning produces a
fundamentally different structured scaffold
compared to the open cell foam structures pro-
duced by freeze drying and other porogen based
methods. By manipulating the process parame-
ters of the experiment, fiber diameter, pore size
and specimen thickness can be controlled.
Furthermore, the morphology of the nanofibrous
structure can be manipulated in a large variety
of ways. Highly aligned fibers can be produced
by spinning onto a rotating collector (Fennessey
and Farris 2004), while a less dense and more
3D mesh can be produced by spinning into a
fluid bath (Cai et al. 2013). Intricate collector
geometries can also be used to produce complex
patterned geometries of fibers (Zhang and
Chang 2007). In addition to manipulating mesh
morphology the fiber composition can be
adapted to suit scaffold specific needs.
Copolymer nanofibers can be formed by mixing
two polymers in the precursor solution (Ma
et al. 2005), or interpenetrating meshes of mul-
tiple distinct fibers can be formed from simulta-
neous spinning onto a single collector (Ifkovits
et al. 2009). Furthermore, HA and bioactive
glass inclusions can be incorporated into the
fibers via sol-gel processes (Song et al. 2008;
Poologasundarampillai et al. 2011).

Graded electrospun scaffolds with functional
gradients in any of the parameters discussed above
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Fig. 11.5 Methods of generating gradients in hydrogel
properties for scaffold production. (a) Methods of mixing
two solutions of different gel precursors solutions to gener-

can hence be produced by temporal manipulation
of the relevant experimental parameters. A hyal-
uronic acid mesh was electrospun containing both
a mechanical gradient, by changing crosslinking
density, and a chemical gradient, by changing
RGD peptide concentration. Subsequent culture
with avian aortic cells investigated the effect of the
mechanical and chemical gradients on cell attach-
ment and proliferation (Sundararaghavan and
Burdick 2011). However, graded electrospun scaf-
folds have not as of yet been employed for regen-
eration of either the osteochondral interface or the
bone-tendon enthesis.

11.3.2 External Factors

Gradients in concentration of signalling molecules
in the cellular microenvironment affect all aspects
of cell behaviour. Growth factors are one such
class of signalling molecules and many growth
factors (TGF-p, PDGF, bFGF and IGF-1) have
been shown to have a positive role in culture via-
bility for homogeneous cartilage, tendon or liga-
ment tissues. This occurs by upregulation of both
fibroblast proliferation and ECM production

ate a graded solid. (b) Methods of grading the crosslinking
density of a gel precursor to produce graded solids (Figure
reproduced with permission from Sant et al. (2010))

(Molloy et al. 2003; Thomopoulos et al. 2013). In
a large number of studies, cocktails of these growth
factors have been delivered with varying doses and
release profiles into scaffolds, promoting tissue
growth. Additionally, growth factor BMP-2 has
been used to successfully promote healing of the
tendon-bone interface within the bone tunnel after
surgery (Chen et al. 2008). In one study, delivery
of BMP-2 via a retroviral factor induced a juxta-
posed tendon-bone replacement for the ACL to
generate a graded, enthesis-like structure, 8 weeks
after surgery (Martinek et al. 2002).

When considering scaffolds for graded inter-
face tissues the different growth factor require-
ments of each tissue region must be considered.
Additionally, the spatial arrangement, temporal
release profile and interactions with one another
must all be taken into account. Across the native
tendon-bone interface the type of growth factors
found varies greatly. For example, growth factors
bFGF and GDF-5 are found in the native tendon,
TGF-p3 and IGF-1 in the fibrocartilagenous
transition and BMP-2 and VEGF in the bone
(Galatz et al. 2006; Liu et al. 2008). However, the
large numbers of growth factors present in situ,
along with their relative quantities and spatial
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pattern within the complex enthesis tissue struc-
ture, means that an optimal distribution for tissue
engineering has not yet been laid out. In one
study, opposing gradients of TGF-f1 and BMP-2
growth factors were shown to induce patterning
of cell phenotype differentiation, and subsequent
tissue specific ECM composition (Dormer et al.
2010). Tactics like this, along with the knowl-
edge of native growth factor distributions can
allow for directed differentiation into the spatial
distribution of cell phenotypes found in situ.

11.3.3 Cells

For interface tissue scaffolds the method of cell
culture can be classified in two primary groups.
Firstly, co-culture of two or more distinct cell

Fig.11.6 Cross sectioned images of g
osteoblast and chondrocyte co-culture
with different staining. The “top” in
both images is a monolayer of
osteoblasts covering the mass of
chondrocyte cells below it. (a) H&E
staining of cell mass distribution
showing how cells at the interface
between populations became
elongated compared to the more
spherical cells in the centre of the
mass. (b) Osteoblasts stained with
CM-Dil (orange) and nuclei of both
populations stained with DAPI (blue)
(Figure reused with permission from
Jiang et al. (2005))
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lines where each population is characteristic of a
distinct tissue region. Secondly, stem cell culture,
where the mechanical, morphological and chemi-
cal properties of the scaffold direct stem cell dif-
ferentiation into a range of phenotypes. In
co-culture systems cell-cell signalling between
populations is a key factor in influencing cell
behaviour. A co-culture system consisting of a
mass of bovine chondrocytes, covered in a mono-
layer of bovine osteoblasts, was used to investi-
gate the co-culture effects for an osteochondral
interface scaffold. Cross-sectioned staining from
this study is shown in Fig. 11.6. This study
showed that the co-culture method damped both
the chondrocyte GAG expression compared to a
chondrocyte control, and osteoblast mineraliza-
tion compared to an osteoblast control (Jiang
et al. 2005). In a further 3D study the co-culture

Top
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system promoted formation of an interface
region, similar to that of the ZCC, within a 3D
osteochondral interface scaffold (Jiang et al.
2010). A different co-culture study cultured
fibroblasts and osteoblasts in tissue wells split
with a permeable hydrogel divider. Similar
results regarding the damping of both fibroblast
GAG production and osteoblast mineralization
were observed (Wang et al. 2007). These studies
show that co-culture may facilitate the formation
of a fibrocartilaginous interface region by damp-
ing the characteristics that arise in mono-culture
of either of the cell populations involved.

A promising alternative to co-culture systems
is to use multipotent or pluripotent progenitor
stem cells, that are then directed to differentiate
into the appropriate cell types for each region of
the interface. Differentiation is directed by the
graded mechanical, morphological and chemical
factors of the scaffold that are discussed previ-
ously. Mesanchymal stem cells (MSCs) are a
promising option for enthesis or osteochondral
tissue engineering. MSCs can be harvested from
adult bone marrow and have the ability to differ-
entiate into osteoblasts, chondrocytes and fibro-
blasts, among others (Caplan 1991). A study to
recreate the osteochondral interface using guided
differentiation of MSCs has found recent success
(Cheng et al. 2011). In this work MSCs were cul-
tured within collagen microspheres into two sub
populations: a chondrogenic population (Hui
et al. 2008), and an osteogenic population (Chan
et al. 2010). A layer of undifferentiated cells in
collagen microspheres was placed between lay-
ers of the chondrogenic and osteogenic popula-
tions. The chemical cues received from the
differentiated populations on either side, then
prompted differentiation of the central layer into
an interface region characterized by hypertrophic
chondrocytes, as found in native tissue. In a dif-
ferent study, primary fibroblast cells, that have
the ability to differentiate into osteoblasts, were
cultured on collagen scaffolds in the presence of
the osteogenic transcription factor Runx2/Cbfal.
The transcription factor was localized using
immobilized retroviral deposits to create a gradi-
ent in transcription factor concentration. This
resulted in a spatial gradient in differentiation of
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the primary fibroblasts into osteocytic and fibro-
cytic cell types, creating a corresponding gradi-
ent in cell-deposited matrix mineralization
(Phillips et al. 2008).

11.4 Conclusions

Injuries to the soft tissues that connect the mus-
culoskeletal system together are common. They
include, sport-related acute tears of ligaments or
tendons and age-related osteoarthritis of carti-
lage. Injuries such as these are significant prob-
lems clinically with largely unsatisfactory repair
techniques. Tissue engineering has proven to be
promising strategy for the reproduction of many
homogeneous orthopaedic tissues such as bone,
ligament and cartilage. However, even if fully
biomimetic cartilage, ligament or tendon is pro-
duced then integrative clinical implantation is
still challenging. Since, merely juxtaposing either
cartilage with bone, or ligament with bone, does
not result in the regeneration of the stratified nat-
ural interface. Consequently, tissue engineering
efforts should focus on replication of the whole
interface, from the soft tissue through to bone,
and hence allow for a simpler bone-bone repair to
occur post surgery.

Ligament or tendon entheses, and osteochon-
dral interfaces, have unique and complex struc-
tures that are optimized to fulfil a niche biological
role. Moreover, the exact distribution of some
factors within the enthesis, including mineral
content and mechanical response in each region,
is under dispute. In order for tissue engineering
efforts to be successful, these fundamental prop-
erties of the natural tissue must be understood in
order for them to be recreated in scaffolds.

Scaffolds for interface tissue replication can be
produced by either, joining a number of discrete
homogeneous scaffolds, or, by fabrication of a
single graded scaffold. Discrete scaffolds are eas-
ier to produce but significant care must be taken
for full integration to be achieved at the interfaces.
Regardless of the manufacturing method chosen, a
number of scaffold properties must be controlled
through the thickness. This is in order to ensure
that either stem cell differentiation is appropriately
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directed, or, co-cultured distinct cell lines have the
optimal properties for their viability. Pore size has
a significant effect on different cell line viabilities,
but also affects macroscale mechanical properties,
and is itself dependent on the scaffold material and
manufacturing method. Microscale mechanical
properties of the scaffold are key in stem cell dif-
ferentiation, while the macroscale mechanical
properties allow the scaffold to replicate biome-
chanical function once implanted. Chemical prop-
erties of the scaffold such as: the availability of
relevant ligands; degradation properties of the
polymer backbone; and any external growth fac-
tors that are added, combine to control cellular
activity. In summary, for successful interface tis-
sue engineering this interdependent set of proper-
ties must be simultaneously controlled to achieve
biomimetic, region specific, tissue types.
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