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Abstract

In the field of Tissue Engineering, a new concept has been developed in
the last few years. The formation of new tissue induced by a tissue engineered
system needs to be accompanied by the achievement of a complete tissue func-
tionality and scaffold properties have to be designed following the principles
of biomimetics, i.e. the complexity of the physiological environment has to be
translated and reproduced in the cell-scaffold construct.

This approach is especially challenging when the interface between two
tissues has to be restored. In this case, the scaffold has not only to sustain the
regeneration of two different tissues, but also to ensure the regeneration of a
functional interfacial zone between them. Therefore, scaffold properties must
reflect the complexity of tissue boundary structures, in terms of controlled
gradients in morphological, chemical and mechanical properties.

The aim of this research work was the application of these advanced prin-
ciples to the regeneration of the osteochondral defect, which is a degenerative
pathology involving both cartilage and bone tissue, whose current treatments
are uneffective in the long term.

In this work, a multiphasic scaffold for osteochondral Tissue Engineering
was produced and characterized. Silk fibroin-based 3D sponges were employed
for the chondral and subchondral components for cartilage and bone regenera-
tion, respectively, to exploit the biocompatibility and versatility of silk fibroin
in Tissue Engineering applications. For the restoration of a functional inter-
face, a nanometric net was used to separate the two components, in order
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to allow a dialogue among cells between the two phases thanks to a physio-
logical solute flow, while preventing cell migration towards the chondral site,
especially of blood cells which may cause mineralization of the non-calcified
cartilage.

For the chondral component, two different strategies were explored. First,
pure silk fibroin sponges produced by salt leaching were combined to static or
dynamic culture conditions to evaluate the chondrogenic potential of adipose-
derived stem cells (ASCs). These cells have indeed many advantages for car-
tilage Tissue Engineering applications, such as abundance, easy accessibility,
ability of self-renewal and stability during in vitro culture. The best differen-
tiation of ASCs towards chondrocytes was achieved after 28 days of culture in
a static environment and chondrogenic media, in terms of higher chondrogenic
gene expression, new cartilage extracellular matrix deposition and increase of
compressive mechanical properties. ASC/scaffold constructs were then im-
planted in vivo in a rat xiphoid critical size defect for 8 weeks and also in this
case, the best outcomes in terms of new tissue volume and quality were ob-
tained when static conditions and chondrogenic medium were employed during
pre-culture.

The aim of the second strategy presented in this work was to modify
silk fibroin (SF) sponges with the addition of hyaluronic acid (HA). Besides
hyaluronic acid is a natural component of cartilage and contributes to its
biomechanics thanks to its ability to retain a remarkable amount of water,
it has been shown to modulate chondrocyte phenotype when employed in scaf-
folds for cartilage regeneration. Therefore, we exploited its properties pro-
ducing silk fibroin/hyaluronic acid scaffolds by salt leaching at different HA
concentrations, eventually cross-linked by genipin to improve HA retention.
SF/HA sponges were completely characterized in terms of physical, chemi-
cal and mechanical properties and then used to culture primary chondrocytes
in vitro. Results demonstrated that the scaffolds with the highest amount of
hyaluronic acid both with and without cross-linking elicited better responses in
cartilage cells with respect to pure silk fibroin sponges, in terms of chondrogenic



CONTENTS 7

phenotype enhancement and new cartilage extracellular matrix deposition.
The nanometric net of the multicomponent scaffold for osteochondral regen-

eration was produced by electrospinning of poly-d,l-lactid acid/polyethylene
glycol (PdlLA/PEG) blends. PdlLA was employed since it is a well-known
biocompatible polymer and it is easy to process with this technique, while
PEG was added to avoid fiber shrinkage in an aqueous environment. Nets
were characterized in terms of morphology and thermal properties, then as-
sembled to a silk fibroin sponge without any modification to their geometry.
To preliminarily evaluate the biological properties of PdlLA/PEG electrospun
nets, a system to co-culture chondrocytes on scaffolds with net and osteoblasts
was designed and validated, so that the biochemical communications between
cells could take place through the net fibers. In the future, this system will
be employed to evaluate how osteoblasts can improve chondrocyte response in
terms of phenotype maintenance and new cartilage tissue deposition.

The results reported in this research work will be the basis for the final de-
sign of a multicomponent scaffold which comprises the best outcomes obtained.
Hence, SF/HA scaffolds which elicited the best responses on chondrocytes will
be used in combination with ASCs, in order to verify their potential to sus-
tain chondrogenesis in vitro. Then, they will be assembled to the nanometric
net and, before moving to an appropriate in vivo study, the co-culture system
will be employed to assess how the cellular dialogue with osteoblasts can have
beneficial effects on the chondrogenic differentiation of adipose-derived stem
cells.
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Chapter 1

Introduction

1.1 Definition and principles of Tissue Engineering

The definition of Tissue Engineering was first established in 1988, dur-
ing a conference organized by the National Science Foundation in Lake Tahoe
(California). It was defined as the “application of principles and methods
of engineering and life sciences toward fundamental understanding of struc-
ture–function relationship in normal and pathological mammalian tissues and
the development of biological substitutes to restore, maintain, or improve func-
tions” [1]. The aim of Tissue Engineering is therefore the regeneration of
structures in the organism which have been compromised by traumas and/or
pathologies implanting in the damaged site new tissue artificially produced.

The paradigm of Tissue Engineering is schematically shown in figure 1.1.
Functional tissue can be fabricated starting from a scaffold, that is a tridimen-
sional structure able to guide tissue development, eventually combined with
a cell source able to regenerate the tissue. Several cell sources can be em-
ployed, from cells extracted from the patient in the damaged tissue to stem
cells of different origin, cultured so that they express the suitable phenotype.
Scaffolds can be made of natural and/or artificial materials and populated by
cells before or after implantation. In this latter case, cells available in the

9
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Figure 1.1: The paradigm of Tissue Engineering.

implantation site are supposed to migrate inside the 3D structure and syn-
thesize new extracellular matrix (ECM). It is clear that, to this purpose, the
chemical, physical and biological properties of the scaffold have to be designed
carefully, to guide the tissue regeneration in a physiologically functional way.
To improve the restoration of the tissue, specific signals can be conjugated to
the material (in order to be released in the damaged site) or used during the
preliminary in vitro culture. These signals can be chemical (such as growth
factors) or mechanical (hydrostatic pressure or compressive stimulation, for
instance): their aim is to help processes such as tissue morphogenesis, ECM
functional distribution throughout the scaffold, cellular differentiation [1].

From the previous considerations, it becomes evident how the approach of
Tissue Engineering implies the transfer of the medical treatment to a cellular
level: the resources needed for tissue regeneration are introduced in the patho-
logic environment in a suitable configuration to optimize their activity and
help the natural processes of self-repair. The main advantage (and the main
challenge) of this strategy is the control of the tridimensional development of
the new tissue in a functional way.

The achievement of this goal is highly dependent on many variables: the
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use of a cell-free or a pre-seeded scaffold; the choice of the most appropriate
cell source; the material to use to produce the scaffold; the design of the
morphological, chemical and physical properties of the scaffold; the parameters
to employ in the preliminary in vitro culture; and so on. However, all these
ingredients should be chosen and combined according to a simple but not
trivial principle, i.e. biomimetics. This means that the biological system to
regenerate has also to be the model to design the Tissue Engineering system.
It implies that the cellular behavior has to be known in detail, both during
normal tissue morphogenesis and during the repair and regeneration phases
when a damage or a pathology is present. In fact, only in this case we will be
able to evaluate how cells can be guided towards tissue regeneration, that is,
which signals have to be provided, both in vitro and in vivo.

Under this point of view, the scaffold is, besides cells, a fundamental com-
ponent for tissue regeneration, since its role is to sustain and promote new
tissue formation through the interaction with cells. To fabricate a scaffold,
several so-called biomaterials have been proposed and used: polymers, metals,
ceramics, composites, either natural or synthetic. The definition of biomaterial
can be given in different ways, with an increasing degree of complexity: a bio-
material can be simply described as a material used to substitute a portion of
a living system or put in direct contact with a biological tissue; alternatively, a
biomaterial can be any material used in a medical device and able to interact
with biological systems. However, one of the most complete definition may be
considered the following: “any substance (other than drugs) or combination of
substances, synthetic or natural in origin, which can be used for any period of
time, as a whole or as a part of a system which treats, augments or replaces
any tissue, organ or function of the body” [2]. The action of a biomaterial is
governed by the interaction between material and organism, that is, by the
reciprocal effect of the biological environment on the material and viceversa.
The property which describes this interaction is called biocompatibility and is
a fundamental requirement of a scaffold for Tissue Engineering.

The first definition of biocompatibility was given when implantable devices



12 CHAPTER 1. INTRODUCTION

started to be used in the clinical practice (during the years between 1940-
1980), as materials that were meant to remain within an individual for a long
time. Initially, efforts were focused on the events that had to be avoided and
a material was considered biocompatible if and only if it was accepted by the
surrounding tissues and the organism, i.e. it was non-toxic, non-immunogenic,
non-thrombogenic, non-carcinogenic, non-irritant and so on [2, 3].

The same concept of biocompatibility was adopted when the first genera-
tion of biomaterials was designed for Tissue Engineering applications and any
kind of reactions of the body was minimized to obtain a bioinert material. The
biomaterial was thought as something invisible after implantation, but the out-
comes of this approach were disappointing. Today, biomaterials are designed
to be active and to establish a reciprocal dialogue with cells, in order to guide
them towards the formation of new functional tissue. In this case, the concept
of biocompatibility is enriched with a more complex meaning, which becomes
tightly correlated to the application of the biomaterial itself. This means that
it can be considered biocompatible if, after implantation, the biomaterial can
interact according to its purpose, without causing any damage to the organ-
ism. Recently, a complete and exhaustive definition was given by Williams [3]:
“Biocompatibility refers to the ability of a biomaterial to perform its desired
function with respect to a medical therapy, without eliciting any undesirable
local or systemic effects in the recipient or beneficiary of that therapy, but
generating the most appropriate beneficial cellular or tissue response in that
specific situation, and optimizing the clinically relevant performance of that
therapy”.

On these bases, the ideal properties of a scaffold for Tissue Engineering can
be outlined: besides biocompatibility (as defined above), it has to have a high
tridimensional and interconnected porosity to allow cell migration, nutrient
diffusion and a functional organization of new tissue; morphology has to be
designed according to the physiological properties of the damaged tissue; its
surface has to be chemically suitable to induce cell adhesion, proliferation
and differentiation. Finally, the biodegradability of the material has to be
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carefully evaluated: the scaffold has to degrade in a controlled fashion, so
that the 3D structure of the scaffold can be gradually substituted with new
tissue and the loss of mechanical stability is compensated by the formation
of fresh ECM. Moreover, degradation products have to be biocompatible, too.
Last, but not least, a scaffold needs to be implanted easily, its production
should be reproducible also on a large scale for a clinical application and has
to be sterilized to avoid any contaminations which may cause the failure of an
implant.

After all these considerations, it appears clear that the complexity of the
Tissue Engineering approach represents its major strength and its highest ob-
stacle. Many challenges have to be handled to reach its final aim, i.e. to
gradually substitute organ transplantation. However, efforts have been done
towards this objective and some tissue engineered applications are today com-
mercially available, for instance for skin regeneration to heal burns or diabetic
ulcers. Many studies are currently in progress in the field of cardiovascular,
urologic, neurologic, orthopedic and muscular diseases, searching new bioma-
terials and new scaffolds. Promising results have been obtained thanks to the
development of bioreactors, i.e. systems able to provide suitable cell culture
conditions in terms of nutrient flow and mechanical stimulation. Tissue for-
mation in vitro has been improved, but many difficulties has still to be ridden
out: stimuli have to be designed specifically according to the application and
the mechanisms underlying the integration of a graft after implantation in vivo
need to be understood [1].

Finally, a crucial remark has to be done about the economical, social and
ethical impact that a clinical application of Tissue Engineering will have. Many
issues need to be solved, such as the debate about the use of embryonic stem
cells or the necessary requirements to start a clinical trial on humans. However,
results remain promising and more and more benefits will soon be available for
patients.
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Figure 1.2: Example of a joint and its components (adapted from [8]).

1.2 Human joint anatomy

This section will describe the human joint anatomy and the main charac-
teristics of cartilage and bone. As previously mentioned, it is fundamental to
know tissue properties both in normal and pathologic conditions to design a
scaffold for its regeneration. In this way the scaffold can be developed in order
to reproduce the peculiar characteristics of the tissue in vivo and to induce
the desired response even if in a potentially hostile environment. Therefore,
cartilage and bone will be briefly illustrated here, while the etiology and the
current treatments of osteochondral defect will be presented in the following
section.

The joint is composed by hyaline cartilage and subchondral bone, which
have completely different mechanical and morphological features (figure 1.2).

Hyaline cartilage is highly specialized, has a low-friction surface and pro-
vides an efficient load distribution [4]. It can be considered a biphasic and
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inhomogeneous structure made of a solid phase (15-32%) and a liquid phase
(68-85%), which form the extracellular matrix of the tissue [5]. The cellular
component, the chondrocytes, is only 5% of cartilage but its fundamental role
is to preserve tissue homeostasis, degrading and substituting ECM to maintain
tissue integrity and mechanical properties. Mature chondrocytes are rounded,
unable to proliferate and completely embedded in ECM. Some of them have
cilia in the extracellular environment which can collect mechanical stimuli to
modulate tissue composition according to the load applied to the joint [6]. In
fact, extracellular matrix composition has a key role to determine the peculiar
mechanical properties of hyaline cartilage. Its main component is collagen type
II (90-95%): it forms fibrils which give tensile strength to the tissue and entrap
other matrix macromolecules. The second constituent of cartilage ECM are
proteoglycans (PG), which are characterized by a protein backbone bound to
one or more variety of glycosaminoglycans (GAG) (such as hyaluronic acid,
chondroitin-sulfate, cheratan-sulfate). Since they are negatively charged, they
are able to retain a huge amount of water that contributes to the viscoelas-
tic behavior of hyaline cartilage. The assemblies of more proteoglycans are
called aggrecans (figure 1.3) and their interconnection with collagen molecules
prevents PG diffusion during the application of a load [6]. Minor proteins in
hyaline cartilage include glycoproteins, fibronectin and anchorin II: their role is
to stabilize the ECM and anchor chondrocytes to the surrounding matrix. Fi-
nally, cartilage liquid component is formed by water, gas, metabolites, cations
which balance the negative charge of GAG molecules. To supply nutrients
to chondrocytes, there is a continuous communication between the cartilage
liquid phase and the so-called synovial fluid: it covers articular surfaces in
physiological conditions and is produced by a specialized tissue (the synovial
matrix) which interacts with cartilage forming a complex system to support
its metabolic and adaptation processes. Moreover, the synovial matrix seals
the articular capsule to prevent liquid leakage during tissue deformation [7].

From a macroscopical point of view, cartilage behaviour during physio-
logical compressive, tensile and shear stresses is strongly anisotropic and non
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Figure 1.3: Aggrecan structure (adapted from [9]).

linear, because collagen fibers have different orientations throughout the tis-
sue. According to ECM morphology, 4 different zones can be distinguished: a
superficial zone (10-20% of total thickness), an intermediate zone (40-60%), a
deep zone (30-40%) and a calcified zone at the interface with the subchondral
bone (figure 1.4).

The superficial layer contains the highest amount of water and collagen
and the lowest quantity of proteoglycans. It comprises 2 zones: the first has
no cells but small collagen fibrils, which run parallel to the articular surface
and makes this portion resistant to shear stresses due to joint movements; the
second is under the previous one and presents flattened chondrocytes, again
parallel to the surface.

Collagen concentration decreases in the intermediate zone but there are
more PG molecules. Fibrils usually have a higher diameter and a random orien-
tation. Cell morphology also changes and chondrocytes appear more rounded.

In the deep zone there is the greatest amount of proteoglycans and collagen
fibrils run perpendicular to the underlying bone surface. Rounded chondro-
cytes form columnar structures oriented in the same direction and have a strong
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Figure 1.4: Schematic representation of the zonal organization of cartilage
(adapted from [10]).

activity of biosynthesis. They can aggregate in complexes of 2-6 cells called
isogenous groups.

The calcified zone represents the transition between cartilage and subchon-
dral bone and the fixation zone is completely impermeable. Chondrocytes are
smaller than in the other portions of the tissue and have a low metabolic
activity [6, 7].

The subchondral bone is a dense and rigid layer of bone tissue between hya-
line cartilage and the trabecular bone underneath. Its abundant extracellular
matrix is characterized by a protein component and a mineralized component
[4]. As in cartilage, the organic part of ECM is formed by collagen fibers, but
in this case of type I for 90-95%. They form helical bundles which give rigidity
and strength to the tissue. The bundles are then arranged in lamellar tridi-
mensional structures, as shown in figure 1.5. Lamellae are finally distributed
around the so-called haversian channels which surround blood vessels and form
structures named osteons. An amorphous component made of proteoglycans
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Figure 1.5: Histological section of a compact bone, showing the lamellar orga-
nization of osteons [11].

and glycoproteins is dispersed in the fibrous part of ECM: fibronectin, throm-
bospondin and osteopondin are some elements of this phase and their role is
to make cells adhere to the extracellular matrix. Other characteristic proteins
of bone tissue are osteocalcin, involved in ECM synthesis, and osteonectin,
responsible for the promotion of the mineralization of the tissue.

The peculiar property of bone is in fact its mineralization: minerals are the
framework which provides tissue hardness and therefore allows bone to support
and sustain the human body. The main bone mineral components are calcium
phosphates, especially hydroxyapatite (empirical formula: Ca10(PO4)6(OH)2).
It forms prism crystals, with a length of 20 nm and a thickness of 2 nm.

Bone cellular component comprises 4 different kinds of cells: osteoblasts,
whose role is to synthesize and mineralize new ECM; osteoclasts, which degrade
the tissue so that it can be substituted and renewed continuously; osteocytes,
which are osteoblasts in a quiescent state surrounded by calcified ECM; finally,
osteoblast precursors, i.e. inactive cells but able to differentiate in bone cells
[12].

Thanks to cell activity, bone tissue undergoes a continuous renewal in a
delicate equilibrium between synthesis and degradation of the extracellular ma-
trix. Its metabolism and regeneration are regulated by several growth factors,
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such as Insulin-like Growth Factor (IGF), Fibroblast Growth Factor (FGF)
and Bone Morphogenetic Protein (BMP). As in cartilage, bone matrix com-
position is fundamental to provide the suitable mechanical properties and the
ability to adapt to different applied loads. In fact, it was demonstrated that
the orientation of collagen fibrils is modified according to the direction of the
load to optimize tissue strength.

1.3 Osteochondral defect: aetiology and limits of the
surgical treatments

Cartilage and bone can degenerate because of pathologies or traumas; if it
involves both tissues in the joint, the damage is called osteochondral defect.
These lesions are found most frequently in the femoral condyles, capitellum of
the elbow, dome of the talus and the dorsal surface of the patella [13, 14]. The
main issue related to this problem is the inability of cartilage to self-repair,
since it is avascular and aneural and cannot access the normal pathways of
wound healing [4].

The origins of an osteochondral degeneration have not been clarified yet.
Several factors can contribute to the formation of an osteochondral defect, such
as ischemia, genetics, abnormal vasculature and metabolic disorders [15]. The
most frequent associated pathology is osteoarthritis (OA), an age-related de-
bilitating and degenerative disease. OA leads to an imbalance in the anabolic
and the catabolic activity in cartilage, which determines a decrease of proteo-
glycan synthesis, the rupture of collagen fibrils and finally tissue necrosis and
cell apoptosis. This process changes significantly the biomechanical proper-
ties of hyaline cartilage until its degradation and at the end can involve the
subchondral bone [5].

As previously mentioned, age is the most frequent cause of osteoarthritis:
the ability of chondrocytes to maintain tissue homeostasis decreases with time
and therefore the structural and biochemical organization of cartilage ECM
undergoes a modification. Also an inflammatory process can lead to an ab-
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normal regulation of the activity of cytokines, i.e. signaling molecules used
for cellular communications. These substances can stimulate the production
of metalloproteinases (MMP), which are enzymes able to degrade collagen and
other ECM molecules. However, it is still unknown what can trigger an in-
flammation in the joint: inappropriate joint loads and/or products of matrix
degradation (such as fibronectin fragments) are potential candidates [5, 15].

Traumas are the third cause of osteoarthritis: injuries or excessive me-
chanical stresses (articular misalignment, muscular weakness, sport) can lead
to proteoglycan depletion or the rupture of the collagen network. Thus, OA is
induced by a chronic overload determined by joint incongruity and instability:
these factors can cause tissue degradation because they increase cell apoptosis,
MMP production and oxidative stress [16].

Degenerative joint diseases and osteochondral defect have a strong social
and economical impact: for instance, in 2008 they represented the leading
cause of chronic disability in the United States, affecting 20% of the adult
population and forcing one third of patients to limit their daily activity and
undergo surgical intervention; the total cost of osteoarthritis is estimated in
28.6 billion dollars a year and it will rise because aged population is increasing
[17]. The situation is particularly problematic because all current treatments
are unable to achieve a long-term repair of the joint. In the field of repara-
tive surgery, therapies include arthroscopic debridement, abrasion arthroplasty
and microfracture: these techniques stimulate the repair process inducing the
release of mesenchymal stem cells from bone marrow into the damage site.
However, fibrocartilage is formed with low resilience, reduced stiffness and
weak wear resistance, thus it cannot withstand physiological loads in long
term [18]. Other options comprise mosaicplasty, which implies the remotion of
osteochondral plugs (autografts) from not-bearing sites of the patient and the
transplantation of these plugs in the site of injury, and Autologous Chondro-
cyte Transplantation (ACT), where lesions are filled with pre-cultured chon-
drocytes extracted from the patient, expanded in vitro and confined under
a periosteal flap to the damaged site. Both these techniques are affected by
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lacking availability and morbidity of donor sites, low integration with the sur-
rounding tissues, difficulty in matching the topology of the graft to the shape of
the injured site and the formation of fibrocartilage, as reported above [17, 19].

To overcome these limitations, the application of tissue engineering princi-
ples outlined in paragraph 1.1 has shown a great potential, because the morpho-
logical, biological, chemical and mechanical properties of the graft necessary
to obtain a complete and durable repair of the joint can be tailored ad hoc
[17, 21]. In the following section, the state of art of osteochondral tissue engi-
neering will be presented, with particular attention to the most recent concepts
regarding the restoration of cartilage and the osteochondral interface.

1.4 Osteochondral tissue engineering: state of the
art

As previously mentioned, a scaffold for Tissue Engineering and the subse-
quent strategy for tissue restoration should follow the principle of biomimetics.
In the case of osteochondral regeneration, this means to design an integrated
system able to guide the formation of two tissues with different properties
and different needs to achieve a complete functionality. Thus, the complexity
increases. Two worlds has to be combined together conjugating the best out-
comes for cartilage and bone regeneration, but this is not enough: the system
has also to allow their integration among each other and the surrounding en-
vironment, inducing the restoration of a physiological interface between these
tissues.

Therefore, the main strategies in cartilage and bone Tissue Engineering
will be presented in this section and followed by examples about how they
have been combined for osteochondral regeneration. Finally, new concepts
and recent developments in the restoration of cartilage-to-bone interface will
be shown.
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1.4.1 Cartilage regeneration: materials and strategies

A scaffold for cartilage regeneration should be characterized by a high and
interconnected porosity to simulate what happens in the physiological envi-
ronment, where chondrocytes are suspended and isolated in a dense ECM.
The material has to be chosen according to several criteria, such as the type
of damage (its extension, for instance), joint conditions after implantation (it
may be conjugated with anti-inflammatory drugs), in vitro culture method (if
mechanical stimulation is provided, scaffold material has to be able to sustain
the applied load) [5, 6].

Both natural and synthetic polymers have been proposed for cartilage Tis-
sue Engineering (figure 1.6). Natural materials have many advantages, includ-
ing a known biocompatibility also because of ligands which can be recognized
by cells. However, they may be difficult to find and process, have weak me-
chanical properties and a too high degradation rate [5, 12]. One of the most
common natural polymers used for cartilage regeneration is collagen. A first
study was conducted in 1983, where chondrocytes seeded on collagen gels main-
tained their phenotype and produced GAG after a 6-week culture [22]. Since
these first results, collagen have been widely used in cartilage Tissue Engineer-
ing, also with stem cells of different origin both in vivo and in vitro [23, 24, 25].
The main advantage of collagen is that it is part of cartilaginous ECM, thus
it is recognized by cellular enzymes and can be degraded and remodeled af-
ter implantation. Moreover, it was observed that collagen can stimulate the
production of new collagen more than other materials [6].

Another commonly used natural polymer is hyaluronic acid, which is also
physiologically present in cartilage. A more detailed discussion about its prop-
erties and its recent uses will be reported in paragraph 3.1; however, it is worth
to mention one of its main advantages, i.e. its ability to decrease MMP and
nitrogen oxide (NO) levels in vitro and inhibit cell apoptosis [5]. For this rea-
son, it may have a fundamental role in regulating the inflammatory process
associated with osteoarthritis.
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Figure 1.6: Advantages and disadvantages of natural and synthetic polymers
used in cartilage Tissue Engineering (adapted from [20]).
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Other natural materials used for scaffolds in cartilage Tissue Engineering
comprise agarose, cellulose, chitosan, starch, which have been employed to pro-
duce hydrogels, sponges and meshes [26, 27, 28, 29]. Among natural polymers,
silk fibroin (SF) has been shown promising results: it has a high biocom-
patibility and processing can modulate its degradation rate and mechanical
properties. Since fibroin was widely used in this work, an exhaustive descrip-
tion of its characteristics and its applications will be reported in paragraph
1.5.

With respect to natural materials, synthetic polymers have a high versa-
tility and a virtually endless availability, can be processed more easily and
their chemical and physical properties can be designed ad hoc by copolymer-
ization or composite fabrication [5]. However, their biocompatibility has to be
carefully tested, with particular attention to the degradation products which
may be potentially toxic. The most used artificial polymers are polylactic
acid (PLA), polyglycol acid (PGA) and their copolymers, polycaprolactone
(PCL), polyurethane, polyethylene glycol (PEG) [5, 29, 30, 31]. They have
been often processed to obtain injectable materials such as hydrogels, which
may be suitable for cartilage regeneration because of their high water content
and their ability to encapsulate cells or incorporate drugs. However, the weak
mechanical properties of these scaffolds are still an issue to be solved [5, 32].

1.4.2 Bone regeneration: materials and strategies

Bone regeneration requires a scaffold with high mechanical properties, since
its structure should be strong enough to sustain weight bearing loads. It can
be: osteoconductive, i.e. able to be populated by cells after implantation and
substituted by new tissue starting from the surrounding; osteoinductive, if it is
also a system to deliver cytokine, such as bone morphogenetic proteins (BMPs),
insulin-like growth factors (IGFs), transforming growth factors (TGFs), to in-
duce differentiation of mesenchymal stem cells (MSC) in loco; or a combination
of these two [12]. Moreover, scaffold degradation rate should be compatible
with the natural bone remodeling process [33].
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The most important parameters to take into account to design a scaffold
for bone Tissue Engineering are porosity and pore diameter distribution. In
fact, scaffold morphology has to allow cell migration and help neo-angiogenesis
after implantation. In vivo vascularization is a fundamental requirement to de-
velop a functional tissue and insufficient blood vessels in bone can lead to a
decrease of tissue formation and mass [34]. In addition, studies demonstrated
that vascularity supports MSC and osteoblasts during tissue repair and os-
teogenesis follows angiogenesis in a bone fracture model [35, 36]. To induce
neo-angiogenesis after implantation, it has been reported that scaffold poros-
ity should be over 60%, while the minimum pore diameter should be 100 �m
to obtain osteogenesis and mineralization. Moreover, microporosity of pore
walls (< 10 �m) can help cell attachment and differentiation, adsorbance of
osteogenic proteins and mechanical stability at the fixation to the natural bone
[12].

Nevertheless, even if high porosity and pore diameter are suitable for bone
regeneration, they necessarily weaken scaffold mechanical properties and struc-
tural integrity. Thus, a compromise is needed [37] and this constraint deter-
mines the existence of an upper limit in scaffold mechanical properties. This
limit depends, however, on the biomaterial used and the scaffold fabrication
method. For instance, scaffolds made of a biomaterial with a high degrada-
tion rate cannot be more porous than 90%, otherwise material would rapidly
deplete and mechanical stability would be lost before the scaffold was sub-
stituted with new formed tissue. Scaffolds of low-degrading biomaterials can
have a higher porosity, instead [12].

Several ceramics materials have been proposed for bone Tissue Engineering
applications, especially hydroxyapatite and tricalcium phosphate. Specifically,
hydroxyapatite is a physiological component of bone extracellular matrix. It
has been demonstrated that these materials are osteoconductive, can increase
osteointegration and have high mechanical properties [38, 39]. However, scaf-
folds resulted too brittle with a low degradation rate [12]. Other materials
employed for bone Tissue Engineering include PLA, PCL, PCL blends and silk
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fibroin. Using polymers, scaffold morphology has been controlled more easily,
recreating in some extent the structural organization of the bone [12, 40, 41].
In particular, silk fibroin scaffolds showed to sustain the differentiation of mes-
enchymal stem cells in osteoblasts in vitro and the deposition of hydroxyapatite
crystals with a geometry similar to the trabecular bone [42].

1.4.3 Osteochondral strategies

All approaches in osteochondral Tissue Engineering can be classified ac-
cording to scaffold type and cell source. In particular, four strategies can be
identified (figure 1.7) [43]:

1. a scaffold for bone regeneration (subchondral component or phase) and
no scaffold for cartilage regeneration (no chondral component or phase);

2. two different scaffolds for bone and cartilage regeneration separately cul-
tured and combined at the time of implantation;

3. a single heterogeneous scaffold, with different properties ad hoc for the
two phases;

4. a single and homogeneous scaffold.

Several cell sources have been used in combination with these scaffolds: a
single cell type with chondrogenic ability, two cell types with chondrogenic
and osteogenic ability respectively or one cell type able to differentiate in both
chondrocytes and osteoblasts. Alternatively, a totally cell-free approach can
be considered.

Different biomaterials and cells have been combined to evaluate the best
properties of a Tissue Engineering system for osteochondral regeneration and
a summary is reported in figure 1.8. Promising results have been obtained
in vitro and using in vivo models, but some issues still remain open. The
following paragraph will explain the crucial points regarding what needs to be
solved and studied according to the results obtained until today.
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Figure 1.7: Scheme of the scaffold strategies for osteochondral Tissue Engineer-
ing: (a) scaffold for bone regeneration, no scaffold as chondral component; (b)
different scaffolds for each tissue phase; (c) single but heterogeneous scaffold;
(d) homogeneous scaffold.

First, size and shape of an osteochondral construct should be designed tak-
ing into account two problems: the integration between patient cartilage and
the new tissue of the graft and the eventual incongruities of the contact sur-
faces. The former is due to the scarce ability of chondrocytes to communicate,
because of their low metabolic activity and their isolation in lacunae in the
dense ECM of cartilage. Thus, interaction should be minimized, so that cel-
lular dialogue can take place only where it is actually essential. The latter,
instead, is related to the avoidance of excessive mechanical stresses because
of an increase of local pressure; so the surfaces of the graft and the implan-
tation site should be as complementary as possible. The obvious conclusion
from these observation is that an osteochondral construct should have a size
developed ad hoc for the defect to heal. This represents a limitation for a
standardized and systematic application of this approach. Moreover, the size
of a defect may also change with time, a complex shape may complicate the
fixation process and the costs would rapidly rise [43].

A possible solution to these problems may be the use of injectable materials
able to assume a suitable shape in situ, but their mechanical properties still
need to be improved, as mentioned in paragraph 1.4.1 [5]. Therefore, the best
criterium to design the form of an osteochondral graft has not been established,
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Figure 1.8: Overview of the constructs for osteochondral regeneration studied
in the last few years (adapted from [33]).
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yet.

The second critical issue still open in osteochondral Tissue Engineering is
the choice of a cell source able to promote an efficient regeneration. In par-
ticular, the selection of cells for cartilage restoration is the most crucial, since
osteoblast progenitors are already present in the subchondral bone and are
potentially able to synthesize new tissue if a suitable osteoconductive scaffold
is employed. However, even if a pre-seeded subchondral phase is used, choos-
ing cells for cartilage regeneration is still decisive and several possibilities have
been explored. A natural choice has been the use of articular chondrocytes, hu-
man or animal, but many problems are connected to this option. First, animal
models have evident limitations, because human physiology is different and,
if the study is in vivo, the defect is artificially induced; thus, the pathologic
variability due to osteoarthritis, for instance, is not considered. In the case of
human chondrocytes, they have to be extracted from healthy sites in the donor
and this leads to an additional morbidity that should be avoided. Moreover,
cell number is always limited and therefore chondrocytes have to be expanded
in vitro. It has been demonstrated that during a bidimensional culture, they
undergo a downregulation of chondrogenic genes, a decrease in their ability to
synthesize ECM and a modification of membrane markers; nevertheless, this
de-differentation may be avoided using specific growth factors during culture,
such as transforming growth factor (TGF-β) [5, 43].

Stem cells have shown promising results to overcome some of these con-
straints and represents one of the most studied cell source for osteochondral
regeneration. In particular, bone marrow mesenchymal stem cells (BMSCs)
and adipose-derived stem cells (ASCs) have demonstrated great potential in
chondrogenic and osteogenic differentiation [33]. Their main advantages in-
clude a high availability, the ease of in vitro expansion and intrinsic repair
capacity [5]; on the other hand, stem cells have a potential instability and
careful and specific stimulations are required to induce the expression of a
chondral phenotype [43]. However, results have been encouraging and autol-
ogous BMSCs transplantation was employed for the repair of full-thickness
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articular cartilage defects in patellae of two human patients [55]. Other re-
sources for stem cells include synovial tissue and periosteum: cells derived
from synovial membrane can be harvested with minimum complications for
the donor and have a high regenerative capacity [56], while in the periosteum
progenitor cells are present with a high proliferation rate and differentiation
potential [57]. However, more investigations are still needed.

The third unresolved problem in osteochondral regeneration regards the
maturation stage of the engineered construct at the time of implantation. It has
been demonstrated that if the graft is pre-cultured for some weeks, the ECM
in the scaffold allows a significant improvement of mechanical properties and
therefore increases the chances of success [43]. This happens because cells can
experience an environment close to a physiological situation and regeneration is
therefore more effective. However, the weak integration ability of chondrocytes
must be considered in the definition of the most appropriate maturation stage.
In fact, an implant may fail even if the construct is mature enough to bring the
advantages previously mentioned. In this case, the failure would be determined
by a lack of integration due to the absence of communication between the newly
formed tissue and the damaged cartilage in the joint. Thus, a compromise is
needed between mechanical properties and duration of the in vitro culture [43].
Moreover, an earlier maturation stage at the time of implantation may even
imply a benefit: even if the mechanical properties and biological functions of
the engineered graft are insufficient, human body itself may be considered an
ad hoc bioreactor and provide an optimal stimulation to develop new tissue
in a functional way for an effective regeneration. Also in this case, the best
compromise has yet to be found [43].

On the basis of the previous considerations, it appears clear how the de-
sign of a Tissue Engineered system for osteochondral regeneration is a delicate
process and many variables have to be considered and modulated to find an
equilibrium able to induce the regeneration of functional tissues. In this point
of view, efforts have been made to reproduce the complexity of an osteochon-
dral system, using the biomimetic approach previously described. In particu-
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lar, a new concept has been developed recently, i.e. a necessary requirement
for a long-term osteochondral regeneration is the restoration of a functional
interface between cartilage and bone. Therefore, scaffold properties have to
provide a suitable support and appropriate stimulations not only for chon-
dral and subchondral regeneration separately, but also for a reproduction of a
physiological interfacial zone between both tissues. This can be achieved by
a controlled heterogeneity of scaffold properties to recreate the physiological
gradients at the interface [58]. Several strategies have been explored to this
purpose [33]. For instance, in a recent study [59], MSCs were incorporated in
collagen microspheres and then separately differentiated towards chondrocytes
and osteoblasts; then, loaded microspheres were used as building blocks to pro-
duce an osteochondral construct. A layer of microspheres with undifferentiated
MSCs was inserted in the middle of chondral and subchondral phases and the
formation of a calcified interface was observed after 3 weeks of in vitro culture,
thanks to the interaction of MSCs with the surrounding microenvironment.
In another study [60], PLGA scaffolds were loaded with opposing gradients
of TGF-β1 and BMP-2 for the differentiation of human umbilical cord MSCs
and human bone MSCs towards cartilage and bone phenotypes respectively.
Authors showed that gradients of bioactive signals were beneficial in terms of
stem cell differentiation.

The previous works are only examples of how gradients in scaffold prop-
erties can help the restoration of the functionality of both tissues and their
interface. Other approaches include in vitro co-culture of chondrocytes and
osteoblasts, or undifferentiated/pre-differentiated stem cells with stem cells
or osteoblasts. In fact, it has been demonstrated that growth and differen-
tiation of chondrocytes can be enhanced by endogenous signals secreted in a
co-culture system with osteoblasts [61, 62, 63]. Also osteogenic differentiation
of stem cells can be improved by a co-culture with chondrocytes [64]. A more
detailed description of these results will be reported in paragraph 5.1.

In light of the discussion presented here, it is evident how the perfect means
for osteochondral regeneration is still far to be found. The principles and in-
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struments of Tissue Engineering have the potential to overcome the current
limitations, although a deep and complete comprehension of the physiologi-
cal environment is mandatory. New strategies have been adopted to translate
nature complexity into an engineered graft, with particular attention to the in-
tegration with the host tissue and to the exploitation of cellular dialogue for an
effective regeneration of tissutal functionality. Efforts have been made in this
direction and, even if the best characteristics of an osteochondral engineered
construct have not been discovered yet, results are promising.

1.5 A natural polymer: silk fibroin

As mentioned before, natural polymers have been frequently used for both
cartilage and bone Tissue Engineering. Their main advantages include a high
biocompatibility thanks to ligands which can be recognized by cells, but on
the other hand, their use is limited because of weak mechanical properties and
processing difficulties. Among natural materials, silk fibroin has been shown a
great potential to overcome these limitations.

The term silk indicates the protein polymers synthesized by epithelial cells
in specialized glands of Arachnids and some Lepidoptera. According to their
animal origin, silk proteins differ in composition and final configuration, but
some general properties can be identified: their primary structure is usually
simple and repetitive, while the secondary structure is mostly β-sheet because
of the predominance of amino acids with a short lateral chain in hydrophobic
domains. These domains allow the formation of a packed tertiary structure
thanks to the establishment of hydrogen bonds along protein chains. This
assembly gives silk high resistance and resilience, which are needed during the
formation of cocoons or spider webs [65]. Indeed, besides a remarkable stability,
having impressive mechanical properties is one of the peculiar characteristics
of silk, as shown in figure 1.9.

Regenerated silk is obtained after the remotion of the external protein
layer which coats the core fibers of silk filaments (degumming process). It
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Figure 1.9: A comparison among the mechanical properties of silk filaments
and other common biomaterials (adapted from [67]).

has a high biocompatibility and a tunable proteolytic biodegradation. All silk
proteins can be easily processed in an aqueous environment or with organic
solvents and also their chemistry can be eventually modified [65, 66]. As pre-
viously mentioned, all these properties make silk suitable for the production
of a scaffold for Tissue Engineering.

In particular, silk from Bombyx mori cocoons has been widely utilized
as biomaterial; for instance, silk fibers have been used for sutures in clinical
practice for decades. These fibers have a diameter of 10-25 �m and consist of
two inner filaments of fibroin coated by a layer of sericin, which acts as a glue
and represents 25-30% of the whole fiber (figure 1.10) [66].

1.5.1 Silk fibroin structure

A fibroin molecule is made of two protein chains, a light chain (about 26
kDa) and a heavy chain (about 390 kDa) in a ratio 1:1. They are joined by
disulfide bonds between two cysteine amino acids (Cys-c20, 20th residue of the
heavy chain from the C-terminus, and Cys-172, a residue of the light chain).
A glycoprotein called P25 is non-covalently linked to both fibroin and sericin
[65].
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Figure 1.10: Scanning electron micrograph of a partial degummed silk filament.

Amino acid composition of fibroin from Bombyx mori consists mainly of
glycine G (43%), alanine A (30%) and serine S (12%). The heavy chain is
formed by 12 domains which compose the crystalline regions of the silk fiber:
they are repetitions of sequences Gly-X, where X can be one of the following
amino acids: alanine, serine, valine or threonine. Each domain is about 400
amino acid-long and contains subdomains of esapeptides, such as GAGAGS,
GAGAGY, GAGAGA, GAGYGA (where Y stays for tyrosine). They end with
tetrapeptides like GAAS or GAGS [65]. As previously indicated, the formation
of crystalline structures is due to the short lateral chains of the amino acids
in these regions, which allow protein folding in a β-sheet conformation [68].
The less crystalline portions of the heavy chain are called linkers and are 42-44
amino acid-long. They have a non-repetitive sequence of 25 charged residues
which are not present in the crystalline region of fibroin and have bigger lateral
chains. Therefore, their secondary structure is random coil due to a steric effect
[65].

Silk fibroin exists in two different polymorphisms: the glandular state be-
fore crystallization (Silk I) and the state which follows its extrusion with the
formation of β-sheet secondary structures (Silk II). When fibroin is in a Silk I
state, it is water soluble and can be easily crystallized by heat or shear stresses,
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Figure 1.11: Model of silk fibroin polymorphism Silk I [69].

which are indeed employed during the spinning process. Fibroin is in a Silk I
state also in the aqueous solution obtained in vitro (see paragraph 2.2.1) and
in this case crystallization is usually induced by a chemical treatment with
methanol or potassium chloride. After crystallization, β-sheet structures are
asymmetric: one side is occupied by the hydrogen atoms of glycine residues,
while methyl groups of alanines populate the other side (figure 1.11). Strong
hydrogen bonds and van der Waals forces form a structure which is thermo-
dynamically stable [65].

After the process of degumming, silk can be isolated in a third polymor-
phism, Silk III. It can be found at air/water interface, where fibroin molecules
assembly in an approximatively hexagonal structure with a three-folded helical
conformation. In this way, serine residues (hydrophilic) and alanine residues
(hydrophobic) are maintained at the opposite sides of the molecules [70].

In an aqueous environment, fibroin structure depends on the reciprocal in-
teraction between its characteristic hydrophilic and hydrophobic blocks. As
shown in figure 1.12, fibroin assumes a micellar conformation in order to main-
tain the hydrophilic regions at the liquid interface and the hydrophobic portion
in the internal part.

The interaction among micellae increases with fibroin concentration and
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Figure 1.12: Model of fibroin heavy chain structure (a), micellae formation
(b), globular aggregation of micellae (c) and shear stress effect (d) [68].
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Figure 1.13: Liquid crystalline domains of Bombyx mori silk fibroin [71].

bigger and bigger globular structures form until the establishment of a gel
state [68]. It has also been observed that a liquid crystalline phase exists
when fibroin moves from a solution state to a fiber state. A model describes
this phenomenon with the formation of supermolecular elongated structures
shown in figure 1.13, composed by 15 micellae arranged in column. This phase
promotes the extension and the cooperative alignment of fibroin molecules,
which is improved by the shear stresses exerted during spinning [71].

1.5.2 Silk fibroin as a multifunctional polymer

Examining the protein structure described in the previous paragraph, silk
fibroin can be considered as a responsive polymer whose versatility is based on
the self-assembly of nanostructures (hydrophobic and hydrophilic blocks) into
molecular conformations which depend on the environment conditions. Thanks
to these properties, silk fibroin can be easily modeled and processed controlling
specific parameters (pH, temperature, salt concentration and so on).
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Figure 1.14: Silk fibroin-based matrices for Tissue Engineering and their po-
tential applications (adapted from [65]).

In addition, in the perspective of Tissue Engineering applications, silk fi-
broin has the nature of a multifunctional polymer. Indeed, silk fibroin possesses
active domains in the linkers among hydrophobic blocks, which can be recog-
nized by cell receptors and demonstrated to stimulate cell adhesion and growth
[72]. This has been widely exploited in Tissue Engineering applications, as it
will be discussed in the following section.

1.5.3 Silk fibroin in Tissue Engineering

As previously mentioned, Bombyx mori silk fibers are currently the primary
resource for silk-based biomaterials. In particular, silk fibroin has a high versa-
tility when a compromise is needed between scaffold mechanical properties and
adequate biological response [65]. Films, hydrogels, sponges and non-woven
nets with potential applications in Tissue Engineering can be obtained (figure
1.14). After degumming and the preparation of a fibroin aqueous solution, sev-
eral procedures can be employed to prepare silk-based matrices with different
morphologies, as schematically shown in figure 1.15. In this section, a short
summary of these scaffolds and their use will be presented, with particular
attention to the salt leaching technique employed in this research work.
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Figure 1.15: Silk fibroin is purified in a boiling alkaline bath (A). Degummed
fibers can be processed or dissolved in lithium bromide to obtain an aqueous
solution which can be used to prepare nets, sponges, hydrogels, films (B).
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Fibroin non-woven nets can be prepared starting from degummed fibers or
by electrospinning. In the first case, nets with a fiber diameter of 10-30 �m and
an interfibrillar space of 300 �m has been produced and used with several cell
types, such as cheratinocytes, fibroblasts and osteoblasts [65]. For instance,
they supported adhesion and proliferation of endothelial cells inducing the for-
mation of structures similar to microvascularization after 1 week of culture in
vitro [73]. Instead, electrospinning allows the production of nets with a fiber
diameter in a wide range, from few nanometers to some micron according to
the parameters used. Examples include polyethylene oxide PEO/fibroin nets
fabricated with a fiber diameter less than 0.8 �m and high mechanical prop-
erties and fibroin nets conjugated with BMP-2 to support MSC differentiation
into osteoblasts [74].

This versatility is a characteristic of fibroin films, as well. They can be
easily obtained by casting of fibroin in water, in organic solvents or mixed with
other polymers. For instance, oxygen and water vapor permeability of fibroin
films produced from an aqueous solution could be modulated by methanol
treatments of different duration, which affected also mechanical properties and
degradation rates [65]. Fibroin films were also modified for the in vitro culture
of osteoblasts with the addition of growth factors [75] or RGD domains for cell
adhesion (i.e. sequences of arginine, glycine, aspartic acid) [76].

Fibroin can also be used to produce hydrogels, which have been employed
in Tissue Engineering as injectable materials as means to deliver cells, drugs
or growth factors (see paragraph 1.4.1). In this case, the main advantage is
the possibility to obtain a hydrogel in mild conditions starting from a fibroin
aqueous solution. Gelation time can be modulated since it depends on several
factors: protein concentration, temperature, amount of Ca++ ions and pH
[65]. Potential applications of fibroin hydrogels are various and comprise bone
Tissue Engineering. In fact in a recent study a fibroin gel was used to heal a
femoral defect in a rabbit model, leading to new tissue formation and a higher
degree of mineralization than a commercially available PLGA product [77].

Fibroin sponges are one of the most used silk-based scaffolds in cartilage



1.5. A NATURAL POLYMER: SILK FIBROIN 41

and bone Tissue Engineering, especially because of their high porosity. Several
techniques can be employed, such as particulate leaching (with salt or glucose
as porogen) and freeze-drying, which may be eventually combined with gas
foaming [65, 78]. In particular, salt leaching allows the formation of a more
interconnected porosity and pore dimension can be modulated by the diameter
of porogen grains. Two procedures have been developed for sponge production:
the first is schematically shown in figure 1.16 and implies the dissolution of
fibroin in hexafluoro-2-propanol (HFIP). NaCl with a controlled granulometry
is added to this solution and after solvent evaporation scaffolds are treated
in methanol to induce the formation of β-sheet structures and make fibroin
insoluble in water. At this point, salt grains can be removed by several washing
steps in distilled water and porosity will reflect the arrangement of the voids
left by the porogen. Thanks to this flexible technique, it is also possible to
obtain porosity gradients if a suitable NaCl granulometry is used (figure 1.16).

The use of toxic solvents such as HFIP and methanol is however a strong
limitation for the production of a scaffold. Nevertheless, fibroin sponges can
also be produced using a process completely conducted in an aqueous envi-
ronment without losing the control on pore dimension and distribution. In
addition, the final matrices have a faster degradation rate and surface proper-
ties more suitable for cell adhesion [79]. In this case, NaCl is directly added
to a fibroin solution at 4-10% w/V in order to obtain an oversaturated solu-
tion (fibroin concentration depends on the grain diameter used). Therefore,
the surface of NaCl particles dissolves only partially leaving the salt in a solid
state. This leads to the gelation of fibroin in 3-5 days and hence to the forma-
tion of porous structures stable in an aqueous environment, as schematically
shown in figure 1.17. As in the previous case, salt can be removed washing the
sponges in distilled water.

The cause of fibroin gelation and the consequent β-sheet formation is an
alteration of water solvation forces due to a high concentration of salt ions.
In a recent study this mechanism was analyzed comparing fibroin behavior
in several highly concentrated aqueous solutions of salts with chlorine ions
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Figure 1.16: Fibroin porous sponges with a porosity gradient induced by a
controlled distribution of salt granulometry (A). The solution of fibroin in
HFIP diffuses in NaCl crystals (B, C) which are then dissolved by washing in
distilled water [65].
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Figure 1.17: Scheme of the salt leaching technique to prepare fibroin sponges
from an aqueous solution (a) and of the mechanism underlying the structural
modifications of the protein during the process (b) [79].
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(until 3 M): NaCl, KCl, CaCl2 and MgCl2 [79]. A hydrogel was formed only
in NaCl and KCl solutions, while no gelation was observed with CaCl2 and
MgCl2. Authors associated these results with the outcomes obtained for the
solubility of an uncharged model peptide, acetyltetraglycine ethyl ether, in
concentrated saline solutions. They claimed this peptide can reasonably mimic
fibroin behavior because of the predominant presence of hydrophobic blocks in
the protein molecules [79].

Ions are classified as kosmotropic (“capable of order”) or chaotropic (“ca-
pable of disorder”), based on their size and charge, which also determine their
behavior in water. Kosmotropic ions are usually small or have a high charge
density and contribute to stabilize the interaction among macromolecules and
water. This is the case of Ca++ and Mg++. Instead, chaotropic ions tend
to destabilize the structure of macromolecules dissolved in water interfering
with the non-covalent bonds (hydrogen bonds and van der Waals forces) which
determine the formation of those structures. Cl- is weakly chaotropic [79].

At low salt concentrations fibroin solution contains enough water molecules
to hydrate both the protein surface and the dissolved ions. At higher concen-
tration of salt more and more water molecules are required to hydrate the
increasing number of ions. Therefore, water is removed from fibroin surface,
the protein-protein interaction becomes stronger than the solute-solvent in-
teraction and the hydrophobic regions of fibroin can interact more easily in
correspondence to their apolar residues. This effect is called “salting out”.

In light of the previous considerations, we can conclude that in concen-
trated solutions of CaCl2 and MgCl2 the number of bonds among proteins and
kosmotropic ions in solution increases; the subsequent structuring of water
molecules around fibroin prevents the hydrophobic interactions which would
allow the formation of crystalline β-sheet structures. Instead, in NaCl solu-
tions, ions are able to remove the molecules of water which otherwise would
hide the hydrophobic domains of fibroin, promoting chain-chain interactions
and the creation of a more stable β-sheet conformation [79].

As previously mentioned, fibroin sponges have been used for both cartilage
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and bone Tissue Engineering and combined with several cell sources such as
chondrocytes, osteoblasts and stem cells of different origin. For cartilage regen-
eration, MSCs were cultured on aqueous-derived sponges and after 3 weeks they
were embedded in structures similar to lacunae with a spherical morphology.
This indication of chondral differentiation was also confirmed by histological
and immunohistochemical analyses. Moreover, scaffold roughness, hydrophilic-
ity and pore interconnection allowed an uniform distribution of cells and new
extracellular matrix [80]. In another study with MSCs, GAG deposition on
silk scaffolds was significantly higher compared to collagen controls when the
in vitro culture was performed with a serum-free culture medium [81]. The
same scaffold was studied with articular chondrocytes and also in this case
results were significant in terms of formation of new cartilage tissue. However,
authors observed a slower adhesion kinetics and a critical dependence of cell
differentiation on seeding density: indeed, only a higher initial cell number de-
termined an up-regulation of cartilage specific genes and a higher deposition of
new ECM [82]. In a recent paper, the properties of salt leaching fibroin sponges
with two different pore diameter ranges (315-500 �m and 500-1180 �m) were
compared to freeze-dried silk scaffolds and combined with dynamic culture con-
ditions [83]. Rat chondrocytes from the resting zone of costochondral cartilage
growth plate were cultured in a static environment or on a rocking platform for
15 days and cell proliferation, cell distribution, chondrogenic gene expression
and new ECM deposition were evaluated. It was observed that the fibroin
sponge with the highest porosity and pore size significantly improved chondro-
cyte proliferation and differentiation in terms of their round morphology and
gene expression. Moreover, a hydrodynamic environment was beneficial in a
way directly dependent on pore diameter with a higher production of cartilage
matrix and limited hypertrophic differentiation.

For bone regeneration, salt leaching fibroin sponges were modified with
RGD domains and used to culture human mesenchymal stem cells in a medium
enriched with osteogenic growth factors. These experimental conditions in-
duced cell differentiation, production of mineralized ECM and up-regulation
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of osteoblast markers [84]. In another paper, fibroin sponges with a pore size of
900 �m were seeded with human MSCs and cultured in an osteogenic medium.
After 28 days of culture, structures similar to trabecular bone were observed
in vitro [85].

These studies are only examples of the potential of silk-based sponges in
cartilage and bone regeneration. Fibroin porous scaffolds have demonstrated a
suitable biocompatibility and the ability to induce new tissue formation both
in vitro and in vivo. Their properties have been also modulated by fibroin
processing and this versatility have permitted the design of scaffolds ad hoc for
these specific Tissue Engineering applications.

1.5.4 Degradation and immunological response

As previously reported in paragraph 1.1, the degradation rate of a bioma-
terial has to be taken into account to design a scaffold for Tissue Engineering
because it has to be compatible with the growth rate of new tissue at the im-
plantation site. According to US Pharmacopeia, a biomaterial is absorbable
if it “loses most of its tensile strength within 60 days post-implantation in
vivo” [66]. Based on this definition, silk fibroin in a fiber form is considered a
non-degradable material. However, the debate about fibroin biodegradability
is still open: indeed, it depends on several factors and can be modulated ad
hoc according to its application. Degradation of fibroin is proteolytic and usu-
ally mediated by a foreign body response. During degradation less crystalline
regions of the protein are broken in peptides which can be phagocytized by
cells more easily [66].

Protein structure, scaffold morphology, biological and mechanical condi-
tions at the implantation site are only some of the elements which affect
fibroin degradation rate. Several studies have been performed to evaluate
the biodegradability of films and fibers. To this purpose, different prote-
olytic enzymes have been used, including chymotrypsin which is produced by
macrophages during an inflammatory response. In these studies it was observed
that films degraded faster than fibers if exposed to the same enzymes with a
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modification of fibroin molecular weight, an increase of protein crystallinity
and a dramatic change in tensile strength [66].

The degradation rate of fibroin porous sponges depends strongly on the
production method. Aqueous-derived salt leaching sponges degrades slower if
the initial fibroin concentration increases. These sponges, however, degrades
faster than HFIP-derived scaffolds with the same pore size. This dissimilarity
is due to differences in the surface roughness and the crystallinity grade of the
scaffolds [65]. Besides these factors, fibroin scaffold degradation can be also
regulated varying porosity, pore dimensions and molecular weight distribution.
The latter can be modified with a heat treatment in alkaline conditions, leading
to a disruption of ordered structures and a decrease in cross-links. However,
there are no exhaustive or systematic studies about how all these variables
can influence fibroin degradation rate and therefore, it is difficult to have a
clear and complete cognition of the relationship between fibroin structure and
biodegradability [65, 66].

Biocompatibility of silk fibroin has been extensively established. It was
observed that silk sutures could elicit hypersensitivity in some cases, but it was
demonstrated that the major cause of these responses was sericin. Once sericin
is removed by degumming, the biological response of fibroin is comparable to
all biomaterials [65, 66]. For instance, fibroin films implanted in vivo induced
a lower inflammatory response than similar scaffolds of collagen and PLA [86].
Moreover, fibroin nets were implanted subcutaneously in rats, leading to a
weak foreign body response without the formation of a fibrotic capsule. After
six months in vivo, a slight up-regulation of inflammation processes without
a significant presence of lymphocytes was observed at the site of implantation
[87].

1.6 Proposed research and objectives

The final objective of this research work is the production and the valida-
tion of a scaffold for osteochondral regeneration. In particular, the advanced
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concepts of biomimetics were applied to design a multicomponent scaffold to
regenerate cartilage, bone and a functional interface between them. We hy-
pothesized that a multiphasic scaffold is more suitable for osteochondral Tissue
Engineering because chondral and subchondral phases can be designed sepa-
rately in order to offer the most favorable environment for cartilage and bone
regeneration respectively. We also hypothesized that the restoration of a func-
tional interface can be improved using a nanometric net to separate the two
components. The aim of the net is to allow a dialogue among cells between the
two phases thanks to a physiological solute flow, while preventing cell migration
towards the chondral site. In this way, the interaction between chondrocytes
and osteoblasts can be assured; indeed, as previously reported, it can have
beneficial effects improving the synthesis of a cartilage ECM with a functional
organization [61, 62, 63]. Moreover, besides mechanical stabilization, the role
of the osteochondral interface is to prevent vascularization and the subsequent
mineralization of the non-calcified cartilage [59]. Hence, the avoidance of blood
cells in the cartilage component precluding their migration can help to main-
tain a physiological environment. Finally, a multicomponent scaffold is more
feasible, since it can be assembled at the time of implantation or used only
partially according to the existing defect in the joint.

Silk fibroin was chosen as the main material to prepare the multicomponent
scaffold, to exploit its biocompatibility and versatility in tissue engineering
applications shown in paragraph 1.5. Instead, poly-d,l-lactic acid (PdlLA)
was used to fabricate the nanometric net: as previously reported, PdlLA is a
biomaterial commonly used in tissue engineering and it can be easily processed
by electrospinning, a technique which allowed to obtain a porosity and a pore
size suitable for the application, as it will be shown later. Therefore, it was
used to prepare and test the assembled scaffold in vitro, in order to evaluate
the effectiveness of the net in promoting cellular dialogue.

The main issue in osteochondral tissue engineering is the regeneration of
cartilage, because of its poor ability to self-repair. Therefore, this research
work focused mainly on the design of the chondral phase, since the great po-
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tential of silk fibroin for bone regeneration is well-established [41, 42, 43] and
it has been demonstrated that an osteoconductive scaffold may be sufficient to
induce bone restoration [12]. To this purpose, our starting point was the tissue
engineered system tested in [83] in collaboration with Dr. Barbara D. Boyan’s
laboratory at the Georgia Institute of Technology (Atlanta, US). In this study
it was demonstrated that rat chondrocytes isolated from the costochondral
growth plate gave the best outcomes in terms of cell distribution, cartilage
phenotype maintenance and new ECM deposition, when cultured on a salt
leaching fibroin sponge with a porosity greater than 80% and a pore size of
500-1180 �m in combination with hydrodynamic culture conditions. Our aim
was to improve both components of this system, i.e. cell source and scaffold.
In the first case, we decided to employ adipose-derived stem cells (ASCs) for
cartilage regeneration, because of the advantages already mentioned in para-
graph 1.4.3. ASCs were cultured on the previous silk sponges trying different
combinations of culture conditions: growth or chondrogenic medium, static or
dynamic environment. The best combinations were used to pre-culture for 28
days cell/scaffold constructs, which were then implanted in an in vivo model of
critical size defects in rat xiphoid. Results will be reported in the next chapter.

To improve scaffold properties, we combined silk fibroin with hyaluronic
acid (HA). Hyaluronic acid is a physiological element of cartilage extracellular
matrix and its use has been recently explored for cartilage regeneration. In-
deed, it can help the maintenance of chondral phenotype during in vitro culture
and improve new ECM deposition [5, 88, 89, 90, 91, 92, 93]. We conjugated
silk fibroin and hyaluronic acid to merge their properties and produce sponges
by salt leaching, using the same porosity as in the previous study but different
concentrations of HA to evaluate how scaffold properties could be modulated.
Moreover, genipin (a natural cross-linker extracted from gardenia fruits which
also has weak anti-inflammatory properties) was used to cross-link sponges to
improve HA retention inside scaffolds and modify the interpenetrated network
formed by scaffold components. A more detailed description of the rationale
behind these choices and the original contributions of this work will be re-
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ported in paragraph 3.1. Silk fibroin/hyaluronic acid sponges were completely
characterized in terms of morphology, silk fibroin conformation, water uptake,
porosity, cross-linking degree, mechanical properties, wettability and HA dis-
tribution in the scaffolds (both in a qualitative and quantitative way). Results
are reported in chapter 3. Biological properties were assessed culturing rat
chondrocytes from the costochondral growth plate in dynamic conditions, us-
ing the optimal parameters found in the previous study [83]. Chondrogenic
gene expression, alkaline phosphatase (ALP) activity, GAG deposition and
mechanical properties were measured to analyze how cell responses were af-
fected by different HA concentrations and cross-linking.

So two different strategies were adopted to develop the chondral phase
of the multicomponent scaffold, improving the results previously obtained in
[83]. The nanometric net was produced by electrospinning of poly-d,l-lactid
acid/polyethylene glycol (PdlLA/PEG) blends and characterized in terms of
morphology and thermal properties. PEG was used to avoid fiber shrinkage in
an aqueous environment, which is a frequently reported issue when PdlLA is
used in Tissue Engineering applications. Then, the net was assembled to silk
fibroin sponges to obtain the upper part of the multicomponent scaffold and
the morphology of the resulting construct was assessed.

Subsequently, a co-culture system was designed to verify the ability of the
net to ensure the dialogue between chondrocytes and osteoblasts. To this pur-
pose, primary human articular chondrocytes were seeded in silk fibroin sponges
with the PdlLA/PEG nanometric net on one side and then put in contact with
an underlying layer of osteoblasts, so that the biochemical communications be-
tween cells could take place only through the nanometric fibers. Cell prolifera-
tion and viability were assessed during 11 days of co-culture, then results were
compared to those obtained for silk fibroin sponges without net and similar
samples maintained in the same culture conditions but without being exposed
to bone cells.



Chapter 2

Adipose-derived stem cells and
silk fibroin scaffolds for chondral
repair

2.1 Introduction

This chapter will describe the first strategy explored for cartilage regener-
ation, that is the combination of 3D porous silk scaffolds and adipose-derived
stem cells (ASCs). As previously mentioned, the aim of the following study
was to improve the tissue engineered system used in [83], focusing on the cell
source in the perspective to employ it in an osteochondral multiphasic scaffold.
Therefore, adipose-derived stem cells were used to exploit advantages such as
their great potential of self-renewal and the ability of multilineage differentia-
tion, including chondrogenesis [5, 33].

Adipose tissue has been lately considered as an attractive source for adult
stem cells, due to their abundance and easy accessibility. Indeed, 1% of adi-
pose cells are mesenchymal stem cells, while only 0.001-0.002% can be found
in bone marrow [94]. In addition, even if ASCs have a weaker chondrogenic
potential with respect to bone marrow stem cells [95], ASCs have shown to bet-
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ter maintain a chondrocyte phenotype rather than undergoing a hypertrophic
differentiation improving for cartilage regeneration [96].

The use of silk scaffolds for cartilage tissue engineering has been recently
explored in combination with both chondrocytes and stem cells of different ori-
gin (paragraph 1.5.3). In particular, several combinations of chemical and/or
mechanical stimuli have been employed to induce chondrogenic differentiation
in stem cells cultured on silk scaffolds. However, an exhaustive formulation
of the culture environment (3D structure, growth factors, dynamic stimula-
tion) has not been found yet and it needs to be modulated according to the
biomaterial used, the cell source employed and the final application.

In our previous study [83], it was demonstrated that a hydrodynamic en-
vironment can have synergistic beneficial effects on the maintenance of chon-
drocyte phenotype and the production of new cartilage ECM when combined
with highly porous silk scaffolds.

The aim of this work was to examine if and how dynamic stimulations
and a proper chondrogenic medium can affect the chondrogenesis of adipose-
derived stem cells when cultured on silk scaffolds. In addition, the potential of
ASCs/silk scaffold constructs to regenerate cartilage in vivo was evaluated in
a rat critical size xiphoid defect model. To this purpose, ASCs were cultured
combining different conditions: growth and chondrogenic media, static or dy-
namic environment. Cell viability, proliferation, chondrogenic gene expression,
new cartilage ECM deposition were evaluated in vitro during a 28-day cul-
ture. Then, the best combinations of culture parameters in terms of ASCs
chondrogenesis were used to pre-culture ASCs/silk scaffold constructs before
implantation in rat xiphoid defects. Neo-cartilage formation was assessed 8
weeks after surgery using �CT and histomorphometric analysis.

2.2 Materials and methods

This study was conducted in collaboration with Dr. Barbara D. Boyan’s
laboratory at the Parker H. Petit Institute of Bioengineering and Bioscience,
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Georgia Institute of Technology (Atlanta, US), under approval of the Georgia
Institute of Technology Institutional Animal Care and Use Committee. All
animals were treated humanely per the guidelines outlined in the Guide for
the Care and Use of Laboratory Animals by the National Institutes of Health
(US).

2.2.1 Scaffold preparation

Silk fibroin 3D porous scaffolds were prepared from silk fibroin solution
using salt-leaching techniques as described previously [83]. Briefly, selected Silk
Bombyx mori cocoons (kindly provided by Cooperativa Socio Lario, Como -
Italy) were boiled in two aqueous alkaline baths of Na2CO3 (Merck, Germany)
(1.1 g/l and 0.4 g/l respectively) 1.5 hours each at 98°C in order to remove from
the fiber the external sericin coating and obtain fibroin. Degummed silk was
then washed several times in distilled water and dried at room temperature.
Fibroin was then dissolved in LiBr (Sigma-Aldrich, US) 9.3 M (2 g in 10 ml)
for 2 hours at 65°C, the solution was dialyzed against distilled water for 3 days
using a Slide-A-Lyzer Dialysis cassette (3500 MWCO, Pierce, US) to remove
LiBr, concentrated to a concentration of 7-8% w/V by dialysis against a 25%
w/V Polyethylene Glycol (PEG) solution (10000 Da MW, Sigma-Aldrich, US)
for 5 hours, and finally filtered to eliminate impurities. To form porous sponges,
4 g of NaCl particles, size 425-1180 �m, (Sigma-Aldrich, US) were added to 2
ml of the SF solutions in a Petri dish of 35 mm diameter. The salt partially
dissolved subtracting water to the fibroin so inducing fibroin gelation. After
three days at room temperature, gels were washed for 4 days in distilled water
to remove salt, then dried.

Before cell seeding, the sponges were rehydrated in distilled water for 2
hours and formed into cylinders (6 mm in diameter and 3 mm in thickness)
using a biopsy punch (Miltex, UK). Scaffolds in aqueous suspension were au-
toclaved at 121°C for 15 min. After cooling to room temperature, the water
was removed and SF sponges were incubated overnight with culture media at
37°C, 5% CO2. After conditioning the scaffolds, the bubbles inside of the scaf-
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folds were removed by the syringe-vacuum system used in [83]: the scaffolds
were transferred into a 20 ml syringe with 5 ml of medium. Vacuum pressure
was used for 2 minutes to load media and remove air in the scaffolds. These
prewetted silk scaffolds were then blotted dry and ready for seeding.

2.2.2 Isolation and culture of adipose-derived stem cells (ASCs)

Adipose-derived stem cells were isolated from inguinal fat pads of the hind
legs of Sprague-Dawley rats. In brief, the tissue was pooled and washed three
times in Hank’s balanced saline solution (HBSS) and digested in 0.25% trypsin
at 37°C for 30 minutes. The tissue was then cut into smaller pieces and digested
in 9125 units of collagenase IA (Sigma Aldrich, US) and 75 units of dispase
(Gibco, Invitrogen, US) for three hours. The upper layer of adipocytes was
removed and the cell suspension was filtered through a 40-µm cell strainer. The
digestion was stopped with MSC growth media (GM) (Lonza, Switzerland).
The cells were collected by centrifugation and then plated at 5000 cells/cm2

in T-175 flasks. Cultures were washed twice with phosphate buffered saline
(PBS) and fed with GM containing 10% fetal bovine serum and 1% penicillin-
streptomycin at 24 and 48 hours after plating. Primary passage confluent cells
were used for seeding on scaffolds.

2.2.3 Cell seeding and culture of silk fibroin/ASC constructs

Each scaffold was placed in the center of each well of a 24-well plate contain-
ing 200 �l of growth media. To seed the scaffolds, 1 x 106 P1 ASCs were loaded
on the top of the scaffolds through pipette tips. 4 hours after cell seeding, 1.5
ml of growth media was added to each well. 6 hours after cell seeding, samples
either remained in a static culture or were subjected to a rotation culture at
50 rpm on an orbital rocker. After 72 hours of culture, the ASCs/silk scaffolds
were then transferred to new plates and the media was replaced with either
the same growth media as the initial culture or replaced with commercially
available chondrogenic media (CM) (Lonza, Switzerland) containing 10 ng/ml
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of TGF-β1 (R&D Systems, US). Four experimental groups of scaffolds were
obtained: growth media + static culture (GMS), growth media + rotation cul-
ture (GMR), chondrogenic media + static culture (CMS), and chondrogenic
media + rotation culture (CMR). The ASCs/silk scaffolds were maintained
in a humidified, 95% air/5% CO2 atmosphere at 37°C. Medium was changed
every two days for up to 28 days of culture.

2.2.4 Cell seeding efficiency

In order to determine the appropriate time for cell attachment on the scaf-
folds, seeded scaffolds were maintained under static culture for 6, 12 or 24
hours before rotation culture. At the end of each culture period, unincor-
porated cell numbers were measured using a Beckman Coulter Cell Counter
(Beckman Coulter Inc., US). Cell seeding efficiency was then calculated using
the formula:

Cell seeding efficiency (%) = (1− unincorporated cell number

initial cell seeding number
)× 100

2.2.5 Cell viability

The viability of ASCs in the scaffolds was examined after 28 days of culture
by a Live/Dead® assay (Invitrogen Corporation, US) as described in literature.
Briefly, ASCs/silk scaffolds were washed twice with PBS for 5 minutes, and
then incubated with 2 �M calcein AM and 4 �M EthD-1 in PBS for 30 minutes
at room temperature. After removing extra dyes by washing in PBS for 5
minutes, the scaffolds were sliced in half, and the images were taken from both
the surface and the center of the scaffolds using Zeiss confocal microscopy with
an excitation wavelength of 495 nm and an emission wavelength of 515 nm.

2.2.6 Cell proliferation

Cell proliferation in scaffolds was evaluated on day 1, 7, 14, 21 and 28 af-
ter seeding using an alamarBlue® assay (AbD Serotec, US) according to the
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manufacturer’s instructions. Briefly, seeded scaffolds were incubated with 1
ml of 10% alamarBlue® reagent in culture medium for 2 hours in humidified,
95% air/5% CO2 atmosphere at 37°C. At the end of incubation, 100 �l of the
supernatant were then transferred to a 96-well plate and fluorescence intensity
was determined with a microplate reader (Spectromax Gemini XS, Molecular
Devices, US) (excitation/emission: 565 nm/595 nm). Media incubated with
unseeded scaffolds were used as controls and their fluorescence value was sub-
tracted from those of cell-seeded scaffolds.

2.2.7 Real time PCR analysis

ASCs/silk scaffolds were harvested on day 14 and day 28. Total RNA
was isolated from the silk scaffolds using an RNeasy kit® (Qiagen Inc., US)
and reverse-transcribed into cDNA using Applied Biosystems High-Capacity
cDNA Reverse Transcription kit (AB Inc., US) according to the manufac-
turer’s instructions. Realtime PCR was performed to measure the expression
of cartilage-related genes including Sox9, collagen 2a1, aggrecan, Comp, col-
lagen 1a1 and collagen 10a1 and normalized to RPS18. The amplification of
genes was carried out on an iCycler real-time PCR machine using iQ SYBR
Green supermix (both Bio-Rad Laboratories, US) with specific primers as de-
scribed previously [83].

2.2.8 Compressive mechanical properties

Compressive modulus of unseeded and ASCs-seeded silk scaffolds after 28
days of culture was evaluated by a compression test. At harvest, the constructs
were washed in PBS for 10 minutes before testing. The compression test was
then performed at room temperature on wet scaffolds using an Instron 4502
mechanical tester (Instron, US) equipped with a 25 N cell load in uniaxial ramp
condition at a strain rate of 0.1 mm/sec. The Young’s modulus was calculated
as the slope of the initial linear section of the stress-strain curve.
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2.2.9 Sulfated glycosaminoglycan production

Culture media from each group were harvested on day 7, 14, 21 and 28 and
frozen at -20°C until the measurement of sulfated glycosaminoglycan (GAG)
content in the medium. The ASCs/silk scaffolds were harvested after 28 days
of culture. After mechanical testing, the scaffolds were digested in 1 ml of
Proteinase K solution (Qiagen Inc., US) at 1 mg/ml for 24 hours at 55°C. The
GAG content was measured spectrophotometrically at 520 nm following the
reaction with dimethylmethylene blue (DMMB) dye (Sigma Aldrich, US) [83].
The DNA content of ASCs/silk scaffolds was quantified by PicoGreen assay
(Invitrogen Corporation, US) with lambda DNA as a standard and then used
to normalize the GAG content in the scaffolds.

2.2.10 Histological analysis

Histological analysis was used to evaluate the in vitro chondrogenesis of
ASCs after 28 days of culture under various conditions. At harvest, scaffolds
were washed in PBS, fixed overnight in 10% formalin and then dehydrated
using sequential ethanol series. Finally, the scaffolds were embedded in paraffin
and 7-�m thick sections were cut using a microtome. After deparaffinization,
sections were subjected to hematoxylin and eosin (H&E), safranin-O/fast green
or immunofluorescence (IF) staining. Rabbit polyclonal antibodies against rat
type I and type II collagen (Abcam, Inc., UA) and aggrecan (Santa Cruz
Biotechnology, Inc., US) were used to immuno-label the sections. This was
followed by the incubation with secondary antibodies (Alexia 488 goat anti-
rabbit IgG) (Invitrogen Corporation, US). After staining, slides were assembled
with Fluoro-Gel (Electron Microscopy Sciences, US) and examined under a
light microscope for H&E and Safranin-O/fast green staining or under Zeiss
confocal microscopy for immunofluorescence staining.
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2.2.11 In vivo implantation and evaluation

A 3-mm diameter, 2-mm deep xiphoid cartilage defect was created in 7-
to-8 week-old male athymic RNU rats (200-250 g each) as reported in [97].
Empty scaffolds as well as ASCs/silk scaffold constructs cultured in chondro-
genic medium under static or rotation conditions for 28 days were placed in the
defect area. Empty defects and defects implanted with autografts were used as
negative and positive control respectively. Seven rats were randomly enrolled
in each experimental group. Following implantation, a strip of SepraFilm®

(Genzyme Corporation, US) was placed over the deep and superficial face of
the xiphoid in order to keep the implants in place and avoid potential ad-
hesions. The xiphoid was then internalized back to its anatomical position.
Post-operatively, rats were given 0.03 mg/kg of buprenorphine for pain control
and housed in single cages with no restrictions on diet or exercise. All animals
survived the surgery and no animals died prior to harvest.

Animals were euthanized by CO2 inhalation 8 weeks after surgery. Xiphoids
were harvested by sharp dissection and subjected to contrast-enhanced �CT
analysis based on equilibrium partitioning of an ionic contrast agent (EPIC
�CT). Samples were scanned in air using a �CT 40 (Scanco Medical, Switzer-
land) at 45 kVp, 177 mA, 200-m integration time, and a voxel size of 16 mm3

[83]. Color images based on the X-ray attenuation were created in order to
visualize the three dimensional distribution of sulfated GAG in the tissue. Low
X-ray attenuation (green) corresponded to regions at high proteoglycan con-
centration, while high X-ray attenuation (yellow) indicated regions at low pro-
teoglycan concentration. Scanco medical software was used for a quantitative
measurement of cartilage volumes in the defect area. After �CT evaluation, the
xiphoids were washed in PBS and fixed in 10% neutral formalin. Xiphoids were
bisected in the sagittal plane, embedded in paraffin, and successive cuts were
taken at 100 �m intervals. Representative sections were stained with hema-
toxylin and eosin (H&E) to evaluate structure and morphology as well as with
safranin-O/fast green to evaluate the amount of proteoglycans (red). Slides
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were reviewed blindly and scored according to a modified Wakitani grading
system, in which the maximum cumulative histology score is 11 and a lower
score indicates a repair more similar to native cartilage. Images were taken
and analyzed for neo-cartilage formation in the defect area using Image-Pro
Plus software (Medium Cybernetics, Inc., US).

2.2.12 Statistical analysis

All measurements were collected for N = 6 or N = 7 independent deter-
minations per data point for in vitro and in vivo experiments, respectively.
Data were expressed as mean ± standard error and were subjected to two-way
or one-way ANOVA with Bonferroni corrections. All statistical analyses were
carried out using GraphPad Prism 5.0 (GraphPad Software, Inc., US). P <
0.05 was considered as statistical significance.

2.3 Results and discussion

2.3.1 Cell loading efficiency, viability and distribution

Starting the rotation culture 6, 12 and 24 hours after seeding resulted in
a cell seeding density of 90% ± 2%, 91% ± 1% and 91% ± 5% respectively.
No significant differences were found among these time points. Therefore, 6
hours after seeding was chosen for subsequent experiments in order to achieve
a potentially more homogenous cell distribution.

Live/dead assay revealed few detectable dead cells while the majority of
cells was alive as stained green after 4 weeks of culture (figure 2.1). Addition-
ally, the distribution of cells throughout the scaffold was similar among all the
groups. Cells were found both on and in the porous structures of the sponges,
especially close to the surface of the scaffolds with fewer cells in the center of
the scaffolds.

The distribution of ASCs was less homogeneous with respect to what was
found previously with chondrocytes seeded on the same type of scaffold. At
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Figure 2.1: Cell viability on silk scaffolds under different culture conditions.
ASCs/silk scaffolds after 28 days of culture under various conditions were
stained with a Live/Dead® kit and then observed with confocal microscopy.
GMS: scaffolds cultured in growth medium under static condition; GMR: scaf-
folds cultured in growth medium under rotation condition; CMS: scaffolds cul-
tured in chondrogenic medium under static condition; CMR: scaffolds cultured
in chondrogenic medium under rotation condition. Green staining represents
live cells while red staining represents dead cells and stained silk scaffolds.
Scale bar = 50 �m.
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the same time, a much higher seeding density was achieved with ASCs com-
pared to chondrocytes 24 hours after seeding. These differences indicated that
ASCs can attach more strongly and faster to silk fibroin scaffolds. Therefore,
an earlier application of rotation culture conditions or the use of a perfusion
bioreactor may be beneficial to increase the homogeneity of cell distribution
and subsequent cartilage formation in the defect site.

2.3.2 Cell proliferation

AlamarBlue® assay was employed to monitor cell proliferation during 28
days of culture. In fact, alamarBlue® is reduced in the mitochondria of
metabolically active cells, giving a fluorescent molecule which can be detected
by a spectrofluorimeter. Since the resulting fluorescence is proportional to the
number of viable cells in the sample, proliferation of ASCs could be assessed.
As shown in figure 2.2, on day 1, there are no significant differences among
the groups. While the number of ASCs in all groups increased during culture,
ASCs/silk scaffold constructs cultured in growth medium in rotation condi-
tions exhibited the greatest increase in cell number (p < 0.05). Moreover, the
increase in cell number reached a plateau between day 21 and day 28. Interest-
ingly, the samples cultured in chondrogenic medium exhibited a slight decrease
in cell proliferation between day 7 and day 14, but resumed the increase trend
in the following weeks.

2.3.3 Chondrogenic differentiation

ASCs/silk scaffolds cultured in chondrogenic medium elicited a statisti-
cally significant higher gene expression of chondrogenic markers (Sox9, Col2,
Aggrecan and Comp) in comparison to those cultured in growth medium (fig-
ure 2.3). In addition, static culture resulted in a relatively higher expression
level of Col2, Aggrecan and Comp on day 14 and day 28, while the expres-
sion of Sox9 at day 28 is higher in the CMR group than in the CMS group.
Furthermore, the expression of Aggrecan and Comp increased at day 28 com-
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Figure 2.2: Cell proliferation of ASCs on silk scaffolds under different cul-
ture conditions. AlamarBlue® assay was used to monitor cell proliferation
during culture. White bars represent scaffolds cultured in growth medium un-
der static condition (GMS); black bars represent scaffolds cultured in growth
medium under rotation condition (GMR); striped bars represent scaffolds cul-
tured in chondrogenic medium under static condition (CMS) and slashed bars
represent scaffolds cultured in chondrogenic medium under rotation condition
(CMR). Each bar represents the mean and standard error of N = 6 indepen-
dent cultures. * p < 0.05 vs. GMS group; # p < 0.05 vs. GMR group; $ p <
0.05 vs. day 1; ^ p < 0.05 vs. day 7; & p < 0.05 vs. day 14.
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pared to day 14. However, a greater expression of Col1 was also induced by
chondrogenic medium compared to growth medium. Moreover, ASCs cultured
in chondrogenic medium under static condition showed the highest expression
level of hypertrophic gene Col10 at day 14. However, no significant difference
in Col10 expression level between different culture media was observed at day
28, while its expression level was higher under rotation culture compared to
static culture.

The production of GAG in the medium steadily increased along the cul-
ture time (figure 2.4, A). The amount of GAG found in the medium from
CMS and CMR groups was more than 10 times higher than from those cul-
tured in growth medium at all time points tested. A similar trend was also
observed for the amount of GAG in the scaffolds. Chondrogenic media induced
a two-fold GAG production with respect to growth media (figure 2.4, B). Al-
though a slightly lower amount of GAG in the medium was detected under
rotation culture compared to static culture at some time points, no significant
differences were found at the scaffolds level. This result was also confirmed
by safranin-O/fast green staining of scaffold sections (figure 2.5). While the
majority of cells in the GMS, GMR and CMR groups was stained green, cells
in CMS groups displayed light red staining indicating the presence of GAG in
the extracellular matrix. Immunofluorescence staining against collagen type
II, aggrecan and collagen type I also demonstrated the production of these
molecules in ASCs/silk scaffold constructs under different culture conditions
(figure 2.6). Limited staining of collagen type II and aggrecan was observed in
the samples cultured in growth medium, whereas widespread staining on cell
surfaces as well as in the extracellular matrix was found in those cultured in
chondrogenic medium. Furthermore, static culture resulted in stronger stain-
ing than rotation culture in the same chondrogenic medium. No significant
differences in terms of collagen type I production were observed among all the
groups.

According to the presented results, the chondrogenesis of ASCs in this study
can be viewed as a two-stage process. An initiation step can be identified in
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Figure 2.3: Real-time PCR analysis of cartilage-related gene expression in
ASCs on silk scaffolds under different culture conditions for 14 days or 28
days. White bars represent scaffolds cultured in growth medium under static
condition (GMS); black bars represent scaffolds cultured in growth medium
under rotation condition (GMR); striped bars represent scaffolds cultured in
chondrogenic medium under static condition (CMS) and slashed bars represent
scaffolds cultured in chondrogenic medium under rotation condition (CMR).
Each bar represents the mean and standard error of N = 6 independent cul-
tures. * p < 0.05 vs. GMS group; $ p < 0.05 vs. GMR group; ^ p < 0.05 vs.
CMS group; # p < 0.05 vs. day 14.
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Figure 2.4: Glycosamminoglycan GAG production by ASCs cultured on silk
scaffolds in different conditions. The amount of GAG in both medium (A)
and scaffolds (B) was measured using DMMB assay and normalized to DNA
content of scaffolds. White bars represent scaffolds cultured in growth medium
under static condition (GMS); black bars represent scaffolds cultured in growth
medium under rotation condition (GMR); striped bars represent scaffolds cul-
tured in chondrogenic medium under static condition (CMS) and slashed bars
represent scaffolds cultured in chondrogenic medium under rotation condition
(CMR). Each bar represents the mean and standard error of N = 6 indepen-
dent cultures. * p < 0.05 vs. GMS group; $ p < 0.05 vs. GMR group; ^ p <
0.05 vs. CMS group; # p < 0.05 vs. day 14.
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Figure 2.5: Histological analysis of ASCs/silk scaffold constructs under dif-
ferent culture conditions. Scaffolds were harvested after 28 days of culture.
After serial histological processing, scaffolds were sectioned into 7 �m slices
and subjected to H&E (objective 10x) and safranin-O/fast green staining (ob-
jective 20x, red represents glycosaminoglycans) or immunofluorescence staining
against collagen type II, aggrecan and collagen type I proteins with propidium
iodide counterstaining of nuclei (objective 20x, green represents target proteins
and red represents nuclei). White arrows indicate the silk scaffolds.
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Figure 2.6: Immunofluorescence staining of ASCs/silk scaffold constructs
against collagen type II, aggrecan and collagen type I with propidium iodide
counterstaining of nuclei (objective 20x, green represents target proteins and
red represents nuclei). White arrows indicate the silk scaffolds.
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the first 14 days, when ASCs undergo a transitory decrease in cell prolifera-
tion and start to express chondrogenic markers when cultured in chondrogenic
medium. From day 14 to day 28, an advanced stage of chondrogenesis takes
place with a further increase of Comp and aggrecan expression. In addition,
ASCs chondrogenesis on silk scaffolds seemed not to go through a hypertrophic
differentiation stage, since after 28 days Col10 expression dropped back to a
level compatible with that measured for ASCs cultured in growth medium.
Thus, this limited hypertrophy can be an advantage in case of cartilage re-
generation. It is also important to note that the expression of collagen type
I increased when ASCs/silk scaffold constructs were cultured in chondrogenic
medium, which may be due to the heterogeneity of this cell source. Sorting
of ASCs subpopulation with markers such as CD105 may allow better in vitro
chondrogenesis and subsequent in vivo cartilage regeneration.

ASCs chondrogenesis affected the production of glycosamminoglycans, both
in the culture medium and in the scaffolds. A significant improvement in GAG
synthesis was observed in the ASCs/silk scaffold constructs cultured with chon-
drogenic media. However, this increase was higher in combination with static
culture conditions, which also improved collagen type II and aggrecan deposi-
tion according to immunofluorescence analysis. On the basis of these consider-
ations, static culture induced a superior chondrogenesis in vitro when combined
with chondrogenic media. This outcome is apparently conflicting with previ-
ous results, where a hydrodynamic environment was beneficial for maintaining
chondrocyte phenotype and promoting chondrogenesis because of the enhanced
transportation of nutrients and metabolic waste and the subsequent mechani-
cal stimulation provided to the system [83, 98, 99, 100]. However, different cell
sources have been employed, giving dissimilar results. For instance, a recent
study reported that rotational culture induced different responses in porcine
chondrocytes and bone marrow MSCs seeded in 2% agarose gels [101]. A more
homogeneous tissue was achieved in the constructs seeded with chondrocytes,
while rotation conditions significantly limited chondrogenesis in MSCs. On the
contrary, the use of a perfusion bioreactor induced a better chondrogenesis in
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MSCs derived from human embryonic stem cells cultured on silk scaffolds, as
evident by a higher amount of GAG, total collagen and collagen type II with
respect to static conditions [102].

These findings suggest that distinct cell sources can respond differently to
a hydrodynamic stimulation. In addition, scaffold geometry may affect the
responses of cells, which are subjected to different mechanical environments
according to scaffold properties, such as porosity and pore size. Finally, various
bioreactors can provide different stimulations in terms of intensity, frequency
and so on; therefore, cells may be also affected by the kind of stimuli supplied.
In our study, fluid volume, rotation speed and stimulation frequency need to
be further optimized to obtain beneficial effects on ASC chondrogenesis from
the hydrodynamic environment.

Lastly, the appropriate time to start rotation culture has been shown to be
critical. A delay in the initiation time of the hydrodynamic stimulation may
improve cell response, allowing the formation of a pericellular matrix before
rotation and therefore altering the mechanical stimuli experienced by cells.
Also this point needs to be further investigated.

2.3.4 Mechanical properties of in vitro cultured silk scaffolds

Compressive mechanical tests were performed on unseeded and ASCs/silk
scaffolds in wet states after 28 days of culture. As previously mentioned, con-
struct mechanical properties before implantation are indeed crucial to sustain
physiological loads and tissue regeneration in vivo.

All samples exhibited sponge-like behavior. As shown in figure 3.9, no sig-
nificant differences were detected among unseeded scaffolds in different culture
conditions (p > 0.05). Culture of ASCs led to a significant increase of Young’s
modulus when compared to empty sponges regardless the culture condition.
ASCs/silk scaffolds cultured in chondrogenic medium under static condition
achieved the significantly highest Young’s modulus among all the groups. Fur-
thermore, there are no significant differences between those cultured in growth
medium and in chondrogenic medium under rotation culture.
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Figure 2.7: Compressive Young’s modulus of unseeded and ASCs-seeded silk
scaffolds under different culture conditions. The compression test was per-
formed after 28 days of culture in growth medium under static condition (GMS)
or rotation condition (GMR) and chondrogenic medium under static condition
(CMS) or rotation condition (CMR). & p < 0.05 vs. empty scaffolds; * p <0.05
vs. GMS group; $ p < 0.05 vs. GMR group; ^ p < 0.05 vs. CMS group.
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Compressive moduli of ASCs/silk scaffold constructs increased after 4 weeks
of culture because of new ECM deposition. DMMB assay, histological anal-
ysis and immunofluorescence indicated a significantly higher amount of GAG
and collagen type II in the scaffolds when ASCs were cultured in static condi-
tions with chondrogenic media and this corresponded to the highest increase
of Young’s modulus.

2.3.5 In vivo repair of chondral defects

To evaluate their potential for cartilage regeneration in vivo, ASCs/silk
scaffold constructs were implanted in rat xiphoid defects after 28 days of cul-
ture with chondrogenic medium in static or rotation conditions. Empty de-
fects, unseeded silk scaffolds and autografts were used as negative and positive
controls, respectively.

No spontaneous neo-cartilage formation was observed in empty defects,
as shown in the corresponding EPIC �CT images which exhibited a yellow
color in the implantation site (figure 2.8, A). Negative safranin-O staining
also confirmed that fibrous tissue filled the defect area (figure 2.8 F, K). Silk
scaffolds integrated well in the implantation area with tight binding to the
surrounding cartilage (figure 2.8, G, H, I), while fibrous tissue filled the zone
between the inserted autografts and the surrounding cartilage (figure 2.8, J).
Defects implanted with empty silk scaffolds showed little green staining on a
yellow background indicating a very low amount of cartilage formation (figure
2.8, B). No evident positive safranin-O staining was observed (figure 2.8, L).
In contrast, a significant amount of green staining was noticed in EPIC �CT
images of defects where ASCs/silk scaffold constructs cultured in chondrogenic
medium under both static (figure 2.8, C) and rotation conditions (figure 2.8,
D) were implanted. Positive safranin-O staining also indicated neo-cartilage
formation (figure 2.8, M, N). Autograft implants displayed identical staining
and morphology as the surrounding original cartilage tissue except for the area
in between, which showed negative Safranin-O staining in correspondence of
fibrous tissue (figure 2.8, E, O).
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Figure 2.8: EPIC-�CT and histological analysis of repaired xiphoids 8 weeks
post surgery. The xiphoid samples were first processed for EPIC- �CT scan-
ning. Areas with low proteoglycan content were colored in yellow whereas areas
with high proteoglycan content were colored in green in the 3D reconstructed
images (A-E, scale bar = 1.0 mm). Then, samples were sectioned and sub-
jected to H&E (F-J, objective 4x) and safranin-O/fast green staining (K-O,
objective 40x, red represents areas rich in proteoglycan). Asterisks indicate
original cartilage while arrows indicate neo-cartilage.
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Quantitative results are shown in figure 2.9. �CT-based quantification
of neo-cartilage formation indicated a significantly higher cartilage volume in
xiphoid defects where CMS constructs, CMR constructs and autografts were
implanted. In addition, no significant differences were observed when unseeded
scaffolds were employed with respect to the empty defect control group.

Despite the lower histology score, neo-cartilage volume in CMR group was
similar to the volume measured when only silk scaffolds were implanted. In-
stead, CMS groups showed a significantly higher cartilage volume and a lower
histology score compared to empty scaffolds and CMR construct groups, in-
dicating more neo-cartilage formation. The highest neo-cartilage volume was
observed in the positive control group. Autografts also had the lowest cumu-
lative histology score (0.5 ± 0.1), indicating that the new tissue was similar to
original cartilage.

In this study, the better outcomes in vitro in terms of ASCs chondrogenesis,
new ECM deposition and mechanical property improvement were obtained
when chondrogenic media and static culture conditions were employed. Similar
results were assessed in vivo: with the exception of the positive controls, CMS
groups induced the greatest formation of new cartilage, corresponding to the
lowest histological score. However, it has to be noticed that safranin-O staining
of both in vitro and in vivo constructs was much weaker and less homogeneous
than in the case of native cartilage. This indicates a relative immature stage of
the new chondral tissue. It has been shown that an excellent chondrogenesis of
MSCs can be achieved after 8-12 weeks of in vitro culture [103]; furthermore,
a higher quality of new cartilage has been obtained after 12 weeks of in vivo
implantation of MSCs/3D scaffolds [104]. Therefore, in our study, neo-cartilage
maturity may be improved prolonging the in vitro culture and/or the in vivo
implantation.

In addition, it has been demonstrated that the differentiation ability of
MSCs is dependent on cell seeding density [94]. Our results revealed a limited
proliferation of ASCs when cultured in chondrogenic medium, causing a rel-
atively low cell density in the silk scaffolds. Hence, an increase of the initial
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Figure 2.9: Histomorphometric evaluation of neo-cartilage formation in the de-
fect areas by EPIC-�CT and histological analyses of various ASCs/silk scaffold
constructs 8 weeks after implantation in rat xiphoid cartilage defects. Empty
scaffolds and ASCs-seeded silk scaffolds were pre-cultured for 28 days in chon-
drogenic medium under static condition (CMS) or rotation condition (CMR).
* p <0.05 vs. negative control; # p < 0.05 vs. empty scaffolds; $ p < 0.05 vs.
CMS constructs and ^ p < 0.05 vs. CMR constructs.
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seeding density of ASCs may be an advantage to improve neo-formed carti-
lage properties. Finally, the formulation of the chondrogenic medium may be
refined, for instance including BMP-6 to enhance ASCs differentiation [105].

2.4 Conclusions

In this study, the potential of combining 3D silk scaffolds and adipose-
derived stem cells for cartilage tissue engineering was evaluated, in the per-
spective to employ this system in a multicomponent scaffold for osteochondral
regeneration. Results demonstrated that highly porous silk fibroin sponges
produced by salt leaching can support chondrogenesis of ASCs. The highest
levels of chondrogenic gene expression, GAG and collagen type II production
and increase of compressive Young’s modulus were achieved when constructs
were cultured for 28 days in chondrogenic medium and in static conditions.
ASCs/silk scaffolds also supported in vivo neo-cartilage formation in rat criti-
cal size xiphoid defects after 8 weeks. Also in this case, the best outcomes in
terms of new tissue volume and quality were obtained when static conditions
and chondrogenic medium were employed during pre-culture.

Nevertheless, further experiments are needed to improve the homogeneity
of neo-cartilage in vivo, for instance refining the formulation of chondrogenic
media, prolonging pre-culture duration, increasing ASCs seeding density and
optimizing hydrodynamic stimulations. However, this study established that
adipose-derived stem cells can be potentially used with silk fibroin scaffolds for
cartilage tissue engineering.
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Chapter 3

Silk fibroin/hyaluronic acid 3D
matrices for cartilage tissue
engineering

3.1 Introduction

This chapter concerns the modification of silk fibroin sponges fabricated
by salt leaching to improve scaffold characteristics for cartilage repair. To this
purpose, hyaluronic acid (HA) was conjugated to silk fibroin (SF), in order
to exploit its properties for chondral regeneration, as briefly mentioned in the
previous paragraphs.

Hyaluronic acid is a natural polysaccharide physiologically present in car-
tilage ECM. It consists of disaccharide subunits of glucuronic acid and N-
acetylglucosamine and its molecular weight varies from 106 to 107 Dalton,
depending on the tissue source. HA has several distinct molecular functions
during tissue formation or remodeling: it contributes to tissue homeostasis
and biomechanics, gives structural integrity to extracellular and pericellular
matrix and influences cell behavior through the interaction with specific sur-
face receptors [106]. In particular, hyaluronic acid can provide a hydrated,
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fluid pericellular matrix which facilitates cell mitosis and allows cell invasion
through the ECM. In this way, other matrix components can assembly near cell
membrane and growth factors can be presented to cells without interference
from the structured fibrous ECM found in fully differentiated tissues. In case
of cartilage, besides these functions, hyaluronic acid directly contributes to the
structural and mechanical properties of the tissue, as described in paragraph
1.2 [106]. In fact, the ability of HA to retain a large amount of water gives
cartilage its peculiar biomechanical properties and viscoelasticity.

HA has two mechanisms of tethering to cells: first, through its specific
receptor, CD44; second, thanks to the transmembrane interaction of “nascent”
HA molecules with the enzyme hyaluronan synthase during the process of
extrusion (figure 3.1). In particular, HA synthesis by cells has a peak during
mitosis, because hyaluronic acid can help cell detachment from its substratum,
which is also a necessary step during migration. When cell - hyaluronic acid
interaction involves CD44 receptors, it usually causes the rearrangement of
cytoskeletal elements, especially during cell proliferation, motility and invasion.
Finally, another hyaluronan-binding protein is RHAMM, whose interaction
with HA starts a signaling pathway for the initiation of locomotion [106].

Hyaluronic acid has an important role also during embryonic development,
in particular during limb formation. In fact, the differentiation of condensed
limb mesoderm to cartilage is accompanied by an extensive formation of HA-
enriched pericellular matrices, with a concentration of proteoglycans that is
much higher than in the matrices surrounding mesodermal cells before cartilage
formation [106].

The process of angiogenesis is also affected by hyaluronic acid, but HA
effect depends on its molecular weight. High molecular weight HA has been
shown to have anti-angiogenetic properties, while short fragments of hyaluronic
acid (4-25 disaccharide units) increased the proliferation, migration and sprout
formation of endothelial cells in several in vivo studies [107, 108, 109].

In cartilage tissue engineering applications, hyaluronan has been shown to
modulate chondrocyte behavior preserving their phenotype, which is one of
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Figure 3.1: Models of HA-dependent pericellular matrix. Hyaluronan is teth-
ered to cell surface by multivalent interactions with CD44 (a) or by a trans-
membrane retention of hyaluronan synthase on the cytoplasmic side of cells
(b) [106].
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the main issues in culturing cartilage cells (paragraph 1.4.3) [88]. It has been
combined with chitosan [89, 90], PdlLA [88] and collagen [91, 92], determining
an increase of the production of cartilaginous extracellular matrix and chon-
drogenesis.

The use of silk fibroin and hyaluronic acid blends has been recently explored
in tissue engineering showing great potential. SF/HA freeze-dried sponges were
prepared and cross-linked with EDC for in vitro culture of neural cells, which
maintained their phenotype after 5 days of culture [110]. SF/HA scaffolds
produced by freeze-drying were also employed for MSC culture, leading to a
higher deposition of collagen I and III with respect to a pure fibroin scaffold
[93, 111]. Other applications include SF/HA hydrogels produced by ultrasoni-
cation [112] and cardiac patches synthesized starting from microparticles of silk
fibroin/hyaluronan and cross-linked by genipin, a natural cross-linking agent
for biopolymers containing amine groups [113]. Genipin is extracted from the
Gardenia fruit and reacts with different kinetics with both primary and sec-
ondary amines, present on silk fibroin and hyaluronic acid respectively. More-
over, it is considered to be biocompatible and possesses weak anti-inflammatory
properties [114, 115]. Genipin has been successfully used to cross-link silk fi-
broin [116], chitosan-fibroin [27] and collagen type II-chitosan-hyaluronic acid
[117].

In our study silk fibroin/hyaluronic acid scaffolds at different HA content
were produced for the first time by using the salt leaching technique to obtain
a more interconnected and controlled porosity with respect to freeze-drying.
High molecular weight hyaluronic acid was used (2 MDa), to avoid any po-
tential damaging angiogenetic stimulation in vivo. The process has been con-
ducted in an aqueous environment and to avoid a significant loss of HA, silk
fibroin and hyaluronic acid were cross-linked by genipin. Then, a systematic
study was performed to assess how scaffold properties can be modulated by
HA addition and cross-linking. The stability of the system and hyaluronan
distribution in the sponges were also evaluated in a qualitative and a quanti-
tative way. To these purposes, SF/HA scaffolds were characterized in terms
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of morphology, silk fibroin conformation, water content, porosity, cross-linking
degree and mechanical properties. Wettability properties were also evaluated
on films produced by casting the same aqueous solution used for sponge prepa-
ration. Films were used as a bidimensional model system to better understand
silk fibroin/hyaluronic acid interaction and how it is modified by cross-linking
without the additional complexity of the salt leaching process and the 3D
structure. To evaluate HA content and distribution in the scaffolds with and
without cross-linking, hyaluronic acid was conjugated to a fluoresceinamine
and the scaffolds were then observed with a confocal laser microscope.

3.2 Materials and methods

3.2.1 Scaffold production

Silk fibroin/hyaluronic acid sponges were produced using the salt leaching
technique previously described. A 7-8% w/V fibroin solution was obtained as
indicated in the paragraph 2.2.1, then NaCl with a grain diameter range of
425-1180 �m was added to this solution to induce protein gelation according
to the previous protocol. SF/HA scaffolds were prepared in the same way,
dissolving in the silk fibroin solution 1, 2 and 5% by wt. of HA referred to the
total protein weight (sample codes: HA1, HA2, HA5). Cross-linked SF and
SF/HA materials were prepared by adding 0.5% by wt. of genipin (sample
codes: SFgen and HA1gen, HA2gen, HA5gen) to the above solutions. From
the same solutions without salt and with or without genipin, SF/HA films were
also casted. In this case, 7 ml of each aqueous solution were poured in a 60
mm Petri dish kept under a hood at room temperature till solvent evaporation.
The resulting films were stabilized in water vapor for 24 hours and finally dried
at room temperature.
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3.2.2 Scaffold characterization

3.2.2.1 Environmental Scanning Electron Microscopy

The morphology of the unmodified and cross-linked SF/HA sponges was
evaluated using an ESEM (Environmental Scanning Electron Microscope) XL
30 (Fei Company). Sponges were completely dried at room temperature and
images were collected in low vacuum mode (from 0.6 to 0.8 Torr) with a voltage
range between 10 kV and 14 kV.

3.2.2.2 Fourier Transform Infrared Spectroscopy

Silk fibroin structure in the SF/HA sponges and films was evaluated by
FTIR - ATR (Fourier Transform InfraRed – Attenuate Total Reflectance, Spec-
trum One Perkin Elmer, US). Spectra were collected from 4000 cm-1 to 600
cm-1 as the mean of 16 scans.

3.2.2.3 Porosity

The open porosity of the SF/HA sponges was quantitatively evaluated
using the principle of liquid displacement. Hexane (n-Hexane, Sigma Aldrich,
US) was used because it fills the pores of the submerged fibroin/hyaluronic acid
scaffolds without swelling. Each scaffold was immersed in a known volume of
hexane, V1, in a graduate cylinder for 10 minutes, and the volume V2 of the
hexane with the sponge was measured. The sponge was then removed and the
residual volume of hexane V3 was registered.

The porosity was calculated from the following equation:

ε(%)=
V1 − V3

V2 − V3
× 100

3.2.2.4 Cross-linking degree

The degree of cross-linking of the SF/HA materials was evaluated using 2
different methods. The first method used the reaction with ninhydrin of the
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free amino groups (both primary and secondary) remained after cross-linking
of the blend materials. That reaction occurs with the production of purple
products whose amount detected by a spectrophotometer at 570 nm can be
related to the amount of the reacted groups [118]. Sponges of SF/HA or pure
fibroin, with or without cross-linking with genipin, were frozen at -20°C and
lyophilized for 24 hours. 15 mg of each sample were incubated in 5 ml of
0.35% w/V ninhydrin (Sigma Aldrich, US) in ethanol (96%, Sigma Aldrich,
US) for 1 hour at 90°C under mild stirring. 5 ml of this solution without sample
were also incubated in the same conditions as a blank. After cooling at room
temperature in a cold water bath, absorbance at 570 nm was measured using
a microplate reader (Multiskan EX, Thermo Scientific, US) and normalized by
subtracting the absorbance of the blank at the same wavelength. For films, 30
mg of material were incubated in 3 ml of ninhydrin solution at 0.35% w/V in
ethanol (96%, Sigma-Aldrich, US) for 1 hour at 90°C under mild stirring. Also
in this case, 3 ml of ninhydrin solution were incubated in the same conditions
as a blank. Cross-linking degree CD was calculated as follows:

CD(%) =
NHwithout −NHwith

NHwithout
× 100

where NHwithout and NHwith are the amounts of free amino groups in the
uncross-linked sponge and the free amino groups in the sponge cross-linked
with genipin, respectively. Glycine (Sigma Aldrich, US) was used to set up
a calibration curve using known concentrations as standards to correlate ab-
sorbance at 570 nm to the number of free amino groups that participate in the
reaction. In the second method, the molecular weight of the chains between
two cross-linking points, Mc, was determined by applying the rubber-elasticity
theory for hydrogels [119, 120, 121]. According to theory, Mc can be determined
testing hydrogels in a tensile configuration in the range of small deformations
(less than 1%), known the density and the swelling degree of the materials.
The used model will be discussed in paragraph 3.3.3. Densities were measured
with a hydrostatic balance and hexane (n-Hexane, Sigma Aldrich, US) as liq-
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uid according to Archimedes’ principle. Tensile properties were measured as
reported in paragraph 3.2.2.7.

3.2.2.5 Water content

For water content, the weight of each sponge was measured in the dry state
(Mdry) after lyophilization. The scaffolds were then soaked drop by drop with
Milli-Q water, allowing the water to be slowly absorbed and thus avoiding
the formation of air bubbles inside the porous structure. The sponges were
considered completely wet when their weight did not change after the addition
of a drop and the remotion of the water in excess. Their weight was measured
(Mwet) and the weight percentage of the absorbed water referred to the total
weight of the wet scaffold was calculated as:

W (%) =
Mwet −Mdry

Mwet
× 100

3.2.2.6 Wettability properties

Wettability of the silk fibroin/hyaluronic acid materials was evaluated by
measuring air-water contact angles on films prepared by solvent casting as
described above. Sessile drop measurements were performed using a self-
developed goniometer. A 3 �l drop of MilliQ grade water was gently deposited
on the sample and immediately acquired by a digital camera to avoid adsorp-
tion. The resulting image was successively analyzed using imageJ 1.43 software
and the contact angle was calculated applying spherical approximation. Each
value was obtained as the mean of 20 measures carried out on each film.

3.2.2.7 Mechanical properties

The compressive mechanical properties of the SF/HA and the pure fibroin
sponges with or without cross-linking were measured using a Bose universal
testing machine model ElectroForce3200, equipped with a 225 N load cell.
Tests were performed on wet discs with a diameter of 12 mm and a variable
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height between 3 mm and 4 mm, depending on the sample. Elastic moduli
were calculated according to ASTM D 1621-04a, under displacement control
in uniaxial ramp condition at a strain rate of 1.2 mm/min at room temperature
(50% Relative Humidity, RH). Wet SF/HA and pure fibroin films produced by
solvent casting were tested under tension by using a universal testing machine
Instron 4502 at 0.5 mm/min of elongation rate in environmental conditions
(23°C, 50% RH). Samples had a length of 50 mm and a width of 5 mm with a
variable thickness from 0.2 mm to 0.4 mm, depending on the cast film. Elastic
moduli were calculated according to ISO 527-1/2:1993.

3.2.2.8 Hyaluronic acid mapping and quantification

Fluoresceinamine was conjugated to hyaluronan (flHA) using a method
modified by de Belder and Wik [122] and Hua et al. [124], which employed an
Ugi reaction for the synthesis. The fluoresceinamine can bind to the carboxyl
group of the D-glucuronic acid in the disaccharide units, letting the secondary
amine in the N-acetyl-D-glucosamine be still potentially able to bind to genipin
in the cross-linking reaction. 50 mg of hyaluronan were dissolved overnight
in 40 ml of distilled water and then mixed with 15 ml of dimethyl sulfox-
ide (DMSO, Sigma Aldrich, US). 25 mg of fluoresceinamine isomer I (Sigma
Aldrich, US) were dissolved in a solution of 5 ml of DMSO, 25 �l of acetalde-
hyde (Sigma Aldrich, US) and 25 �l of cyclohexyl isocyanide (Sigma Aldrich,
US) and then added to the solution with HA. The reaction was performed at
room temperature for 5 hours under mild stirring. The resulting solution was
then dialyzed against distilled water to separate free fluoresceinamine molecules
and other reagents using a Slide-A-Lyzer dialysis cassette (2000 Da MWCO,
Pierce, US). Finally, the flHA solution was dried in a rotavap at 40°C to obtain
a powder, which was further freeze-dried to remove completely the remaining
water. SF/HA sponges (with and without cross-linking) were produced using
the flHA powder following the same protocol explained above. The scaffolds
were then observed with a confocal laser microscope (Nikon Eclipse Ti-E). The
scaffolds with fluorescent HA were also used to quantify HA content: sponges
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were cut in 6-mm disks, weighted and digested in a solution of Proteinase K
(Qiagen, US) at 1 mg/ml in PBE buffer (10mM EDTA in PBS) for 48 hours at
55°C. The fluorescence of the resulting solutions was quantified using a spec-
trofluorimeter (Tecan Infinite M200 Pro) using an excitation wavelength of
494 nm and collecting the emission at 521 nm. To correlate fluorescence to the
amount of HA in the samples, a calibration curve was set up using solutions
of flHA at known concentrations.

3.2.2.9 Statistical analysis

Water uptake, porosity, cross-linking degree and mechanical properties were
measured on N = 3 samples. All results were expressed as the mean ± standard
error of the mean and analyzed using a statistical software (GraphPad Prism
5.0, GraphPad Software). To determine the statistical significance of differ-
ences among the results before and after cross-linking or at different hyaluronic
acid contents, two-way or one-way ANOVA test was performed (if the interac-
tion term was significant). Equality of variances was verified before applying
the tests. Significance was assigned at p-values less than 0.05.

3.3 Results and discussion

3.3.1 Environmental Scanning Electron Microscopy

The micrographs of sponges are shown in figure 3.2. All morphologies were
characterized by a high and interconnected porosity with a pore diameter rang-
ing from about 100 �m up to about 500 �m, in a size range that is considered
to be optimal for bone or cartilage tissue engineering [125]. The surface of
the sponges showed small fibrillar structures and microporosity, which may
improve cellular adhesion and solute flow inside the scaffold [12]. At all con-
centrations of hyaluronic acid, there were no significant differences between the
structures of the unmodified and the cross-linked sponges.
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Figure 3.2: ESEM images of the SF/HA sponges with 1% wHA/wSF, 2%
wHA/wSF and 5% wHA/wSF, before (A, C, E) and after (B, D, F) cross-linking
respectively. Images were collected in low vacuum (from 0.6 to 0.8 Torr) with
a voltage range between 10 kV and 14 kV.
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Figure 3.3: IR spectra of the silk fibroin/hyaluronic acid sponges at 2%
wHA/wSF, with and without cross-linking by genipin.

3.3.2 Fourier Transform Infrared Spectroscopy

FTIR was used to evaluate the structure of silk fibroin in SF/HA and pure
silk fibroin sponges. The collected spectra exhibited no significant differences
among sponges; in figure 3.4, the spectrum of the HA2 sample is shown as
example.

In all scaffolds, the primary and the secondary amide peaks were at 1621-
1622 cm-1 and 1513-1515 cm-1 respectively, and the tertiary amide peak was
present as a shoulder at 1258-1260 cm-1. This indicated the formation of stable
β-sheet structures in the silk fibroin molecules [126]. The broadness of the peak
at about 1060-1070 cm-1 (range varied from 1063 to 1067 cm-1 among different
spectra) indicated however that random coil structures were still present in the
protein. Moreover, there were no significant differences in the spectra with or
without the cross-linking. This may be due to the predominance of the NaCl
contribution to the silk fibroin stabilization when compared to the effect of
hyaluronic acid and genipin.

At the concentrations used for sponge preparation, silk fibroin bands hid all
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the main infrared bands of the hyaluronic acid [127] (free carboxylic, COOH:
1736 cm-1, 1230 cm-1; carboxylate, COO: 1610 cm-1, 1410 cm-1; monosubsti-
tuted amide: 1648 cm-1, 1560 cm-1, 1315 cm-1; associated methyl group: 1375
cm-1; C-O stretching and C-O-H bending: 1000-1200 cm-1). Therefore, FTIR
measurements were incapable of detecting the presence of the water soluble
hyaluronic acid in the blends after washing, neither the effectiveness of the
cross-linking reaction.

IR spectra were also collected for the SF/HA films with and without cross-
linking. Measurements were performed after casting, after stabilization in wa-
ter vapor for the uncross-linked materials and after washing in distilled water
for 3 days, in order to assess the effect of the single steps of preparation on
the structure of fibroin. Wavenumbers of the primary, secondary and tertiary
amides and the peak around 1050-1080 cm-1 are reported in figure 3.4. Pure
silk fibroin film after casting showed both β-sheet and α-helix/random struc-
tures: the primary amide at 1635 cm-1 and the peak at 1056 cm-1 were in fact
due to the α-helix/random conformation of SF, while the secondary amide at
1515 cm-1 and the presence of the tertiary amide at 1259 cm-1 indicated β-
sheet structures. Stabilization in water vapor induced the shift of the primary
amide and the 1050-1080 cm-1 peak towards wavenumbers corresponding to
stable crystalline structures (1620 cm-1 and 1070 cm-1 respectively). However,
the broad shape of the latter peak indicated the persistency of random coil
conformation.

An analogous spectrum was collected for the cross-linked silk fibroin film
after casting and washing did not significantly change peak wavenumbers: the
wavenumbers of primary and secondary amides, the presence of the tertiary
amide and the position and shape of the peak at about 1070 cm-1 indicated
the formation of stable crystalline structures after casting with some resid-
ual random coil. This means that the cross-linker caused the formation of
crystalline structures and stabilization of fibroin, as previously reported in lit-
erature [128]. In all the spectra of the films with hyaluronic acid regardless
cross-linking, β-sheet crystalline structures were detected before stabilization



90 CHAPTER 3. HYALURONIC ACID AND SILK FIBROIN

Figure 3.4: Wavenumbers (cm-1) of the characteristic IR peaks of silk fibroin
(amide I, amide II, amide III and 1050-1080 cm-1 peak) measured for the
SF/HA films with and without cross-linking by genipin (CL and no CL re-
spectively): spectra were collected after casting, after stabilization in water
vapor (for unmodified materials) and after washing in distilled water for 3
days.
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(amide I at 1618-1620 cm-1, amide II at 1513-1515 cm-1, amide III at 1258-
1260 cm-1, peak around 1070 cm-1). In the unmodified materials, there is
an effect of the interaction among silk fibroin and hyaluronic acid molecules,
which have been known as an inducer of crystallization of the protein through
a mechanism previously reported in literature [93]. This process may involve
the effect of the carboxylic group of the HA, which is capable to induce silk
fibroin crystallization and/or the removal of water molecules from silk fibroin;
in this case, HA acts similarly to sericin during the natural spinning of the silk
[68]. Stabilization and washing did not determine any changes in the infrared
spectra of the SF/HA films.

FTIR spectra showed that in both SF/HA sponges and films silk fibroin has
a β-sheet crystalline conformation with some residual random coil structures.
In the absence of NaCl, hyaluronic acid and genipin are both able to induce
fibroin stabilization in the films produced by solvent casting.

3.3.3 Cross-linking degree

To evaluate the cross-linking degree of the SF/HA and pure fibroin mate-
rials, two different strategies were explored: first, the ninhydrin test was used
to evaluate the percentage of amino groups involved in the cross-linking re-
action during sponge preparation; secondly, the molecular weight Mc between
two cross-links was calculated for the SF/HA films using the rubber elasticity
theory, in order to estimate the molecular arrangement in the material to a
first approximation. We decided to perform this analysis on SF/HA films in-
stead of sponges, because materials need to be tested in a tensile configuration;
moreover, the porosity of the sponges increases the complexity of the system
and therefore the results would be dependent also on the structure of the scaf-
folds. Films were also tested with ninhydrin to confirm the results obtained
for Mc, compare them with the sponges and therefore assess the influence of
different preparations on the cross-linking process. According to the rubber
elasticity theory [119, 120, 121], effective cross-link density νe and the molar
mass between cross-links Mc can be obtained from the following equations:
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Figure 3.5: Density of pure fibroin and SF/HA films with 1% wHA/wSF, 2%
wHA/wSF and 5% wHA/wSF before and after cross-linking by genipin.

νe =
Eφ−1/3

2

3RT

and

Mc =
ρ

νe

where E is the Young’s modulus measured in a tensile configuration, R is
the gas constant (8.1344 J ·K−1 ·mol−1), T is the temperature in Kelvin and
ρ is the density of the material. Φ2 is the volume fraction of polymer in the
film, defined as:

φ2 =
Mdry/ρ

Mdry/ρ+ (Mwet −Mdry)/ρH2O

where Mdry and Mwet are respectively the weight of each film in dry state
and after 24 hours in distilled water. ρH2O is the density of water at the
measurement temperature. Results are shown in figure 3.6 (A): to simplify,
1/Mc is plotted, since it is directly proportional to the material cross-linking
degree.

A significant decrease of 1/Mc could be observed in the material with 5%
of hyaluronic acid: at higher hyaluronic acid content, the HA molecules may
prevent the formation of bonds among silk fibroin chains and this led to an
increment of the molecular weight between the cross-links. This is compatible



3.3. RESULTS AND DISCUSSION 93

Figure 3.6: Cross-linking degree of SF/HA and pure fibroin films defined as
1/Mc, where Mc is the molecular weight of the polymer between cross-links
calculated from the rubber-elasticity theory applied for hydrogels in the range
of small deformations (A). Cross-linking degree defined as the percentage of
amino groups which participated in the cross-linking reaction measured on the
SF/HA films (B) and sponges (C) with the ninhydrin test. # p < 0.05 vs
control w/o hyaluronic acid, * p < 0.05 vs HA1gen, & p < 0.05 vs HA2gen.
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with the results obtained for the cross-linking degree measured on the SF/HA
films using the ninhydrin test and reported in figure 3.6 (B). In the material
with 5% wHA/wSF, there was a significant decrease in the number of amino
groups involved in the cross-linking reaction when compared to the pure fibroin
film and the films at lower hyaluronic acid content. This corresponded to fewer
cross-linking points and therefore bigger polymer chains among cross-links.

Results of the ninhydrin test on the SF/HA sponges are reported in figure
3.6 (C): the degree of cross-linking was significantly lower (about 50%) in the
scaffolds with hyaluronic acid with no differences related to the HA content.
In this case, the effect of hyaluronic acid on the cross-linking was important
also at lower concentrations: this may be due to the different kinetics of fi-
broin stabilization, which was not only induced by the cross-linker, but also
by the salting-out effect exploited for sponge preparation. In fact, during film
casting, stabilization takes place because of the cross-linking reaction and so
the kinetics of both reactions are the same; instead, during sponge production,
the gelation of silk fibroin starts immediately after the addition of the salt and
before the reaction of genipin, which is much slower. Therefore, the formation
of β-sheet structures before cross-linking may decrease the availability of re-
action sites, which are hidden not only by hyaluronic acid molecules, but also
in the crystalline structures. As a consequence, the degree of cross-linking in
the SF/HA sponges was about 50-60% less than in the corresponding SF/HA
films. It may be expected that the differences among the cross-linking de-
grees measured with the ninhydrin test corresponded to similar variations of
Mc also in the SF/HA sponges, even if it could not be verified experimentally
because of technical difficulties in performing tensile tests on sponges and ob-
taining reliable results. This hypothesis is supported by the great accordance
of the results obtained for the SF/HA films, which showed similar trends in
both the measurements: a decrease of about 50% in 1/Mc in the film HA5gen
corresponded indeed to a decrease of about 40% in the cross-linking degree
measured with the ninhydrin test.
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Figure 3.7: Porosity of the uncross-linked and cross-linked SF/HA and pure
fibroin sponges with 1% wHA/wSF, 2% wHA/wSF and 5% wHA/wSF. $ p <
0.05 vs corresponding uncross-linked material.

3.3.4 Porosity

The porosity of a scaffold for cartilage tissue engineering is a key property
to obtain a physiological cell 3D distribution for a functional organization of
the new ECM produced by cells and effective supply of nutrients and waste
removal during the in vitro culture. The porosity of the SF/HA and pure
fibroin sponges was measured by the method of liquid displacement and the
results are reported in figure 3.7.

There were no statistical differences in the porosity among the SF/HA
sponges at different hyaluronic acid contents or before and after cross-linking.
Instead, cross-linking determined a significant decrease in the porosity of the
pure fibroin sponges. This may be due to the higher cross-linking degree of the
SF sponges with respect to the scaffolds with hyaluronic acid, which can make
the pores smaller. For each sponge, porosity is high and over 80%. Porosity
greater than 70% is recommended for a scaffold for cartilage regeneration to
allow an ECM distribution similar to the physiological tissue [6].

3.3.5 Wettability properties

The influence of the addition of hyaluronic acid and the cross-linking by
genipin on the wettability properties of the silk fibroin/hyaluronic acid ma-
terials was evaluated measuring air-water static contact angle on the SF/HA
and pure fibroin films prepared by solvent casting. Results are summarized in
figure 3.8 (A).
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Figure 3.8: Contact angle (A) measured by a static sessile drop method on
cross-linked and uncross-linked films obtained by solvent casting from the aque-
ous pure fibroin SF or SF/HA solutions at 1% wHA/wSF, 2% wHA/wSF and
5% wHA/wSF with or without genipin. Optical images of the surface of the
films at 5% wHA/wSF before (B) and after (C) cross-linking. $ p < 0.05 vs
corresponding uncross-linked material, # p < 0.05 vs corresponding control, °
p < 0.05 vs HA1, % p < 0.05 vs HA2, * p < 0.05 vs HA1gen, & p < 0.05 vs
HA2gen.
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In the unmodified materials, there was a significant decrease of contact an-
gle increasing the concentration of hyaluronic acid. This increase in material
hydrophilicity was caused by the higher hydrophilicity of hyaluronic acid with
respect to silk fibroin molecules, which have large hydrophobic regions in cor-
respondence to β-sheet structures. The addition of hyaluronic acid caused a
decrease of the static contact angle also in the cross-linked materials, but in this
case it was not proportional to the HA content. Moreover, at all hyaluronic
acid concentrations, the cross-linked film had a significantly higher contact
angle respect to the corresponding unmodified material.

This can be explained observing the optical images of the surface of the
SF/HA films: in figure 3.8 the images of the film at 5% wHA/wSF with-
out or with genipin (B and C respectively) are shown as example. In the
uncross-linked material, a phase separation between hyaluronic acid and silk
fibroin occurred, while the cross-linking process made the surface more homo-
geneous. This reduced the contribution of hyaluronic acid to the increment of
hydrophilicity: its behavior was mediated by fibroin hydrophobicity, since the
two components were more interspersed. The higher dispersion of the contact
angle measurements for the SF/HA films without genipin is also an indication
of the phase separation that occurred in the uncross-linked materials. Indeed,
standard deviations are about doubled when compared to the standard de-
viations obtained from the cross-linked films, indicating a lower homogeneity
of the material. Interestingly, hyaluronic acid appears to act again as sericin
during the silk spinning process: as reported in [68], sericin is much more hy-
drophilic than fibroin and this leads to the segregation of silk fibroin molecules
in the glands of Bombyx mori before spinning. This may happen also in the
silk fibroin/hyaluronic acid materials where hyaluronan can cause fibroin sep-
aration because of its hydrophilicity, unless genipin prevents this phenomenon
creating cross-linking points among molecules. In confirmation of this hypoth-
esis, a phase separation also occurred when silk fibroin was blended with the
hydrophilic polyethylene oxide to produce films by solvent casting [123].
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3.3.6 Water content and mechanical properties

Water content and Young’s modulus were measured for pure fibroin and
SF/HA materials, both films and sponges. Results are reported in figure 3.9
and 3.10 respectively.

Uncross-linked SF/HA films showed no differences in the tensile Young’s
modulus when compared to the pure SF film and regardless the initial content
of hyaluronic acid. The cross-linking reaction determined a significant increase
of rigidity in all materials but the HA5gen film. Moreover, the Young’s modulus
of the cross-linked film with 5% wHA/wSF was significantly lower than the
moduli of the cross-linked films at different HA content. Results are consistent
with the previous findings about Mc: at higher hyaluronic acid content, the
cross-linking degree is lower and therefore the material is less rigid.

Water content measurements for the uncross-linked films showed a signifi-
cant increase in the material with 5% wHA/wSF, due to its higher hydrophilicity
shown by the contact angle measurements. In the cross-linked materials, there
were no significant differences among the water contents of the SF/HA films
and the pure SF control material. This may be due to the lower decrease
of static contact angle in the SF/HA cross-linked films than in the unmodi-
fied films; this was determined by the prevention of the separation between
silk fibroin and HA, as shown above. In the SF/HA sponges, the addition of
hyaluronic acid induced a significant decrease of water content either with or
without cross-linking by genipin. In particular, in the cross-linked materials
the reduction was greater at higher HA content.

In general, a decrease in water content of a sponge can be induced by an in-
crease of material rigidity, a decrease of material hydrophilicity and a decrease
of the porosity of the sponge structure. Since the porosity of our scaffolds is
more than 80%, porosity can be considered the most affecting property to de-
termine the water uptake of the scaffolds. Moreover, water can be entrapped
in pores or absorbed by pore walls; in the first case, a decrease in pore volume
due to HA addition could determine water uptake results, but no changes in
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Figure 3.9: Water content (A) and Young’s moduli (B) of the uncross-linked
and cross-linked SF/HA films with 1% wHA/wSF, 2% wHA/wSF and 5%
wHA/wSF compared to the materials without hyaluronic acid (SF). $ p < 0.05
vs corresponding uncross-linked material, # p < 0.05 vs corresponding control,
° p < 0.05 vs HA1, % p < 0.05 vs HA2, * p < 0.05 vs HA1gen, & p < 0.05 vs
HA2gen.
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Figure 3.10: Water content (A) and Young’s moduli (B) of the uncross-linked
and cross-linked SF/HA sponges with 1% wHA/wSF, 2% wHA/wSF and 5%
wHA/wSF compared to the materials without hyaluronic acid (SF). $ p < 0.05
vs corresponding uncross-linked material, # p < 0.05 vs corresponding control,
° p < 0.05 vs HA1, % p < 0.05 vs HA2, * p < 0.05 vs HA1gen, & p < 0.05 vs
HA2gen.
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porosity were detected in SF/HA sponges using hexane porosimetry; it has
to be noticed that, however, porosity was measured on a dry sample. When
soaked in water, the sponge can swell and expand and therefore pore volume
increases; this increment may be lower after hyaluronic acid addition, because
pore walls may be unable to expand as much as in the case of a pure silk fibroin
sponge. This lack of expansion may be determined by several factors, such as
different microporosity of the pore wall (due to partial HA remotion, for in-
stance – see paragraph 3.3.7) or local inhomogeneity of the material; moreover,
the higher crystallinity of silk fibroin caused by the presence of HA molecules
could also explain this phenomenon.

Mechanical properties were also influenced by scaffold porosity: compres-
sive Young’s moduli of unmodified SF/HA sponges showed no significant dif-
ferences regardless hyaluronic acid content and when compared to the pure
SF control scaffold. In the cross-linked sponges with 2% and 5% wHA/wSF,
cross-linking determined a significant decrease of the elastic modulus, which
was also significantly lower than the modulus of the cross-linked pure fibroin
sponge. That means that the contribution of porosity in the wet state at higher
concentration of HA was more important than the increase of rigidity induced
by the cross-linking reaction, which moreover involved about 30% of the amino
groups in the scaffolds.

3.3.7 Hyaluronic acid mapping and quantification

To qualitatively evaluate the hyaluronic acid distribution in the scaffolds,
fluorescein-hyaluronan was used to prepare SF/HA sponges, which were ob-
served with a confocal laser microscope. The same sponges were digested in
a Proteinase K solution to dissolve fibroin and induce the release of the fluo-
rescent HA present in the scaffolds. The resulting fluorescence was measured
to evaluate the percentage of flHA with respect to the total weight of fibroin.
Results are shown in figure 3.11.

Images showed that a remarkable amount of hyaluronic acid was present in
each sponge with or without the cross-linking by genipin. In the cross-linked
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Figure 3.11: Confocal images of the SF/HA sponges produced with fluorescent
hyaluronan with 1% wHA/wSF not cross-linked (A, B) and cross-linked (C,
D), 2% wHA/wSF not cross-linked (E, F) and cross-linked (G, H) and 5%
wHA/wSF not cross-linked (I, L) and cross-linked (M, N). For each scaffold,
the first image is the result of a stuck in the range of 300-400 �m; the second
image shows a detail of the surface of the pores. In O, the percentage of
fluorescent hyaluronic acid in the SF/HA sponges with respect to the total
weight of fibroin is reported.
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sponges at lower HA contents, a dot-like distribution of HA could be noticed:
small islands of hyaluronic acid became visible on the pore walls, indicating the
formation of a more interpenetrating network, as confirmed by optical images
and contact angle measurements. At 5% wHA/wSF fluorescence is instead more
uniform. This may be due to the increase of the fluorescent signal caused by
the higher HA concentration in the sponge: the instrument may lose the ability
of resolving each island, which may also become bigger.

Quantitatively speaking, an incorporation efficiency of about 30% was ob-
served for all materials at 1% and 2% wHA/wSF and uncross-linked sponges
at 5% wHA/wSF. This may suggest that there is a molecular interaction be-
tween fibroin and hyaluronic acid, as reported in M. Garcia-Fuentes et al.
[93], which prevented the release of the water-soluble HA during the NaCl re-
moval in the scaffold production. This interaction may therefore entrap the
hyaluronan molecules inside the silk fibroin matrix. The cross-linking signifi-
cantly improved HA retention only at the highest initial concentration of 5%
wHA/wSF, leading to an efficiency of about 70%. This may happen because, as
previously mentioned, cross-linking degree is independent of hyaluronic con-
tent. Thus, only at higher HA content hyaluronic acid molecule aggregates
may be large enough to be entrapped in the cross-linked mesh. In addition, at
higher concentrations it is more likely that hyaluronic acid participates in the
cross-linking reaction with genipin, improving its retention.

3.4 Conclusions

In this study, blends of silk fibroin and hyaluronic acid were used to produce
3D scaffolds combining their promising properties for cartilage tissue engineer-
ing, such as versatility, biocompatibility and the reported ability of hyaluronic
acid to help the maintenance of the chondral phenotype. Different matri-
ces were produced using the salt leaching technique to obtain sponges with a
high interconnected porosity as required for a scaffold to regenerate cartilage.
Several HA concentrations and cross-linking with genipin were employed to
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evaluate how scaffold properties could be modulated.
Hyaluronan was successfully added in the fibroin sponges, with different

distributions in the unmodified and in the cross-linked materials: in fact, the
highly hydrophilic HA showed to act as sericin during the spinning process,
causing fibroin segregation and β-sheet formation during scaffold making. SF
separation is instead prevented by the cross-linking process, which determined
the formation of a more interconnected network between the two material com-
ponents. The presence of hyaluronic acid also affected silk fibroin crystallinity
and when combined to NaCl, had a synergistic effect to decrease the cross-
linking degree of the scaffolds when compared to the pure fibroin cross-linked
sponge. Water uptake and mechanical properties were mostly modulated by
scaffold porosity and additional factors such as microporosity of the pore wall,
local different crystallinity of silk fibroin and inhomogeneity of the material.

Biological properties of the SF/HA sponges were also evaluated to under-
stand how cellular response is influenced by different scaffold properties, that
is HA content and cross-linking. Results will be presented in the following
chapter.



Chapter 4

Modulation of chondrocyte
response on silk
fibroin/hyaluronic acid scaffolds

4.1 Introduction

The previous chapter described one of the two strategies explored to pro-
duce the chondral phase of a multicomponent scaffold for osteochondral tissue
engineering, i.e. the conjugation of silk fibroin and hyaluronic acid. Our aim
was to combine the ability of HA to improve the maintenance of chondrocyte
phenotype and new ECM deposition in vitro, to the excellent biocompatibil-
ity and versatility of silk fibroin for cartilage tissue engineering applications
(paragraph 3.1).

As mentioned before, one of the main objectives of this research work was
to improve both components of the best tissue engineered system for cartilage
regeneration tested in [83], i.e. cells (chondrocytes) and scaffold (pure SF
salt-leached sponges). Therefore, after the assessment of the chondrogenic
potential of adipose-derived stem cells on SF scaffolds both in vitro and in
vivo (chapter 2), we modified the silk fibroin scaffold with the addition of HA.
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Different HA concentrations and cross-linking with genipin were combined to
the salt leaching technique to modulate scaffold characteristics, such as HA
content and distribution, silk fibroin crystallinity, wettability and mechanical
properties. SF/HA scaffolds at 1%, 2% and 5% wHA/wSF with or without
cross-linking were systematically characterized and results were reported in
chapter 3.

The evaluation of the biological properties of SF/HA scaffolds will be pre-
sented in this chapter. First, the effect of hyaluronic acid dissolved in media on
primary rat chondrocytes cultured on pure SF scaffolds was evaluated using
the best culture parameters developed in [83], to verify if and how HA can
affect the chondrogenic phenotype of cartilage cells. Then, chondrocytes were
cultured in vitro on SF/HA scaffolds, in order to assess how scaffold properties
could modulate cell responses in terms of cartilage cell phenotype enhancement
and new ECM deposition, with respect to the pure fibroin sponges or when a
HA-enriched medium was used. To this purpose, cell seeding efficiency, prolif-
eration, sulfated GAG deposition and compressive mechanical properties were
measured during two weeks of culture. The phenotype of chondrocytes was
analyzed in terms of chondrogenic gene expression and alkaline phosphatase
(ALP) activity, as a further indication of cell hypertrophy. The stability of
SF/HA scaffolds in culture medium was also assessed, quantifying the loss of
hyaluronic acid in two weeks to evaluate eventual modifications of the environ-
ment (both scaffold material and culture medium) experienced by cells.

Finally, it has to be mentioned that the use of chondrocytes to characterize
SF/HA scaffold biological properties was a necessary step to verify the potential
of SF/HA scaffolds for cartilage regeneration and the best material parameters
to induce a significative improvement. In the future, the scaffold which elicited
the best responses in chondrocytes in terms of phenotype enhancement and
higher ECM deposition will be selected and employed with ASCs to evaluate
if the addition of HA could enhance chondrogenesis on SF-based scaffolds.
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4.2 Materials and methods

This study was conducted in collaboration with Dr. Barbara D. Boyan’s
laboratory at the Parker H. Petit Institute of Bioengineering and Bioscience,
Georgia Institute of Technology (Atlanta, US).

4.2.1 Scaffold preparation

Silk fibroin/hyaluronic acid sponges were prepared according to the pro-
tocol reported in paragraph 3.2.1, starting from SF/HA aqueous solutions at
7-8% w/V of silk fibroin, 1% wHA/wSF, 2% wHA/wSF and 5% wHA/wSF, with
and without cross-linking with genipin at 0.5% w/V (sample codes: HA1, HA2,
HA5, HA1gen, HA2gen, HA5gen). Both unmodified and cross-linked pure fi-
broin sponges were used as controls (sample codes: SF, SFgen). SF sponges
were also used to culture chondrocytes with hyaluronic acid dissolved in media.

Before seeding, sponges were soaked in water for 2 hours and cut into
disks (6-mm diameter, 2-3-mm thickness) using a biopsy punch (Miltex, UK).
Scaffolds in aqueous suspension were autoclaved at 121°C for 15 minutes for
sterilization, then cooled down to room temperature and incubated overnight in
culture media at 37°C, 5% CO2. Air bubbles inside sponges were removed using
the vacuum system described previously (paragraph 2.2.1). After blotting dry,
scaffolds were ready for seeding.

4.2.2 Hyaluronic acid loss of SF/HA scaffolds in culture medium

To evaluate the eventual loss of hyaluronic acid from the SF/HA scaffolds
during culture, sponges were prepared using fluorescent HA as reported in
paragraph 3.2.2.8. 6-mm disks of each sponge at all HA concentrations and
with or without cross-linking were placed in 1 ml of culture medium at 37°C
on a shaking platform. Sodium azide at 0.1% w/V was added to prevent con-
taminations. 150 �l of medium was removed and replaced with fresh medium
on day 1 to 7, 10 and 14 and used to measure fluorescence with the spectroflu-
orimeter Tecan Infinite M200 Pro (excitation: 494 nm, emission: 521 nm). To



108 CHAPTER 4. CHONDROCYTES ON SF/HA SCAFFOLDS

correlate fluorescence to the amount of hyaluronic acid, a calibration curve was
set up using standard solutions of fluorescent HA at known concentrations in
culture medium. Cumulative release was calculated using a correction to take
into account sample dilution after the addition of fresh media. Total HA in
the scaffolds was measured according to the protocol reported in paragraph
3.2.2.8 and then used to normalize the differential release.

4.2.3 Isolation and culture of resting zone chondrocytes

Chondrocytes were isolated from the resting zone of costochondral hyaline-
like cartilage growth plate of 125 g Sprague-Dawley rats [129, 130]. After isola-
tion, these cells can retain their in vivo phenotype through four passages in cul-
ture. Briefly, rib cages were removed from 8 animals and placed in DMEM. The
resting zone cartilage was separated, cut and incubated overnight in DMEM
with 10% FBS, 50 �g/ml sodium ascorbate and 3% penicillin–streptomycin–fun-
gizone in 5% CO2 at 37°C. After medium was replaced by two washes with
HBSS, tissues were incubated in 1% trypsin for 1 hour and 0.02% collagenase
for 3 hours. Cells were collected by filtration and subsequent centrifugation at
500 g for 10 minutes, then resuspended in DMEM.

Resting zone chondrocytes (RCs) were plated at a density of 25000 cells/cm2

and cultured in DMEM with 10% FBS, 1% penicillin–streptomycin–fungizone
and 50 �g/ml sodium ascorbate in 5% CO2 at 37°C. Third passage confluent
cells were harvested for seeding on pure SF and SF/HA sponges.

4.2.4 Cell seeding and culture of scaffold/chondrocyte con-
structs

Scaffolds were placed in the center of each well in a 24-well plate with 200
�l of culture medium to keep moisture during the following incubation. For
seeding, 20 �l with 1 x 106 RCs at passage 4 were loaded in the sponges through
pipetting. 4 hours after cell inoculation, 1.5 ml of medium were added to each
well. 24 hours after seeding, samples were moved on a rocking platform at 15
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rpm, as previously described in [83]. Media were changed every 48 hours until
harvest. When cells were cultured on pure SF scaffolds with HA dissolved in
media, solutions at 0, 0.1, 0.25, 0.5, 1 and 2 �g/ml of HA were employed during
culture.

4.2.5 Cell seeding efficiency

To evaluate the number of cells effectively loaded in the SF/HA scaffolds,
sponges were harvested 24 hours after seeding and washed in PBS. The con-
structs were then frozen at -20°C for 1 day and lyophilized overnight. Sub-
sequently, scaffolds were digested in a Proteinase K solution (Qiagen, US) at
1 mg/ml in PBE buffer (10 mM EDTA in PBS) at 55°C for 48 hours. DNA
content was quantified using PicoGreen assay (Invitrogen corporation, US) ac-
cording to manufacturer’s instructions with lambda DNA as a standard. The
number of cells on each scaffold was obtained assuming 7.7 pg DNA per cell
[131]; then, cell seeding efficiency was calculated using the following formula:

Cell seeding efficiency (%) =
incorporated cell number

initial cell seeding number
× 100

4.2.6 Cell proliferation

The proliferation of chondrocytes on pure SF and SF/HA scaffolds was
assessed on day 1, 7 and 14 after seeding using an alamarBlue® assay (AbD
Serotec, US) as described previously (paragraph 2.2.6).

4.2.7 Real time PCR analysis

After 14 days of culture, chondrocyte/scaffold constructs were harvested,
washed in PBS and subjected to RNA isolation as illustrated in paragraph
2.2.7. RNA was reverse-transcribed into cDNA for the subsequent real time
PCR analysis to measure the expression of Sox9, collagen 2a1, aggrecan, Comp,
collagen 1a1, collagen 10a1 and ALP. RPS18 was used for normalization. To



110 CHAPTER 4. CHONDROCYTES ON SF/HA SCAFFOLDS

this purpose, specific primers were employed, as mentioned earlier (paragraph
2.2.7).

4.2.8 Alkaline phosphatase activity

As an indication of chondrocyte hypertrophy, cellular alkaline phosphatase-
specific activity (E.C. 3.1.3.1) was evaluated. On day 14 after seeding, scaffolds
were washed in PBS and store at -20°C in 0.05% Triton-X in PBS until mea-
surement. Before the assay, samples were thawed, sonicated for a few seconds
to cause cell membrane disruption and the resulting solutions were employed
for the test. ALP activity was assessed from the release of p-nitrophenol from
p-nitrophenylphosphate as described in [132]. Values were normalized to the
protein content of scaffold/chondrocyte constructs, which was measured using
a colorimetric detection at 570 nm of cuprous cations in a biuret reaction (BCA
Protein Assay Kit, Pierce Biotechnology, US).

4.2.9 Compressive mechanical properties

Compressive Young’s modulus of scaffold/RCs constructs was measured
after 14 days of culture. Empty scaffolds maintained in the same culture
conditions were used as negative control. After washing in PBS for 10 minutes,
compression tests were performed as described in paragraph 2.2.8 using a 25
N load cell in uniaxial ramp condition at a strain rate of 0.1 mm/sec.

4.2.10 Sulfated glycosaminoglycan production

Scaffold/RCs constructs were harvested after 14 days of culture and sub-
jected to mechanical testing. Then, after samples were digested in a Pro-
teinase K solution at 1 mg/ml in PBE buffer, GAG content was measured
using DMMB dye and normalized to DNA amount, as described in paragraph
2.2.9.
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4.2.11 Statistical analysis

All biological tests were performed on N = 6 samples at each time point,
while HA release analysis was carried out on N = 3 specimens. Data were
expressed as mean ± standard error of the mean and analyzed using Graph-
Pad Prism 5.0 (GraphPad Software). To determine the statistical significance
of differences among the results before and after cross-linking or at different
hyaluronic acid contents, two-way or one-way ANOVA test was performed after
the equality of variances was assessed. Significance was assigned at p-values <
0.05.

4.3 Results and discussion

4.3.1 Hyaluronic acid loss from SF/HA scaffolds in culture
medium

The loss of hyaluronic acid from SF/HA sponges in culture medium was
evaluated for two weeks, in order to assess eventual modifications of the mate-
rials and the environment experienced by chondrocytes during culture. Results
are reported in figure 4.1: in (a), the cumulative release of hyaluronic acid is
shown as the percentage of HA with respect to total HA in each scaffold, mea-
sured as reported in paragraph 3.2.2.8; in (b) and (c) instead, the differential
release is presented after normalization to scaffold weight, starting from day 1
and day 2 respectively.

Cross-linked and unmodified materials showed different kinetics of HA loss
in culture medium. Samples without genipin lost a significant amount of
hyaluronic acid only on day 1, the more, the higher the initial HA content;
moreover, in the cumulative loss perspective, uncross-linked sponges presented
a constant trend over time after the first day. Cross-linked SF/HA materials,
instead, exhibited a delayed loss of HA until day 4; for the scaffolds at 2% and
5% wHA/wSF, a significant amount of hyaluronic acid in culture medium was
lost at each time point: on the first day, HA loss was 0.5 and 1.3 �g of HA
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Figure 4.1: Hyaluronic acid loss from SF/HA scaffolds in culture medium. (a)
shows the cumulative release of hyaluronic acid as the percentage of HA with
respect to total HA in each scaffold. In (b) and (c), the differential release is
reported after normalization to scaffold weight, starting from day 1 and day 2
respectively.
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per mg of scaffold, respectively; after day 1, hyaluronic acid was released in
culture medium in the range of 0.1-0.2 �g of HA per mg of scaffold. It has to
be noticed that for these two samples the increase of HA concentration from
day 4 to day 7 is due to the longer time elapsed between measurements, while
the decrease from day 7 indicated a slowdown in the release process.

On the basis of these considerations, we can observe that cross-linking
with genipin induced a longer retention of hyaluronic acid inside SF/HA scaf-
folds, slowing the release process. This means that during the washing steps
of scaffold preparation, hyaluronic acid is lost more easily by the uncross-
linked sponges, where HA is entrapped thanks to the only interaction with
SF (paragraph 3.3.7). On the contrary, the more interconnected networks of
cross-linked SF/HA materials determined a more efficient retention of HA in-
side scaffolds, which made its loss slower. In addition, the higher amount of
HA in the scaffold, the higher HA is lost in culture media.

When chondrocytes were cultured on SF/HA scaffolds, media were changed
every two days. Therefore, only in the case of cross-linked sponges at higher
HA content, cells could experience the presence of HA in culture medium for
two weeks in an approximate concentration range of 0.5 - 1 �g/ml, calculated
from the average weight of SF/HA scaffolds during culture and the volume of
media used. Instead, unmodified materials did not change during culture after
day 1 and no hyaluronic acid was dissolved in medium.

4.3.2 Effect of HA-enriched medium on chondrocyte/SF con-
structs

Rat chondrocytes were cultured on pure SF scaffolds in a HA-enriched cul-
ture medium for two weeks to evaluate how hyaluronic acid can affect cartilage
cell response. The aim of this experiment was to assess if and how HA can mod-
ulate chondrocyte behavior when dissolved in media, then to compare these
results with those obtained using SF/HA sponges, also in light of the results
about HA loss during culture. To this purpose, chondrocyte/SF scaffold con-
structs were cultured with 0, 0.1, 0.25, 0.5, 1 and 2 �g/ml of HA; chondrogenic
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gene expression, sulfated GAG content and Young’s modulus were evaluated
after 14 days of culture on a rocking platform.

Results from real time PCR analysis are shown in figure 4.2. It is evident
that hyaluronic acid determined a significant dose-dependent increase of the
expression of Sox9, collagen type II and collagen type X; on the contrary, its ef-
fect was limited on Comp and aggrecan expressions. 1 �g/ml of HA elicited the
best response in terms of chondrogenic expression enhancement with also a sig-
nificant decrease in collagen type I expression, while a concentration of 2 �g/ml
caused a drop back to the values of expression obtained without hyaluronic acid
dissolved in media.

The highest HA concentration determined also a significant decrease in
DNA content on chondrocyte/SF constructs, indicating a possible toxicity to
cells. Besides at 2 �g/ml, hyaluronic acid had no effect on GAG deposition
on scaffolds and did not cause an improvement of chondrocyte/SF construct
compressive mechanical properties at all concentrations (figure 4.3 and figure
4.4, respectively). However, the increase of GAG/DNA ratio when 2 �g/ml of
HA was used, was probably determined by a loss of DNA from SF scaffolds,
due to cell death.

This preliminary study about the effect of HA on chondrocytes cultured
on SF scaffolds showed that hyaluronic acid mainly affected chondrogenic gene
expression, causing a dose-dependent increase of selected genes, such as col-
lagen type II and Sox9, accompanied by an increase of collagen type X ex-
pression but also a significant decrease in collagen type I expression, typical
markers of chondrocyte hypertrophy and dedifferentiation, respectively. There-
fore, hyaluronic acid can effectively modulate the expression of chondrocytes,
enhancing chondrogenic expression at appropriate concentrations. However,
further investigations may be necessary to better describe HA effect on chon-
drocyte expression, for instance analyzing additional hypertrophic markers,
such as ALP and Runx2, or prolonging the culture time.



4.3. RESULTS AND DISCUSSION 115

Figure 4.2: Chondrogenic gene expression of chondrocytes cultured for two
weeks on pure SF scaffolds with HA-enriched media at different HA concen-
trations. * p < 0.05 vs 0 �g/ml of HA, $ p < 0.05 vs 0.1 �g/ml of HA, ^ p <
0.05 vs 0.25 �g/ml of HA.
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Figure 4.3: GAG and DNA content (a and b, respectively) of chondrocyte/SF
constructs cultured for two weeks with medium at different HA concentrations.
In (c), the GAG/DNA ratio is presented. * p < 0.05 vs 0 �g/ml of HA, $ p <
0.05 vs 0.1 �g/ml of HA.
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Figure 4.4: Compressive Young’s modulus of chondrocyte/SF constructs cul-
tured for two weeks with HA-enriched medium at different HA concentrations.

4.3.3 Cell seeding efficiency and proliferation

Cell seeding efficiency was evaluated measuring the number of chondro-
cytes effectively loaded on SF/HA scaffolds after 24 hours and results were
compared with respect to pure SF sponges (figure 4.5). A significantly higher
amount of chondrocytes was loaded on cross-linked materials regardless HA
content and on the unmodified sponge at 5% wHA/wSF. This may indicate a
better attachment of chondrocytes at higher content of HA; moreover, the more
uniform distribution of hyaluronic acid in the SF/HA scaffolds with genipin
(paragraph 3.3.5) may enhance this effect also at lower HA concentrations.

Cell proliferation was monitored on SF/HA and pure SF scaffolds with
and without cross-linking on day 1, 7 and 14 of culture. Results are shown
in figure 4.6, where fluorescence is proportional to the number of viable cells
on the samples. Chondrocytes proliferated significantly during two weeks on
all SF/HA and pure SF scaffolds. Even if, on day 1, cell proliferation was
significantly lower on the cross-linked materials at 2% and 5% wHA/wSF with
respect to control without HA, no big differences were noticed after two weeks
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Figure 4.5: Seeding efficiency of chondrocytes on SF/HA sponges with and
without cross-linking with genipin, expressed as the percentage of cells effec-
tively loaded on scaffolds 24 hours after seeding. Pure SF sponges were used
as negative control. * p < 0.05 vs SF, ^ p < 0.05 vs corresponding cross-linked
sponge, $ p < 0.05 vs HA5, % p < 0.05 vs HA5gen.

of culture. This indicated that all SF/HA materials were able to sustain chon-
drocyte growth in vitro.

4.3.4 Chondrogenic phenotype analysis

The phenotype of chondrocytes was analyzed after 14 days of culture on
pure SF and SF/HA scaffolds, to evaluate how it was affected by the presence
of hyaluronic acid in the sponges and the cross-linking. To this purpose, the
expression of typical chondrogenic genes was measured and, as an additional
information about chondrocyte hypertrophy, alkaline phosphatase activity was
assessed. The results of real time PCR measurements are shown in figure 4.7
and 4.8; data are presented after normalization to pure SF materials with or
without cross-linking, used as a control.

Hyaluronic acid did not influence the expression of Sox9 and collagen type
I, regardless HA concentration or cross-linking with genipin. Scaffolds at 1%
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Figure 4.6: Proliferation of chondrocytes on SF/HA and pure SF scaffolds
with and without cross-linking with genipin on day 1, 7 and 14 of culture.
Fluorescence is proportional to the number of viable cells on the samples. @
p < 0.05 vs day 1, ^ p < 0.05 vs day 7, * p < 0.05 vs control w/o HA, # p <
0.05 vs corresponding sponge w/o cross-linking.

wHA/wSF had a slightly negative influence on chondrocyte phenotype, induc-
ing an increase of ALP expression in case of uncross-linked materials and a
decrease of collagen type II, aggrecan and Comp expression when genipin was
added. Unmodified 2% wHA/wSF sponges did not affect gene expression when
compared to pure SF materials, while cross-linking with genipin induced a
decrease in the ratio of collagen type II/collagen type I, which is a typical in-
dex for chondrocyte differentiation; in addition, ALP expression was increased
when chondrocytes were cultured on cross-linked HA2 scaffolds. The best out-
comes in terms of chondrocyte phenotype enhancement were obtained with
SF/HA scaffolds at 5% wHA/wSF, both with and without cross-linking. For
the unmodified materials, an increase of collagen type II and aggrecan expres-
sion was observed, even if accompanied by a higher expression of collagen type
X which was not statistically significant, though. The combination of the high-
est HA content and cross-linking with genipin determined the highest increase
of collagen type II expression, which led to the greatest collagen II/collagen I
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Figure 4.7: Chondrogenic gene expression of chondrocytes on SF/HA scaffolds
after 14 days of culture on a rocking platform (red: uncross-linked SF/HA
scaffolds; blue: cross-linked SF/HA scaffolds). Data are presented after nor-
malization to the expression obtained after culture on pure SF materials, used
as a control. * p < 0.05 vs control w/o HA, ^ p < 0.05 vs HA1, # p < 0.05
vs HA2.
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Figure 4.8: Chondrogenic gene expression of chondrocytes on SF/HA scaffolds
after 14 days of culture on a rocking platform (red: uncross-linked SF/HA
scaffolds; blue: cross-linked SF/HA scaffolds). Data are presented after nor-
malization to the expression obtained after culture on pure SF materials, used
as a control. * p < 0.05 vs control w/o HA, ^ p < 0.05 vs HA1, # p < 0.05
vs HA2.
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ratio. This reflected the beneficial effects of the highest amount of hyaluronic
acid in contact with cells, both on the scaffolds and in the culture medium,
being also in agreement with the previous results obtained when HA was dis-
solved in media. It has to be noticed, however, that cross-linking with genipin
induced an increase of ALP activity when 2% and 5% wHA/wSF scaffolds were
used to culture chondrocytes (figure 4.9).

In light of the results presented here, chondrogenic gene expression was en-
hanced when chondrocytes were cultured on SF/HA scaffolds at 5% wHA/wSF.
Cross-linked sponges determined different responses by chondrocytes with re-
spect to unmodified materials, in terms of ALP activity and the expression of
collagen type II, collagen type X and aggrecan. Interestingly, a recent study
[133] showed that genipin dissolved in culture medium at a concentration of
0.01% could influence articular chondrocyte gene expression, increasing colla-
gen type II expression and decreasing Comp expression. However, no other
genes were analyzed and it is difficult to estimate the real amount of genipin
effectively employed for cross-linking, since it is added in excess to SF/HA so-
lutions and then washed away after fibroin gelation. Therefore, supplemental
investigations are needed to evaluate what determined different responses on
cross-linked materials. In addition, results may indicate a potential influence
of HA distribution or presence in culture medium on cell behavior, which needs
to be further studied.

4.3.5 GAG production and mechanical properties of chondro-
cyte/scaffold constructs

The content of GAG in the SF/HA scaffolds was measured after 14 days of
culture with chondrocytes, to evaluate the deposition of new cartilage ECM.
Results were normalized to the DNA content of the chondrocyte/scaffold con-
structs and are presented in figure 4.11 after normalization to the GAG/DNA
ratio obtained from pure SF materials with or without cross-linking, used as a
control.

An increase of GAG deposition was observed in all cross-linked SF/HA
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Figure 4.9: Alkaline phosphatase activity measured on chondrocyte/scaffold
constructs after 14 days of culture (red: uncross-linked SF/HA scaffolds; blue:
cross-linked SF/HA scaffolds). Data are presented after normalization to the
ALP activity obtained from chondrocytes cultured on pure SF materials, used
as a control. * p < 0.05 vs control w/o HA, ^ p < 0.05 vs HA1.
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Figure 4.10: GAG/DNA ratio measured on SF/HA scaffolds after 14 days
of culture with chondrocytes (red: uncross-linked SF/HA scaffolds; blue:
cross-linked SF/HA scaffolds). Data are presented after normalization to the
GAG/DNA ratio obtained from chondrocytes cultured on pure SF materials,
used as a control. * p < 0.05 vs control w/o HA, ^ p < 0.05 vs HA1, # p <
0.05 vs HA2.
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sponges with respect to pure SF material, regardless the concentration of
hyaluronic acid. Instead, unmodified SF/HA scaffolds at 5% wHA/wSF in-
duced the greatest production of GAG (3 times higher than negative control),
in agreement with the results obtained for chondrocyte gene expression. This
corresponded also to the highest increase of compressive Young’s modulus of
SF/HA scaffolds after two weeks of culture, as shown in figure 4.11. Here, the
ratios between the Young’s moduli before and after culture are presented for all
pure SF and SF/HA scaffolds. In figure 4.12, the correspondent absolute values
for cultured scaffolds are reported. A slight decrease of compressive mechanical
properties in the case of cross-linked SF/HA sponges at 1% wHA/wSF was also
observed, suggesting that GAG deposition may not be sufficient to cause an
improvement of Young’s modulus for the scaffolds at this HA concentration.

4.4 Conclusions

In this study, the biological properties of silk fibroin/hyaluronic acid scaf-
folds were evaluated: rat chondrocytes were cultured for two weeks on SF/HA
sponges at 1%, 2% and 5% wHA/wSF with and without cross-linking with
genipin under dynamic culture conditions, as previously reported in [83]. Cell
response in terms of enhancement of chondrogenic phenotype and new ECM
deposition was assessed and compared to pure unmodified and cross-linked SF
materials. In addition, cartilage cells were cultured on silk fibroin scaffolds
in HA-enriched media at different concentrations, to study the effect of free
HA on chondrocytes and compare the results to those obtained when HA was
immobilized on the scaffolds. This experiment was performed also to take into
account the loss of hyaluronic acid that cross-linked SF/HA sponges experi-
enced during 14 days in culture medium and to evaluate its effect on cartilage
cells. In fact, cross-linking with genipin changed significantly the kinetics of
HA loss in culture medium and, in the case of cross-linked sponges, a significant
amount of HA (0.5 - 1 �g/ml) was released in media during culture.

Results demonstrated that scaffolds with the highest amount of hyaluronic
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Figure 4.11: Ratios between compressive Young’s moduli of pure SF and
SF/HA scaffolds measured before and after 14 days of culture with chondro-
cytes (red: uncross-linked SF/HA scaffolds; blue: cross-linked SF/HA scaf-
folds). * p < 0.05 vs control w/o HA, ^ p < 0.05 vs HA1, # p < 0.05 vs
HA2.
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Figure 4.12: Compressive Young’s moduli of pure SF and SF/HA scaffolds
measured after two weeks of culture with chondrocytes (red: uncross-linked
SF/HA scaffolds; blue: cross-linked SF/HA scaffolds). * p < 0.05 vs control
w/o HA, ^ p < 0.05 vs HA1, # p < 0.05 vs HA2.
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acid both with and without genipin elicited the best responses in chondrocytes:
unmodified sponges at 5% wHA/wSFinduced the greatest deposition of sulfated
GAG, which also caused the best improvement of compressive mechanical prop-
erties when compared to pure SF and SF/HA scaffolds at lower concentrations
of HA; instead, cross-linked SF/HA sponges at 5% wHA/wSF determined the
highest collagen type II expression and collagen type II/collagen type I ra-
tio, indicating an enhancement of chondrocyte phenotype. Interestingly, these
findings were in agreement to the results obtained when chondrocytes were
cultured on pure SF scaffolds in media at different hyaluronic acid concentra-
tions.

Therefore, we can hypothesize that the loss of HA from cross-linked sponges
at 5% wHA/wSF may play a role in determining chondrocyte responses. How-
ever, further investigations are needed to describe the mechanisms underlying
the different outcomes caused by cross-linking: for instance, chondrocytes may
experience the different distribution of HA on the scaffolds and/or genipin
may influence gene expression, as recently reported in literature. Thus, a more
detailed study needs to be performed, analyzing the response of chondrocytes
when cultured in an environment with genipin dissolved in medium. Moreover,
prolonging culture times may give us additional information, in terms of cell
response after the loss of HA eventually stops in cross-linked scaffolds at 5%
wHA/wSF.

Finally, as previously mentioned, the scaffolds at 5% wHA/wSF will be also
used in combination with adipose-derived stem cells, to evaluate their potential
in improving chondrogenesis both in vitro and in vivo.



Chapter 5

Use of a nanometric net for the
osteochondral interface
regeneration: production,
characterization and
preliminary biological
evaluation

5.1 Introduction

When a scaffold for osteochondral defect regeneration is designed, two main
issues need to be addressed: first, the poor ability of cartilage to self-repair and
the related difficulties in inducing the restoration of such a highly specialized
tissue, both in vitro and in vivo; secondly, the achievement of a complete func-
tionality of the interface between the subchondral and the chondral phases. In
this perspective, scaffold properties have to be carefully tailored considering
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the complexity of the osteochondral system which needs to be restored. The
biomimetic approach has to be followed, aiming to reproduce the specific het-
erogeneity of the physiological environment. In light of these considerations,
a scaffold for osteochondral regeneration needs not only to induce and sustain
bone and cartilage repair, but also stimulate the establishment of a functional
interfacial zone.

To these purposes, the physiological complexity has to be translated in
a controlled heterogeneity of scaffold properties; several strategies have been
recently adopted [33, 60, 61] and have already been described in paragraph
1.4.3. In this research work, we hypothesized that the restoration of the os-
teochondral interface can be achieved using a nanometric net to separate the
chondral and subchondral phases of a multicomponent scaffold. In this way,
besides mechanical stabilization, the beneficial dialogue among cells in bone
and cartilage tissues can be ensured through the solute flow, allowed by the
high porosity of the net. On the other hand, cell migration can be prevented
by an appropriate pore diameter range, in order to avoid the unnatural pres-
ence of blood cells on the chondral side which may induce vascularization and
subsequent mineralization of cartilage [59].

To produce a nanometric net with suitable properties, the electrospinning
technique was employed, because it allows to fabricate scaffolds with a tunable
fiber diameter and a limited dimension of pores. Poly-d,l-lactic acid (PdlLA)
was used, since it is a well-known biocompatible polymer currently utilized
for both cartilage and bone tissue engineering (paragraphs 1.4.1 and 1.4.3)
and it is easy to process with electrospinning. Therefore, it was chosen to
preliminarily evaluate the use of a nanometric net in a multicomponent scaffold
for osteochondral regeneration.

Recently, an issue has been reported in literature regarding the use of
PdlLA electrospun nets for tissue engineering applications, that is the dimen-
sional shrinkage of PdlLA fibers when exposed to an aqueous environment.
This phenomenon occurs because water molecules penetrate the material and
act as a plasticizer; as a consequence, the mobility of polymer chains increases
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and the residual internal stresses induced by the electrospinning process are
relaxed, leading to a dramatic dimensional change of PdlLA fibers. In a recent
study, PdlLA/polyethylene glycol (PEG) blends were used to produce electro-
spun nets which exhibited a significantly reduced shrinkage in water. According
to author’s explanations, PEG formed crystalline regions in the fiber matrix,
determining a limitation of chain mobility, an increase of material rigidity and
therefore a little dimensional reduction [137].

On the basis of these considerations, PdlLA/PEG blends were employed
also in this study to produce electrospun nets, which were then character-
ized in terms of morphology and thermal properties. Infrared spectra were
also collected and compared to those measured for PdlLA nets. Subsequently,
PdlLA/PEG nets were assembled to a silk fibroin sponge produced by salt
leaching to obtain the upper part of the multicomponent scaffold for osteochon-
dral regeneration and the morphology of the combined scaffold was assessed.

To evaluate the biological properties of the assembled scaffold, a co-culture
system was designed to verify the ability of the net to ensure the communi-
cation between chondrocytes and osteoblasts. From a general point of view,
interactions among cells are fundamental for the development and homeostasis
of tissues, which usually comprise several cell types. Their communications
govern tissue remodeling, which occurs thanks to reciprocal signals between
cells and extracellular matrix. Cellular interactions can take place via a vari-
ety of signaling pathways (figure 5.1), including endocrine signaling (via blood
stream), synaptic signaling (via innervation), paracrine or autocrine signaling
(when signals are released by a cells and bind to membrane receptors of other
cells), juxtacrine signaling (when signals are exposed on the membrane of a
cell to bind to other cells) or gap junctions (where a direct signal exchange
occurs) [134].

In the case of cartilage, the cellular interactions of chondrocytes depend
on their location in the tissue: in the superficial zone, chondrocytes interact
mainly with synovial cells and factors in the synovial fluid; in the central
regions of cartilage, interactions usually occur between chondrocytes and ECM;
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Figure 5.1: Mechanisms of intercellular signaling: (A) juxtacrine, (B) paracrine
and (C) gap junctions [134].

in the calcified zone, instead, chondrocytes communicate with osteoblasts from
the subchondral bone [134].

Several systems for the co-culture of chondrocytes and osteoblasts have
been recently developed to reproduce these communication mechanisms in
vitro and improve cartilage tissue regeneration. These studies demonstrated
that the growth and differentiation of chondrocytes can be enhanced by en-
dogenous signals secreted in a co-culture system with osteoblasts [61, 62, 63],
while maintaining the specific phenotypes of both cells [134]. However, dif-
ferent co-culture methods led to conflicting results: for instance in [61], more
extensive matrix deposition was observed when chondrocytes and osteoblasts
were cultured simultaneously on PLGA/bioactive glass scaffolds, while in [62],
chondrocytes deposited more GAG when cultured alone in a micromass than
when co-cultured with a layer of osteoblasts. This suggests that the best co-
culture parameters to maintain chondrocyte phenotype and improve new ECM
deposition have not been found, yet.

Nevertheless, reciprocal interactions between chondrocytes and osteoblasts
through their co-culture in vitro have proved to be a promising tool to guide
and support cartilage regeneration. Co-culture systems have the potential
not only to supply chondrocytes with appropriate growth factors, but also
to provide them with a physiological distribution and kinetics, since they are
released by osteoblasts as it happens in normal tissues [134]. In addition, they
can be considered as a model system for the beneficial effects which cellular
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communications can provide after in vivo implantation.
In this study, primary human articular chondrocytes were seeded in silk

fibroin sponges with the PdlLA/PEG nanometric net on one side. The result-
ing constructs were placed in a commercial Transwell system (Corning, US)
in order to allow biochemical communications with the compartment under-
neath only through the side covered with the net. After 3 days, chondrocytes
were put in contact with an underlying monolayer of osteoblasts and cells were
co-cultured for 11 days. The proliferation of both cell types was monitored
during culture and at harvest, chondrocyte viability was assessed, as a pre-
liminarily evaluation of the validity of the co-culture system and cartilage cell
response. Results were compared to those obtained for SF sponges without net
and similar samples maintained in the same culture conditions but without any
exposure to osteoblasts.

5.2 Materials and methods

5.2.1 Scaffold production

Poly-d,l-lactid acid PdlLA Resomer R207S (Boehringer-Ingelheim, Ger-
many) was dissolved in CHCl3 at a concentration of 11% w/w. Polyethylene
glycol (4000 Da, Fluka, US) was added at 10% in weight with respect to the
PdlLA weight. Nanometric nets of PdlLA and PdlLA/PEG blends were pro-
duced by electrospinning, using a home-made apparatus composed of a Gamma
High Voltage Research ES30P-10W power supply (Gamma High Voltage Re-
search Inc., US), a single syringe pump (Pump 11 Plus - Harvard Apparatus,
Crisel Instrument, Italy), and a flat aluminum collector to produce flat sheets.
A 5-ml syringe filled with PdlLA or PdlLA/PEG solution was fitted with a
stainless-steel 18G blunt-ended needle connected to 25 cm flexible PTFE tub-
ing. Polymer fibers were collected at a working distance of 22 cm applying a
voltage of 26 kV.

To obtain SF scaffolds with a nanometric net on one side (sample code:
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SFnet), PdlLA/PEG nets were cut and placed on the bottom of a 35-mm
Petri dish; then, 2 ml of silk fibroin aqueous solution (prepared as reported
in paragraph 2.2.1) were poured into it. 4 g of NaCl with a grain diameter
range of 425-1180 �m were added to induce fibroin gelation as in the previous
studies and the formation of β-sheet stable structures induced the attachment
of the net to the bottom side of the silk fibroin sponge. SF sponges w/o net
produced with the same salt leaching technique was used as a control in the
following co-culture experiment.

5.2.2 Scaffold characterization

5.2.2.1 Scanning electron microscopy

The morphology of PdlLA/PEG electrospun nets was evaluated using a
scanning electron microscope FEG SEM Zeiss Supra 40. Samples were gold
sputtered to make them conductive and then observed with a voltage range of
3 to 5 kV.

5.2.2.2 Fourier Transform Infrared Spectroscopy

Infrared spectra of PdlLA, PdlLA nets and PdlLA/PEG nets at 10% and
30% of PEG (with respect to total PdlLA weight) were measured in FTIR-
ATR mode (Fourier Transform Infrared - Attenuate Total Reflectance) using a
Perkin Elmer Spectrum One (Perkin Elmer, US). Spectra were collected from
4000 cm-1 to 600 cm-1 as the mean of 16 scans.

5.2.2.3 Differential scanning calorimetry

Thermal properties of PdlLA and PdlLA/PEG electrospun nets were eval-
uated by differential scanning calorimetry using a Mettler DSC 30 calorimeter
(Mettler Toledo, US) and 160-�l aluminum pans. Two subsequent scans were
performed from -50°C to 150°C or from -20°C to 160°C with a heating speed
of 10°C/min.
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5.2.3 Co-culture of human articular chondrocytes and
osteoblasts

Human articular chondrocytes were purchased from PromoCell GmbH (Ger-
many), plated at a density of 13000 cells/cm2 in T75 flasks and cultured
at 37°C and 5% CO2 in high-glucose DMEM with 10% fetal bovine serum,
1% non-essential amino acids, 50 �g/ml of ascorbic acid and 1% penicillin-
streptomycine-fungizone. Third passage confluent cells were used for seeding
on SF and SFnet scaffolds.

Human osteosarcoma MG63 cells were plated at a density of 13000 cells/cm2

in T75 flasks and cultured at 37°C and 5% CO2 in high-glucose MEM with
10% fetal bovine serum, 1% non-essential amino acids, 2mM L-glutamine, 100
mM sodium pyruvate and 1% penicillin-streptomycine-fungizone. Confluent
cells were trypsinized and employed in the following experiment.

5.2.3.1 Cell seeding and co-culture of chondrocyte/scaffold con-

structs and osteoblasts

SF and SFnet scaffolds were soaked in distilled water for 2 hours and then
cut into 6-mm discs, as previously described. Then, the sponges were incubated
in 70% ethanol at 4°C overnight for sterilization and washed 3 times in sterile
distilled water. Finally, SF and SFnet samples were pre-conditioned for 2 hours
at 37°C and 5% CO2 in co-culture medium, that is high-glucose DMEM with
10% fetal bovine serum, 1% non-essential amino acids, 50 �g/ml of ascorbic
acid and 1% penicillin-streptomycine-fungizone [61]. Scaffolds were placed in
the center of each well of a 24-well plate containing 200 �l of co-culture media.
Third passage 4 x 105 articular chondrocytes were loaded on the top of the
scaffolds through pipette tips (in case of SFnet scaffolds, on the side without
the net). 4 hours after seeding, SF and SFnet scaffolds were moved into a
Transwell Polycarbonate Membrane Permeable Support (Corning, US) with
a diameter of 6.5 mm and a membrane pore size of 8 �m fitted in a 24-well
plate. The unseeded side was carefully maintained in contact with the porous
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membrane. Then, 150 �l of medium was added in the transwell, while 600 �l
of medium was poured into the well underneath.

At the same time, MG63 cells were seeded in tissue-culture 24-well plates
at a density of 13000 cells/cm2 with 600 �l of co-culture medium. 3 days
after seeding, the transwells with chondrocyte/scaffold constructs were either
put into the wells with the osteoblast layers or maintained in the same culture
conditions. Media were changed every day to ensure a sufficient nutrient supply
to both cells.

5.2.3.2 Chondrocyte viability

After 11 days of co-culture, the viability of chondrocytes in the SF and
SFnet scaffolds was assessed using calcein AM and propidium iodide (PI, In-
vitrogen, US) to stain live and dead cells, respectively. Samples were washed
in PBS and then incubated with 30 �M of PI in PBS for 2 minutes at room
temperature. Extra dye was removed by 5 washes in PBS, then sponges were
soaked in a solution of 2 �M calcein AM in PBS for 10 minutes at room temper-
ature. Finally, chondrocyte/scaffold constructs were observed using a Nikon
Eclipse Ti-E confocal laser microscope: images of both sides of the constructs
were taken, then samples were cut along their coronal plane and the center of
the scaffolds was observed.

5.2.3.3 Cell proliferation

The proliferation of both osteoblasts and chondrocytes was evaluated on
day 0 (start of the co-culture), day 3, day 7 and day 11 using an alamarBlue®

assay (Invitrogen, US) as described in paragraph 2.2.6. Fluorescence was mea-
sured with a Tecan Infinite M200 Pro spectrofluorimeter using 565 nm and 595
nm as excitation and emission wavelengths, respectively.
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5.2.4 Statistical analysis

All biological tests were performed on N = 3 samples at each time point.
Data were expressed as mean ± standard error of the mean and analyzed using
GraphPad Prism 5.0 (GraphPad Software). Statistical significance was deter-
mined using two-way or one-way ANOVA test after the equality of variances
was assessed. P-values < 0.05 was considered statistically significant.

5.3 Results and discussion

5.3.1 Scaffold characterization

5.3.1.1 Scanning electron microscopy

The morphology of the nanometric net and the assembled scaffold devel-
oped in this study was assessed using a scanning electron microscope and
results are reported in figure 5.2. (a) and (b) are images of the electrospun
PdlLA/PEG net, which was characterized by a high porosity but a pore di-
ameter less than 5 �m. (c) and (d) corresponded to the bottom side of the
silk fibroin sponge, which appeared completely covered by the net without any
modifications to its morphology. Interestingly, no shrinkage of the net was
observed, even if the assembled scaffolds were washed in distilled water for 3
days at room temperature. The section of the SFnet scaffolds is shown in the
last two images, where the net-sponge transition and adhesion is visible.

SEM analysis confirmed that the morphology of the electrospun net of
PdlLA/PEG blends is suitable for the purposes of this study, since it is po-
tentially able to ensure solute flow through its high porosity preventing cell
migration thanks to the limited pore diameter range [135]. In addition, a com-
plete coverage of the SF sponge with the net was achieved, without modifying
the morphology of both scaffolds. The adhesion between fibers and sponges
may also have been hindered the shrinkage of the net, but further studies are
needed to evaluate this phenomenon for longer time and at 37°C, which is
much closer to the glass transition temperature of the material (see paragraph
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Figure 5.2: Scanning electron micrographs of PdlLA/PEG net (a and b), the
bottom side of SF sponges covered with the electrospun net (c and d) and
details of their section (e and f), where cartilage and bone sides and their
interface in the multicomponent scaffold are schematically indicated.
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5.3.1.3).

5.3.1.2 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy analysis was performed to evaluate how the addition
of PEG, the electrospinning process and/or the presence of residual solvent
modified the IR spectra of PdlLA. In figure 5.3 (a), the spectrum of PdlLA
before processing is shown. No differences were noticed among spectra of
PdlLA before or after electrospinning and with or without PEG, with the only
exception of an additional peak at about 2883 cm-1 when PEG was added, as
shown in figure 5.3 (b). This peak corresponded to one of the typical bands
of PEG, as reported in [136]. In confirmation of that, nets were produced
dissolving 30% of PEG with respect to PdlLA weight in the polymer solution
and using the same parameters of electrospinning. As a consequence, the
intensity of the peak at 2883 cm-1 increased.

Therefore, IR spectra confirmed the addition of PEG in the PdlLA/PEG
nets but neither were altered by the electrospinning process, nor revealed the
presence of residual solvent.

5.3.1.3 Differential scanning calorimetry

Calorimetric profiles of PdlLA and PdlLA/PEG nets were collected using
DSC measurements, to evaluate how the addition of PEG modified the internal
stresses of the material and the glass transition temperature Tg. To that
purpose, two subsequent heating scans were performed and results are reported
in figure 5.4.

In the first scan of PdlLA nets, an endothermic peak in correspondence to
glass transition was observed, indicating a partial recovery of the material due
to internal stresses induced by the electrospinning process. Indeed, polymeric
chains are stretched during spinning, resulting in tensional stresses that are
relaxed during heating because of the increased molecular mobility. In the
second scan, only the glass transition is visible at about 56°C, as for the PdlLA
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Figure 5.3: FTIR spectroscopy analysis: in (a), the IR spectrum of PdlLA
grains is reported and subsequently compared in (b) with the IR spectra of
PdlLA and PdlLA/PEG nets at 10% and 30% of PEG in the region of 3500
cm-1 - 2500 cm-1.
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Figure 5.4: Calorimetric profiles of PdlLA and PdlLA/PEG nets (a and b,
respectively). Two subsequent heating scans were performed and the measured
glass transition temperatures are indicated.
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grains (data not shown).
In the case of PdlLA/PEG nets, the relaxation peak was also detected, but

it was superimposed to PEG melting, which increased the broadness of the
peak. In addition, glass transition temperature was significantly reduced to
about 40°C, suggesting a plasticizing effect by polyethylene glycol.

It has to be mentioned that this decrease of Tg may be considered a neg-
ative effect of PEG addition, because it corresponds to an increase in chain
mobility in the material at lower temperatures and thus, it may facilitate ma-
terial recovery. However, as shown in the SEM pictures (figure 5.2), PEG is
effective in preventing net shrinkage. In a recent study where PdlLA/PEG nets
were also prepared [137], authors considered the ability of PEG to introduce a
certain grade of crystallinity in the material to explain this phenomenon; more-
over, PEG chains may physically prevent the movement, opposing to stress
relaxation. In addition, PEG may also decrease the residual tensional stresses
during electrospinning: therefore, even if the glass transition temperature is
lower, less internal stresses are built up during processing and the material
recovers less.

5.3.2 Co-culture of human articular chondrocytes and
osteoblasts

5.3.2.1 Cell proliferation

The proliferation of both osteoblasts and chondrocytes on SF and SFnet
scaffolds was evaluated when the co-culture was started, then on day 3, day 7
and day 11. Results are shown in figure 5.5 and 5.6, where cell proliferation is
proportional to the collected fluorescence signal.

On both scaffolds with or without net, a slight decrease in chondrocyte
proliferation was observed, regardless the presence of MG63 cells. This reduc-
tion was not statistically significant with the exception of day 7; however, cell
proliferation increased again in all samples on day 11.

No differences in proliferation among scaffolds were detected when co-
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Figure 5.5: Proliferation of chondrocytes on SF and SFnet scaffolds at the
beginning of co-culture conditions, on day 3, day 7 and day 11. The number
of proliferating cells is proportional to the fluorescence signal. * p < 0.05 vs
day 0, ^ p < 0.05 vs day 3, # p < 0.05 vs without MG63.
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Figure 5.6: Proliferation of osteoblasts in contact with SF and SFnet scaffolds
at the beginning of co-culture conditions, on day 3, day 7 and day 11. The
number of proliferating cells is proportional to the fluorescence signal. * p <
0.05 vs day 0, ^ p < 0.05 vs day 3, $ p < 0.05 vs day 7.
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culture conditions were applied. Only when chondrocytes were cultured on
SFnet sponges, an increase of proliferating cells was measured on day 3 when
constructs were in contact to MG63 cells, while proliferation decreased on the
same scaffolds in the absence of osteoblasts. Nevertheless, the values of pro-
liferation on SFnet samples with or without MG63 cells became similar again
on day 7.

Osteoblasts in contact with SF and SFnet constructs proliferated signifi-
cantly after 11 days of co-culture conditions. However, cell number was signif-
icantly lower for MG63 cells cultured with SFnet samples.

On the basis of these results, proliferation of chondrocytes appeared unaf-
fected by the presence of osteoblasts, regardless the scaffold used. However, an
increase in seeding homogeneity may be required for both cell types, to avoid
discrepancies such in the case of MG63 cells cultured with different sponges.
In addition, a better nutrient supply to chondrocytes may be needed to im-
prove their proliferation on the SF and SFnet scaffolds. Indeed, the volume of
medium which can be added to the transwells where SF and SFnet scaffolds are
placed is limited when compared to the culture conditions used in the studies
reported in the previous chapters.

5.3.2.2 Chondrocyte viability

The viability of chondrocytes on SF and SFnet scaffolds after 11 days of
co-culture with or without osteoblasts was assessed using a Live/Dead assay
and confocal laser microscopy. The collected images for SF and SFnet samples
are reported in figure 5.7 and 5.8 respectively. Side A and side B indicate the
surfaces of each scaffold. Then, constructs were cut along their coronal plane
and a picture in the center of scaffold thickness was taken.

Chondrocytes populated all scaffolds throughout their whole volume, since
live cells were detected also in the center of each sample. No differences were
noticed with or without the co-culture with osteoblasts. However, a significant
number of dead cells was also observed, which confirms the need of a better
nutrient supply, as suggested also by proliferation results. In the case of chon-
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Figure 5.7: Confocal laser microscopy images of chondrocyte/SF scaffold con-
structs after 11 days of co-culture with or without MG63 cells. Side A and
side B refer to the surfaces of each scaffold, while center indicates an image
taken in the center of scaffold thickness. Live cells are stained green, while red
corresponds to dead cells and fibroin sponges.
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Figure 5.8: Confocal laser microscopy images of chondrocyte/SFnet scaffold
constructs after 11 days of co-culture with or without MG63 cells. Side A and
side B refer to the surfaces of each scaffold, while center indicates an image
taken in the center of scaffold thickness. Live cells are stained green, while red
corresponds to dead cells and fibroin sponges.
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Figure 5.9: Confocal laser microscopy image of the lower part of a SFnet
scaffold section. The nanometric net side is indicated by arrows. Live cells are
stained green, while red corresponds to dead cells and fibroin sponges.

drocyte/SFnet scaffold constructs, few cells were seen also in correspondence
to the scaffold surface with the nanometric net. To confirm that these cells
migrated from the seeding side and remained beyond the electrospun net, the
lower part of the section of SFnet scaffolds was observed and an image is shown
as example in figure 5.9.

It is clear that all chondrocytes were inside the scaffolds and populated the
pores of the SF sponge without crossing the nanometric net.
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5.4 Conclusions

In order to regenerate a functional interface between cartilage and bone, the
properties of a scaffold for osteochondral tissue engineering need to be designed
following the principles of biomimetics and aiming to translate the physiological
complexity into scaffold characteristics. In this perspective, we hypothesized
that the restoration of the osteochondral interface can be achieved with a
multicomponent scaffold where chondral and subchondral phases are separated
by a nanometric net. The role of the net is to ensure the beneficial dialogue
among cartilage and bone cells, while preventing cell migration, especially of
blood cells which may induce vascularization and cartilage mineralization.

To this purpose, PdlLA/PEG electrospun nets were produced and char-
acterized, showing a high porosity but a limited pore dimension (less than 5
�m) able to potentially prevent cell migration. In addition, PEG hindered
the shrinkage of PdlLA fibers in an aqueous environment, which is one of the
main concerns recently reported in literature when PdlLA electrospun nets
were employed in tissue engineering applications. Then, PdlLA/PEG nets
were successfully assembled to a silk fibroin sponge produced by salt leach-
ing, leading to a complete coverage of its bottom side without modifying the
morphology of both scaffolds.

To evaluate the biological properties of the assembled scaffold, a co-culture
system was designed and validated. Primary human articular chondrocytes
were seeded on SF scaffolds with the PdlLA/PEG net on the bottom side and
placed in a commercial Transwell system above a layer of human carcinoma
osteoblasts, so that biochemical communications could take place only through
the unseeded side covered with the electrospun fibers. Cell proliferation and
viability were measured during 11 days of co-culture and unmodified SF scaf-
folds were used as control to assess the influence of the net on chondrocyte
response. Findings were compared to those obtained when the same chondro-
cyte/scaffold constructs were cultured without osteoblasts.

Results showed that chondrocytes populated all scaffolds throughout the
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whole volume, without crossing the electrospun net. However, their prolifera-
tion was limited, indicating the need of a better nutrient supply, which may be
achieved with suitable dynamic conditions, such as a perfusion bioreactor. In
addition, neither the presence of osteoblasts nor the net affected chondrocyte
growth.

This preliminary study was a necessary step to verify the effectiveness of the
co-culture system used. On this basis, a detailed analysis of chondrocyte gene
expression and new cartilage ECM deposition will be performed, to evaluate if
the electrospun net can ensure cellular communications among chondrocytes
and osteoblasts. In addition, the issue of net degradation has to be addressed:
indeed, PdlLA degrades faster than silk fibroin, thus it must be evaluated if
its degradation time is compatible with a complete osteochondral interface
restoration. Finally, another important point will be analyzed: even if blood
cells are prevented to migrate into the chondral side of the multicomponent
scaffold, plasma can still permeate the SF-based scaffold used for cartilage
regeneration. Therefore, the plasma compatibility of the multiphasic scaffold
needs to be assessed, besides the effect of plasma on chondrocyte behavior.



Chapter 6

Final remarks

In this research work, a multicomponent scaffold for osteochondral Tissue
Engineering was fabricated and characterized. Two strategies were explored
to produce the component for cartilage regeneration: first, pure silk fibroin
sponges were successfully employed to sustain the chondrogenesis of adipose-
derived stem cells in vitro and the ability of the resulting cell/scaffold con-
structs to regenerate cartilage in an in vivo model of rat xiphoid critical size
defect was demonstrated.

Subsequently, silk fibroin/hyaluronic acid scaffolds were produced at dif-
ferent HA concentrations and with or without cross-linking with genipin. It
was shown that both HA and cross-linking modulated scaffold properties:
hyaluronic acid influenced fibroin crystallinity and cross-linking degree, while
genipin determined the formation of a more interconnected network of the two
material components. Moreover, the presence of hyaluronic acid on the scaf-
fold affected the response of articular chondrocytes when cultured in dynamic
conditions and at the highest concentration it induced an enhancement of car-
tilage cell phenotype and a higher ECM deposition with respect to pure fibroin
sponges. Further investigations are needed to understand how genipin and HA
loss during culture influenced chondrocyte behaviour.

For the regeneration of a functional osteochondral interface, we hypothe-
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sized that a nanometric net between the components for cartilage and bone re-
generation could ensure the beneficial dialogue among cartilage and bone cells,
while preventing cell migration, especially of blood cells which may induce
vascularization and cartilage mineralization. Therefore, nets were fabricated
by electrospinning of PdlLA/PEG blends, characterized in terms of morphol-
ogy and thermal properties, then successfully assembled to silk fibroin sponges
without any modifications to their morphology.

Finally, a system to co-culture chondrocytes and osteoblasts was designed
and validated, so that biochemical communications could take place only through
the side covered with the electrospun fibers. Results showed that chondrocytes
populated all scaffolds throughout the whole volume, without crossing the elec-
trospun net. However, their limited proliferation indicated the need of a better
nutrient supply, which may be achieved with suitable dynamic conditions, such
as a perfusion bioreactor.

On the basis of the outcomes presented in this research work, a final mul-
ticomponent scaffold will be designed in order to combine the best results
obtained. Thus, silk fibroin/hyaluronic acid scaffolds which elicited the best
responses on chondrocytes will be cultured with adipose-derived stem cells to
assess their potential to sustain chondrogenesis in vitro. Then, they will be
assembled to the nanometric net and, before moving to an appropriate in vivo
study, the co-culture system will be used to evaluate how the cellular dialogue
with osteoblasts can have beneficial effects on the chondrogenic differentiation
of ASCs.
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