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Osteochondral Tissue Engineering Constructs Combining
Particle Aggregated Scaffolding and Bioactive Delivery Strategies

ABSTRACT

Osteochondral defects are lesions of the articular cartilage where the underlying bone tissue is also damaged. Although
some studies have achieved success in repairing small cartilage defects, there is no widely accepted method for complete
repair of large osteochondral defects. This is due to different factors, for instances, the ones associated with mechanical
instability, among others. The requirements for a successful regeneration of an osteochondral defect could potentially be met
by using a tissue-engineered osteochondral hybrid construct. Therefore, the need for a simultaneous regeneration of both
cartilage and subchondral bone should be considered, making osteochondral tissue engineering an interesting challenge to
the present research since it requires the combination of both bone and cartilage tissue engineering principles. Some
researchers suggest that osteochondral defects could be regenerated from single-layer scaffolds, engineering complex
tissue grafts with gradients of molecular, structural, and functional properties. Nevertheless, it has been better accepted that
a hilayered structure would be more adequate to regenerate an osteochondral defect. This structure should be able to
support the growth and development of different types of cells while providing a mechanical and biochemical environment

able to promote the formations of the two distinct tissues.

The main goal of this thesis was to develop and assess the potential of several possible strategies for osteochondral tissue
engineering. This includes: (1) the development of the cell culturing to be performed independently in the two components
that are integrated before implantation; (2) the biphasic scaffold with adequate properties for both cartilage and bone parts to
be used in a special bioreactor with two separate chambers where two different cell types can be seeded, and (3) the
biphasic scaffold loaded with distinct differentiation agents able to provide the adequate biochemical cues to common
progenitor cells. Furthermore, and as a key requisite for biomedical applications including tissue engineering, the presented
work also tried to keep present the needs for (4) the in vivo biofunctionality of the new materials. These were the main
challenges addressed in this thesis. The work described intends mainly to be yet another positive contribute for the design of
a successful approach for osteochondral tissue engineering, having always in mind that, to date, there is no accepted

method for complete repair of large osteochondral defects.

In this PhD research, an innovative methodology for scaffolds production is proposed, based on the aggregation of pre-
fabricated degradable particles. This methodology allowed to produce scaffolds with high interconnectivity and mechanical
stability. The processing route was also used efficiently for the production of bilayered scaffolds by assembling both
polymeric and composite particles. The obtained bilayered scaffolds present a very good integration between both

components which is critical, since any discontinuity is likely to cause long-term device failure.

By using the particles aggregation methodology, and as described in this work, it was possible to successfully produce

polymeric, composite and bilayered scaffolds. Chitosan was selected as polymeric matrix due to its structural similarity to



glycosaminoglycans (GAGs) found in extracellular matrices including native articular cartilage. On the other hand,
hydroxylapatite was used as bioactive ceramic filler, since this it is the main mineral present in bone composition,
approaching in this way the developed composite scaffolds to the bone composite structure. An extensive materials
characterization was carried out, with a particular emphasis on the morphometric analysis and mechanical performance of
the developed materials that have demonstrated to be adequate, corroborating the claimed advantages of the proposed
methodology.

Preliminary studies with human adipose stem cells were also carried out, clearly indicating the presence of cells with
osteogenic and chondrogenic morphology in the 3D particle agglomerated scaffolds. The influence of the 3D support on the
cells differentiation ability is further suggested, since no events of osteogenic or chondrogenic differentiation in the control

cells without the scaffolds were detected.

A specific double-chamber bioreactor was designed in order to allow, as an ultimate goal, for the simultaneous culturing of
chondrocytes and osteoblasts or the same source of progenitor cells with distinct differentiation mediums. As proof of

concept, dynamic bioactivity tests are described using bilayered chitosan scaffolds.

Insulin-loaded chitosan particle aggregated scaffolds are proposed as a potential model system to induce chondrogenic
differentiation. The in vitro release profiles and the effect of these systems on a pre-chondrogenic cell line were investigated.
The most promising results were obtained for cells seeded in the higher insulin-loaded scaffolds that showed a typical
chondrocytic round morphology, were positively stained for toluidine blue, presented a high GAGs production, and expressed
genes encoding cartilaginous markers. This approach opens the possibility to assemble the developed systems in bilayered
constructs, in order to provide the adequate biochemical cues to promote selective differentiation of cartilage and bone in

osteochondral applications.

The final study described in this work is focused on the assessment of the in vivo biofunctionality of polymeric chitosan
scaffolds. The scaffolds in vivo performance is one obvious key requirement for tissue engineering applications. The
scaffolds properties shown to be favourable to the connective tissues ingrowth into the scaffolds, demonstrating a good
integration with the host tissue. Furthermore, the scaffolds were able to promote an organization of the extracellular matrix
and an increasing neo-vascularization with the time of implantation, which is rather promising and not typical at all for porous

biodegradable systems.

As a general remark, and in the context of possible strategies for osteochondral tissue engineering, the chitosan-based
scaffolds produced by particle aggregation are morphologically and mechanically competent. In addition, the developed
scaffolds are able to incorporate adequate biochemical cues, and present an in vivo biocompatible behaviour, and may
thereby be potential candidates for large osteochondral tissue engineering applications. Each of the individual performed
work opens the possibility to better accomplish an osteochondral hybrid strategy following the different discussed options.

This is the main innovation coming from this thesis.

- v -



Engenharia de Tecidos de Defeitos Osteocondrais Combinando Estratégias de Design de Suportes
Processados por Agregacao de Particulas e de Libertagcdo Controlada de Agentes Bioactivos

RESUMO

Os defeitos osteocondrais sao lesdes na cartilagem articular onde o tecido 6sseo adjacente esta também danificado. Apesar
do sucesso alcangado em alguns estudos na regeneragdo de pequenos defeitos da cartilagem, ndo existe actualmente um
método consensual para a reabilitagdo completa de grandes defeitos osteocondrais. Isto € devido a diferentes factos, entre
os associados com instabilidade mecénica. Os requisitos para uma regeneracéo bem sucedida de um defeito osteocondral
podem ser potencialmente preenchidos utilizando um suporte hibrido desenvolvido através de engenharia de tecidos. Por
isso, a necessidade da regeneracdo simultdnea da cartilagem e do 0sso subcondral deve ser considerada, tornando a
engenharia de tecidos osteocondral num desafio interessante para a investigacéo actual, uma vez que requer a combinagao
dos principios de engenharia de tecidos do osso e da cartilagem. Alguns investigadores sugerem que os defeitos
osteocondrais podem ser regenerados a partir de suportes monofasicos, desenvolvendo implantes tecidulares complexos
com gradientes de propriedades moleculares, estruturais e funcionais. No entanto, tem sido melhor aceite que uma
estrutura bifasica pode ser mais adequada para regenerar um defeito osteocondral. Esta estrutura deve ser capaz de
sustentar o crescimento e desenvolvimento de diferentes tipos de células, providenciando um ambiente bioguimico e

mecanico capaz de promover a formacao dos dois tecidos distintos.

O principal objectivo desta tese foi desenvolver e avaliar 0 potencial de varias estratégias possiveis para engenharia de
tecidos osteocondrais. Estas incluem: (i) o desenvolvimento de cultura de células para ser efectuado nos dois componentes
independentemente que séo integrados antes da implantacéo; (i) o suporte hifasico com propriedades adequadas para a
regeneracdo de 0sso e cartilagem é utilizado num bioreactor especifico com duas cAmaras separadas, onde os dois tipos
de celulas diferentes podem ser cultivados; e (iii) os agentes de diferencia¢do séo incorporados no suporte hifasico, de
modo a proporcionar estimulos bioquimicos adequados as células progenitoras comuns. Para além disso, € como um pré-
condicdo essencial para aplicagcdes hiomédicas incluindo engenharia de tecidos, este trabalho tentou ter sempre presente
os requisitos de biofuncionalidade in vivo de novos materiais. Estes s@o os principais desafios propostos nesta tese. O
trabalho descrito pretende principalmente ser mais um contributo positivo para o design de uma estratégia de sucesso na
engenharia de tecidos osteocondrais, ndo esquecendo que até a data ndo existe um método consensual para a reabilitagao

completa de grandes defeitos osteocondrais.

Nesta investigagdo de doutoramento, é proposta uma metodologia inovadora para a produgdo de suportes para engenharia
de tecidos com base na agregacao de particulas biodegradaveis pré-processadas. Esta metodologia permitiu a producéo de
suportes para engenharia de tecidos com elevada interconectividade e estabilidade mecanica. Mais ainda, foi aplicada
eficazmente na producgdo de suportes bifasicos combinando particulas poliméricas e compdsitas. Os suportes hifasicos
obtidos apresentam uma boa integracdo entre os dois componentes. Este facto é critico, dado que é provavel que qualquer

descontinuidade provoque a falha do dispositivo a longo prazo.



Utilizando a metodologia de agregacédo de particulas, e tal como € descrito neste trabalho, foi possivel produzir com
sucesso estruturas poliméricas, compdsitas e bifasicas. O quitosano foi seleccionado como matriz polimérica devido a sua
semelhanca estrutural com os glicosaminoglicanos (GAGS) presentes nas matrizes extra-celulares, incluindo na cartilagem
articular. Por outro lado, a hidroxiapatite foi utilizada como reforco ceramico bioactivo, dado que é o principal mineral
presente na composi¢do do 0sso, aproximando deste modo os materiais compésitos desenvolvidos a estrutura compdsita
do osso. Uma extensa caracterizacdo dos materiais foi realizada, com particular énfase na andlise morfométrica e
desempenho mecanico dos materiais desenvolvidos que demonstraram ser adequados, comprovando assim as vantagens

reivindicadas da metodologia proposta.

Estudos preliminares com células estaminais do tecido adiposo foram efectuados, indicando claramente a presenca de
células com morfologia osteogénica e condrogénica nos suportes desenvolvidos. A influéncia da estrutura tridimensional na
capacidade de diferenciagdo das células é também sugerida, uma vez que ndo foram detectadas evidéncias de
diferenciacéo osteogénica e condrogénica nas células sem os suportes utilizadas como controle. Um hioreactor especifico
de camara dupla foi também desenhado de modo a permitir, como objectivo final, a cultura simultanea de condrécitos e
osteoblastos ou 0 mesmo tipo de células progenitoras com diferentes meios de diferenciacdo. Como prova de conceito
foram efectuados estudos dindmicos de bioactividade utilizando suporte bifasicos de quitosano. Suportes produzidos por
agregacdo de particulas carregados com insulina sdo propostos como um potencial modelo para induzir a diferenciacéo
condrogénica. Os perfis de libertacdo in vitro e o efeito destes sistemas numa linha celular pré-condrogénica foram
investigados. Os resultados mais promissores foram obtidos com células cultivadas nos suportes com maior concentragao
de insulina tendo as células demonstrado uma morfologia tipica de condrécitos e marcado positivamente para o azul de
toluidina. Verificou-se também um aumento na producdo de glicosaminoglicanos e na expressdo de genes associados a
marcadores tipicos de cartilagem. Esta aproximacdo abre a possibilidade de associar os sistemas desenvolvidos em
suportes hifasicos, fornecendo sinais bioquimicos adequados a promocéo selectiva da diferenciacdo em cartilagem e 0sso,

tendo em vista aplicacBes osteocondrais.

O estudo final descrito neste trabalho foca-se na avaliagdo da biofuncionalidade in vivo dos suportes poliméricos de
quitosano. O comportamento destes materiais in vivo € um pré-requisito 6bvio para aplicacdes no campo de engenharia de
tecidos. As propriedades dos suportes mostraram ser favoraveis ao crescimento dos tecidos conectivos para o interior dos
mesmos, apresentando uma boa integracdo com o tecido hospedeiro. Os materiais foram ainda capazes de promover a
organizacdo da matriz extra-celular e um aumento da neo-vascularizacdo durante a implantacdo, o que é bastante

promissor e de todo invulgar para sistemas porosos biodegradaveis.

Como comentario final, e no contexto de possiveis estratégias para engenharia de tecidos osteocondrais, 0s suportes a
base de quitosano processados por agregacao de particulas s@o morfologica e mecanicamente competentes. Para além
disso, os materiais desenvolvidos sdo capazes de incorporar sinais hioquimicos adequados apresentando um
comportamento biocompativel in vivo, podendo deste modo ser considerados potenciais candidatos para aplicagfes de
engenharia de tecidos de grandes defeitos osteocondrais. Cada um dos trabalhos realizados abre uma possibilidade de
alcancar uma estratégia hibrida osteocondral tendo em conta as op¢des discutidas. Esta é a principal inovacdo resultante
desta tese.

-Vi-
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INTRODUCTION TO THE THESIS FORMAT

This present thesis is divided into four sections containing seven different chapters, with four of them being
experimental research. According to the 3B's Research Group long-ago implemented philosophy, the thesis
format is based on published or submitted papers, including the introduction section (a review paper). The

contents of each chapter are summarized below.

SECTION I (Chapter 1)

Chapter | is based on a review paper and presents a comprehensive overview on the natural-origin polymers that
are being applied as carriers and scaffolds for biomolecules and cell delivery in tissue engineering applications.
The described applications included mainly bone, cartilage and osteochondral defects, but other tissues/organs
are also addressed. A review on the literature on the recently emerging strategies is discussed, revealing the
importance of this key strategy as second generation scaffolds to achieve a successful tissue engineering
approach. Furthermore, some examples of commercially available natural-origin polymers with applications in

research or in clinical use in several applications are also presented.

SECTION 2 (Chapter II)

Chapter Il presents in detail the materials and experimental procedures used to accomplish the proposed work
plan. This chapter includes also some additional considerations in order to give a more clear vision to the reader

of the selected options.

SECTION 3 (Chapter Ill to VI) consists in the different experimental studies.

Chapter IIl describes the development and characterization of chitosan-based scaffolds produced by particles
aggregation which are the basis of this thesis. Preliminary work on one of the possible strategies to engineer an
osteochondral defect is explored based in the separate cell seeding in separate scaffolds. For that, biphasic

scaffolds and osteogenic and chondrogenic differentiation of human adipose stem cells are described.
Chapter IV is based on the optimization and extensive characterization of bilayered scaffolds produced by

assembling polymeric and composite chitosan-based particles. A detailed morphometric characterization is

presented using micro-computed tomography (U-CT). This chapter describes also the approaches to overcome
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an unexpected cytotoxic behaviour of composite scaffolds produced with unsintered hydroxylapatite.
Furthermore, it presents a proof of concept of a double-chamber bioreactor specifically designed for

osteochondral applications. This can be considered a second possible strategy for these applications.

Chapter V proposes the use of insulin-loaded scaffolds for chondrogenic differentiation, since insulin in
considered to be a potential differentiation agent. The in vitro release studies of the developed systems and its
effect on a pre-chondrogenic cell line are investigated. This strategy was followed as part of the ideal strategy for
osteochondral applications, where the scaffold is able by itself to provide the adequate biochemical cues in order
to promote the selective but simultaneous differentiation of both cartilage and bone tissues using the same cell

source.

Chapter VI is focused in the assessment of the in vivo biofunctionality of polymeric chitosan scaffolds as one of
the key requirements for biomaterials applications in tissue engineering. This chapter explores the effects of the
scaffolds’ properties on supporting the connective tissues ingrowth into the materials and on promoting the in vivo

neo-vascularization. A morphometric and mechanical characterization of the scaffolds is also included.

SECTION 4 (Chapter VII)

Chapter VII contains the general conclusions regarding the overall work carried out under the scope of this

thesis, as well as some final remarks and future directions.

As a final note to this introduction, the present thesis was also developed under the scope of the European
Project HIPPOCRATES, on which the author is actively involved. HIPPOCRATES is a FP6 STREP (NMP3-CT-
2003-505758) entitled ‘A Hybrid Approach for Bone and Cartilage Tissue Engineering using Natural Origin

Scaffolds, Progenitor Cells and Growth Factors’.
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CHAPTER I. Natural-origin polymers as carriers and scaffolds in tissue engineering

CHAPTER I.

Natural-origin polymers as carriers and scaffolds

for biomolecules and cell delivery in tissue engineering applications *

ABSTRACT

The present paper intends to overview a wide range of natural-origin polymers with special focus on
proteins and polysaccharides (the systems more inspired on the extracellular matrix) that are being
used in research, or might be potentially useful as carriers systems for active biomolecules or as cell
carriers with application in the tissue engineering field targeting several biological tissues. The
combination of both applications into a single material has proven to be very challenging though. The
paper presents also some examples of commercially available natural-origin polymers with applications
in research or in clinical use in several applications. As it is recognized, this class of polymers is being
widely used due to their similarities with the extracellular matrix, high chemical versatility, typically good
biological performance and inherent cellular interaction and, also very significant, the cell or enzyme-
controlled degradability. These biocharacteristics classify the natural-origin polymers as one of the most

attractive options to be used in the tissue engineering field and drug delivery applications.

* This chapter is based in the following publication:
PB Malafaya*, GA Silva*, RL Reis. Natural-origin polymers as carriers and scaffolds for biomolecules

and cell delivery in tissue engineering applications. Advanced Drug Delivery Reviews (2007) 59(4-5):207-233

#Equally contributing authors




CHAPTER . Natural-origin polymers as carriers and scaffolds in tissue engineering

1. GENERAL INTRODUCTION

Tissue engineering is the promising therapeutic approach that combines cells, biomaterials, and
microenvironmental factors to induce differentiation signals into surgically transplantable formats and
promote tissue repair and/or functional restoration. Despite many advances, tissue engineers still face
significant challenges in repairing or replacing tissues that serve predominantly biomechanical functions
such as articular cartilage. One obstacle can be identified as the scaffolds play an important role as the
extracellular matrix but they are often unable to create the exact/correct microenvironment during the
engineered tissue development to promote the accurate in vitro tissue development. The emerging and
promising next generation of engineered tissues is relying on producing scaffolds with an informational
function, e.g., material containing growth factors sequence which facilitates cell attachment, proliferation
and differentiation that is far better than non-informational polymers. The use of growth factors has been
considered as a way to manipulate not only the host healing response at the site of injury to facilitate the
tissue repair, but also to manipulate and improve the in vitro tissue growth in order to produce more
biofunctional engineered tissues. Hence, the strategy is to mimic matrix and provide the necessary
information or signalling for cell attachment, proliferation and differentiation to meet the requirement of
dynamic reciprocity for tissue engineering. This justifies the importance of drug delivery in tissue

engineering applications.

Moreover, natural polymers perform a diverse set of functions in their native setting. For example,
polysaccharides function in membranes and intracellular communication and also as storage, and
proteins function as structural materials and catalysts [1]. The current trend is to mimic nature and what
better way than materials from nature to do it? Natural biopolymers illustrate, as an impressive example,
how all the properties displayed by biological materials and systems are exclusively determined by the
physical-chemical properties of the monomers and their sequence. A well-defined molecular structure
can lead to a rich complexity of structure and function on the mesoscale [2]. Here, competing
interactions, structural flexibility and functional properties are tailored by the succession of monomeric
units taken from a rather limited set. Because macromolecules bridge the span of nanometers up to
micrometers by virtue of their length and flexibility, they enable a unique control of hierarchical
organization and long-range interactions. Regardless of the tissue/organ involved, there are many

concepts that can be extrapolated from nature and therefore applicable in the tissue engineering field to
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repair/ regenerate the tissue/organ. In many cases, the matrices and scaffolds would ideally be made of
biodegradable polymers whose properties closely resemble those of the extracellular matrix (ECM), a
soft, tough, and elastomeric proteinaceous network that provides mechanical stability and structural

integrity to tissues and organs [3].

If the constantly evolving knowledge on how our body works and the needs to achieve repair, there is
the need to congregate into a sole construct both structural support and drug delivery properties. For the
purpose of this review, cell encapsulation will be considered as a delivery system, as this is believed to
be a promising therapeutic approach. Encapsulation physically isolates a cell mass from an outside
environment and aims to maintain normal cellular physiology within a desired permeability barrier [4].
Encapsulation techniques are generally classified as microencapsulation (involving small spherical
vehicles and conformal coated tissues) and macroencapsulation (involving larger flat-sheet and hollow-
fiber membranes) [4]. The encapsulated cells can then be cultured in vitro or transplanted in vivo, either
to repopulate a defect site or to produce growth factors or other molecules that will have an effect over
the targeted cell population. Within the latter, cells have been transfected with genes of interest
(including BMPs, among others) to make them true cellular factories to produce and deliver active
growth factors.

2. PROTEIN-ORIGIN POLYMERS

2.1. INTRODUCTION

In this paper, the attention is focused in several protein-based polymers that found application in
research works for drug or cell delivery within the tissue engineering field, namely collagen, gelatin, silk
fibroin, fibrin (fibrinogen) and other proteins such elastin or soybean. These protein-based polymers and
their applications in the field are described in more detail in the following sections.

Protein-based polymers have the advantage of mimicking many features of extracellular matrix and thus
have the potential to direct the migration, growth and organization of cells during tissue regeneration
and wound healing and for stabilization of encapsulated and transplanted cells. In a molecular
perspective, proteins may be considered as polymer structures composed by 20 distinct amino acids
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linked by amide (or peptide) bonds. Amino acids are therefore the building blocks of polypeptides and
proteins, which consist of a central carbon linked to an amine group, a carboxyl group, a hydrogen
atom, and a side chain (R groups). R groups can be classified as non-polar groups, uncharged polar
groups or charged polar groups, and their distribution along the protein backbone renders proteins with
distinct characteristics.

One of the drawbacks of the natural-origin polymers is their possible batch variation. One interesting
strategy to overcome this issue is the recombinant protein technologies where the monodispersity and
precisely defined properties of polymers as well as the predictable placement of crosslinking groups,
binding moieties at specific sites along the polypeptide chain or their programmable degradation rates
makes them very attractive and useful for drug delivery and tissue engineering [2]. One example is
presented when describing the elastin like polypeptides. Our attempt to mimic nature to create materials
is routinely accomplished with exceptional high yield and efficiency by the cellular systems of protein
biosynthesis. Protein biosynthesis is implemented with an absolute control of the amino-acid sequence
[2,5,6], from the first amino acid to the last, with complete absence of randomness. Additionally, the
protein hiosynthesis machinery is able to process and produce any amino-acid sequence stored in the
elements of information called genes, so its flexibility is absolute. If one controls the information that
genes deliver into the machinery, one completely controls the biosynthesis process itself. The key issue
to retain is to use highly purified and defined polymers in order to have the perfect control over the
developed final product.

2.2. COLLAGEN

Collagen is regarded by many as an ideal scaffold or matrix for tissue engineering as it is the major
protein component of the extracellular matrix, providing support to connective tissues such as skin,
tendons, bones, cartilage, blood vessels, and ligaments [7-11]. In its native environment, collagen
interacts with cells in connective tissues and transduces essential signals for the regulation of cell
anchorage, migration, proliferation, differentiation, and survival [12]. Twenty-seven types of collagens
have been identified to date, but collagen type | is the most abundant and the most investigated for
biomedical applications. The different collagens are first synthesized as large precursor molecules
known as procollagens [13]. After secretion of procollagen into the extracellular matrix, both C-and N-
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propeptides are cleaved and the molecules then self-assemble into fibrils (a detailed review can be
found in [12]). Fibril-forming collagen molecules used in tissue engineering applications consist of three
polypeptide chains of glycine-X-Y (Gly-X-Y) amino acid repeats twined around one another to form triple
helices [14,15].

Collagen is defined by high mechanical strength, good biocompatibility, low antigenicity and ability of
being crosslinked, and tailored for its mechanical, degradation and water-uptake properties. Collagen is
mainly isolated from animal tissues, and an additional concern has been raised about the safety of the
collagen derived from animal tissues, based on the potential for viral and prion contamination. However,
purification techniques using enzymatic treatments may be employed to eliminate the immunogenic
telopeptides, the major cause of foreign body response [16,17], as well as the development of
recombinant and non-recombinant human collagens as a replacement for animal tissue-derived
material. However, alternatives to animal origin collagens - those produced by recombinant technologies
- still present a high cost. Additionally, collagen is hard to process and the extent and rate of
degradability is hard to control. For the latter, several factors have an impact on degradability of
collagen, for instance, the penetration of cells into the structure causes contraction, as well as the fact
that, besides collagenase and gelatinase, several other non-specific proteinases are able to digest
collagen [18]. Crosslinking is necessary in order to tailor the degradation of collagen and this has
obviously to have into account the application, as fluid movement, pressure and nature of the tissue
where the material is implanted contribute to a faster degradation rate. In addition to the difficulties in
processability, the sterilization of collagen is also a problem, as nearly all sterilization methods incur

some degree of alteration of collagen [18].

Collagen has been widely applied in tissue engineering applications and in some extent in delivery
systems in this field. Table 1 intends to summarize some relevant applications reported as research

works.
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Table 1. Collagen-based matrices/scaffolds for drug, cell and gene delivery used in different tissue engineering applications.

POLYMER(S)/CARRIER/SCAFFOLD ACTIVE ENCAPSULATED/SEEDED CELL
TE APPLICATION ANIMAL MODEL REFS
STRUCTURE BIOMOLECULE | TYPE (SOURCE)
Collagen/hydroxylapatite Bone NGF - Calvaria defects [19]
Collagen sponge Cartilage bFGF Chondrocytes .NUde mice subcutaneous [20]
implantation
Bone
Collagen gel , BMP-2 Bone marrow stromal cells ~ Mouse femoral muscle [21]
Cartilage
PDGF-A i
Collagen gel Skin - Rat_an dermal ulcer [22]
PDGF-B Swine dermal wound
Collagen gel Vascularization ~ VEGF - Chorioallantoic [23]
membrane
Collagen/heparin sulfate matrix ~ Vascularization ~ bFGF - Rat [24]
Ct_)llagen gel with gelatin Adipose FGF-2 - Mouse groin [25]
microspheres
Collagen-agarose beads Not defined - éggts mesenchymal stem [26]
Alveolar osteoblasts Critical-size defect in
Collagen sponge Bone - o [27]
Gingival fibroblasts mouse skull
Collagen electrospun Bone marrow-derived
g p Bone - mesenchymal stem cells - [28]
nanofibers
(adult)
Collagen sponge and hydrogel Intervertebral B Human intervertebral disc B [29,30]
disc cells
Collagen sponge Tooth - Porcine third molar cells Qmentum of . [31]
immunocompromised rats
Collagen sponge Cartilage - Chondrocytes (autologous) ~ Sheep chondral defects [32]
. Medial femoral condyle of
Collagen membrane Cartilage - Chondrocytes New Zealand rabbits [33]
. . Nude mice subcutaneous
Collagen sponge Adipose - Preadipocytes (human) implantation [34]
Collagen-GAG scaffold Cardiovascular - Bone marrow-derived Rat myocardial infarction  [35]

mesenchymal stem cells

Abbreviations: NGF: nerve growth factor; bFGF: basic fibroblast growth factor; BMP-2: bone morphogenetic protein-2; PDGF: platelet-

derived growth factor; VEGF: vascular endothelial growth factor; FGF-2: fibroblast growth factor-2; GAG: glycosaminoglycans. Compiled

from references [19-37].

Recently, a broad range of tissue engineering products based on animal-sourced collagen scaffolds

have been developed and commercialized. For example, bilayered collagen gels seeded with human

fibroblasts in the lower part and human keratinocytes in the upper layer have been used as the ‘dermal’

matrix of an artificial skin product are commercialized by Organogenesis in USA under the name of
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Apligraf® and was the first bio-engineered skin to receive FDA approval in 1998. Organogenesis has
other collagen-based products currently under development such as Revitix™ (topical cosmetic
product), VCTO1™ (bilayered bio-engineered skin) or Forta-Derm™ Antimicrobial (anti-microbial wound
dressing). iNFUSE® Bone Graft are collagen sponges have been used as an osteoconductive carrier of
bone morphogenetic protein (BMP-2) for spinal fusion marketed by Medtronic Sofamor Danek in USA.
Collagen sponges have been use also for the treatment of long bone fractures [12]. Collagraft®
commercialized by Angiotech Pharmaceuticals, Inc. in Canada is a mixture of porous hydroxylapatite
and tricalcium phosphate and animal-derived collagen I, has been used clinically for the treatment of
long bone fractures for more than a decade. Healos® Bone Graft Replacement marketed by DePuy
Orthopaedics in USA is an osteoconductive matrix constructed of crosslinked collagen fibers that are
fully coated with hydroxylapatite and has been approved recently for clinical use as a bone graft
substitute in spinal fusions [12] and Biomend® is a collagen membrane conventionally used in the
regeneration of periodontal tissue and is a registered trademark of Integra LifeSciences Corp. in USA
[36].

2.3. GELATIN

Gelatin is a natural polymer that is derived from collagen, and is commonly used for pharmaceutical and
medical applications because of its biodegradability and biocompatibility in physiological environments
as reviewed by Tabata and Mikos [38,39]. These characteristics have contributed to gelatin's safety as a
component in drug formulations or as a sealant for vascular prostheses [40]. Moreover, gelatin has
relatively low antigenicity because of being denatured in contrast to collagen which is known to have
antigenicity due to its animal origin. Gelatin contains a large number of glycine, proline and 4-

hydroxyproline residues.

Gelatin is a denatured protein obtained by acid and alkaline processing of collagen. As a result, two
different types of gelatin can be produced depending on the method in which collagen is pre-treated,
prior to the extraction process [40]. This pre-treatment affects also the electrical nature of collagen,
producing gelatin with different isoelectric points. The alkaline process targets the amide groups of
asparagine and glutamine and hydrolyses them into carboxyl groups, thus converting many of these
residues to aspartate and glutamate. In contrast, acidic pre-treatment does little to affect the amide

-11 -
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groups present. The result is that gelatin processed with an alkaline pre-treatment is electrically different
from acidic-processed gelatin. This is due to hydrolysis of amide groups of collagen yields gelatin with a
higher density of carboxyl groups present in the alkaline processed gelatin rendering it negatively
charge and lowering its isoelectric point [38]. In contrast, the electrostatic nature of collagen is hardly
modified through the acid process because of a less invasive reaction to amide groups of collagen. As a
result, the isoelectric point of gelatin that is obtained with the acid process will remain similar to that of
collagen [39]. By utilizing this technique, manufacturers now offer gelatin in a variety of isoelectric point
values, being the most used the basic gelatin with an isoelectric point of 9.0 and the acidic gelatin with

an isoelectric point of 5.0.

It is well accepted that a positively or negatively charged polyelectrolyte electrostatically interacts with
an oppositely charged molecule to form a polyion complex [38]. The different processing conditions of
gelatin allows for flexibility in terms of enabling polyion complexation of a gelatin carrier with either
positively or negatively charged biomolecules. It is theoretically possible for gelatin to form polyion
complexes with any type of charged biomolecules, although the strength of the interaction depends on
the type of biomolecules used. If the biomolecule to be released is acidic, basic gelatin with an
isoelectric point of 9.0 is preferable as a matrix, while acidic gelatin with an isoelectric point of 5.0
should be applicable to the control release of a basic protein. Both gelatins are insoluble in water to
prepare a hydrogel through chemical crosslinking, for instance, with water-soluble carbodiimides and
glutaraldehyde [39].

The gelatin hydrogels forming polyion complexes with proteins will facilitate the release of biologically
active proteins. Generally, the release is controlled by matrix degradation [39] and therefore the time
period for biomolecule release can be regulated by tailoring the hydrogel degradation. The
biodegradable hydrogel matrices are prepared by chemical crosslinking of acidic or basic gelatin and
are enzymatically degraded in the body with time. The degradation is controllable by changing the
extent of crosslinking, which, in turn, produces hydrogels with different water contents [41]. In addition,
as already referred, depending on the manufacturing method, variations in the electrical and physical
properties of gelatin-based systems can be achieved. It is this flexibility in processing that has allowed
gelatin-based systems to find several applications in fields ranging from tissue engineering to drug

delivery and gene therapy.

-12 -
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The properties of gelatin as a typical rigid-chain high molecular weight compound are in many issues
analogous to those of rigid-chain synthetic polymers [42]. Gelatin exhibits essentially the same common
properties typical of polymeric substances, which is not the case with native collagen. Thus, in a similar
way to linear-chain synthetic polymers, in aqueous solutions gelatin macromolecules assume, at
elevated temperatures, the conformation of a statistical coil [42]. Under specific conditions, such as
temperature, solvent or pH, gelatin macromolecules present sufficient flexibility to realize a variety of
conformations. This makes it possible to vary also all the gelatin characteristics dependent on its
molecular structure. Besides, gelatin, similar to synthetic high polymers, shows a rather wide molecular
weight distribution [42]. Structural diversity of gelatin chain units determines the specific features of
gelatin properties. Most synthetic polymers show no such features that are typical of most biopolymers,
such as the presence of both acidic and basic functional groups in the gelatin macromolecules. Due to
its promising properties, safety and mainly to the possibility of polyion complexation, gelatin is been
used in drug delivery for tissue engineering applications targeting several tissues as we try to
summarize in Table 2. Targeted tissues include bone, cartilage and skin, but others such as adipose
tissue have applied gelatin as carrier to delivery an active biomolecule to improve the temporary cell
functions. Due to its easy processability and gelation properties, gelatin as been manufactured in a
range of shapes including sponges and injectable hydrogels, but definitively the most used carriers are
gelatin microspheres which normally are incorporated in a second scaffold such as a hydrogel.

One of the most common strategies using gelatin microspheres is the encapsulation of biomolecules or
cells in the microspheres with further incorporation of those in a second matrix. The group of Mikos [44-
47,54,55] together with Tabata vast work with gelatin [49,50,53] has been commonly using this strategy
to incorporate a single biomolecule such as TGF-B1 [44,45], or in combination with IGF-1 for dual
release [46] as well as the encapsulation of marrow stromal osteoblasts in the surface of the gelatin
microspheres [54,55]. The results from these studies show the efficacy and safety of using gelatin
based microspheres as carriers for tissue engineering applications. Besides the incorporation of growth
factors and cells, the incorporation of cell adhesion proteins and peptides is also a strategy to be
implemented to achieve a successful tissue engineering approach. Ito et al. [51] present a
biodegradable gelatin hydrogels prepared through crosslinking of gelatin with transglutaminase (TGase)
with fibronectin, vitronectin and RGD peptides (RGDLLQ and RGDLLG) incorporated to be applied as
artificial skin or for bone and cartilage tissue engineering. NIH/3T3 fibroblasts were then added into the
aqueous solution of gelatin to be part of the construct. Vitronectin and fibronectin can bind with gelatin
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by the action of TGase and as a cell adhesion factors it is expected to increase the cell growth. In fact,
this study has shown that the gelatin matrices incorporating the cell adhesion factors such as
vitronectin, fibronectin and RGD peptides by the action of TGase enhanced cell proliferation.

Using gelatin carriers for cell delivery as shown to be also a promising technology for tissue engineering
applications. Several examples include bovine and human chondrocytes [47,56], mesenchymal stem
cells [57,58] and human preadipocytes [53] as described in Table 2. The strategies range the co-
implantation of loaded microspheres [53] to the incorporation of the cells into porous scaffolds [57] and,

in general, the in vivo results shown the higher efficiency of using gelatin carriers-based technology.

There are several commercially available gelatin based carriers for drug delivery that are being applied
in tissue engineering applications [48,56,57]. The most commonly used ones are Gelfoam®
commercialized now by Pfizer in USA (former Pharmacia and Upjohn) which is an absorbable gelatin
sponge being also available in the powder form by milling the gelatin sponges. Gelfoam® is a sterile and
workable surgical sponge prepared from specially treated and purified gelatin solution and it is used as
a hemostatic device. Pfizer has also a commercially available Gelfilm® that is an absorbable gelatin film
designed for use as an absorbable gelatin implant in neurosurgery and thoracic and ocular surgery.
Surgifoam® is another commercially available porous, absorbable gelatin disks. This product is
distributed by Ethicon Inc. in USA. CultiSpher-G® is another gelatin based product marketed by Percell
Biolytica AB in Sweden which is a macroporous gelatin microcarrier beads used as microcarrier cell
culture. CultiSpher-S® is the same product with a different crosslinking procedure conferring a higher

thermal and mechanical stability.
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POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/ SEEDED
TE APPLICATION ANIMAL MODEL REFS
STRUCTURE BIOMOLECULE CELL TYPE (SOURCE)
Nude mice
Gelatin (hydrogel) Bone bFGF - subcutaneous [38]
implantation
Gelatin-siloxane (porous freeze- Bone Gentamicin Osteoblast-like MC3T3- _ (3]
dried scaffolds) sulfate E1 cell line
Gelatin microspheres
encapsulated in a hydrogel Cartilage TGF-B1 - - [44,45]
injectable matrix
Gelatin microspheres TGF-B1
encapsulated in a hydrogel Cartilage - - [46]
injectable matrix IGF-I
Gelatin microspheres
encapsulated in a hydrogel Cartilage TGF-1 Bovine chondrocytes - [47
injectable matrix
Porous gelatin disks ! TGF-1 Human adipose-derived
(Surgifoam®) Cartilage (medium) adult stem cells - 48]
Gelatin sponge Bone BMP-2 - Trach_eal cart||_age ings [49,50]
Cartilage in canine cervix
) ) Bone Vitronectin i i
Trangglutamlnase crosslinked Cartilage Fibronectin Flbrqblasts-llke NIH/3T3 _ [51]
gelatin (hydrogel) o cell line
Artificial skin RGD peptides
A Tissue engineering
Qelat|n mmro;pheres Adipose FGF-2 - chambers in mouse [25]
incorporated in collagen gel .
groins
bFGF i
Photocured styrenated gelatin . _— Nude mice
: Adipose insulin - subcutaneous [52]
microspheres ) )
IGE-I implantation
Gelatin microspheres . . Nude mice
. . Adipose bFGF Human preadipocytes subcutaneous [53]
incorporated in a collagen sponge . .
implantation
Gelatin microspheres Rat marrow stromal
encapsulated in an hydrogel Bone - - [54,55]
) osteoblasts
matrix
I . Nude mice
Macroporous gelatin microcarriers Cartilage _ Human nasal SUbCUANEOUS [56]
beads (CultiSpher G®) 9 chondrocytes . .
implantation
Porous gelatin sponge . Adult human Osteochp ndral defect in
o Cartilage - the rabbit femoral [57]
(Gelfoam®) mesenchymal stem cells
condyle
Gelatin and chemically modified Rabbit bone marrow- Rabbit osteochondral
hyaluronic acid injectable Osteochondral - derived mesenchymal knee joint [58]

hydrogel

stem cells

Abbreviations: bFGF: basic fibroblast growth factor; TGF-B1: transforming growth factor-B1; BMP-2: bone morphogenetic protein-2; RGD:

Arg-Gly-Asp peptides; FGF-2: fibroblast growth factor-2; IGF-I: insulin growth factor-1. Compiled from references [25,38,43-58].
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2.4. SILK FIBROIN

Silk is generally defined as protein polymers that are spun into fibers by some lepidoptera larvae such
as silkworms, spiders, scorpions, mites and flies [59]. Spider silk is an intriguing biomaterial that is
lightweight, extremely strong and elastic, and exhibits mechanical properties comparable to the best
synthetic fibers produced by modern technology [60]. Spider silk is spun near ambient temperatures and
pressures using water as the solvent, which gives rise to an environmentally safe, biodegradable
material [60]. However, it is not possible to maintain domesticated spiders to produce massive amounts
of silk. Therefore, the attention was turned to silk fibroin, a mass-producible natural polymer produced
by silk-worms, commonly used as a textile fiber. In the medical field, silk has long been used for surgical

sutures [61].

The silkworm Bombyx mori produces silk to weave its cocoon, and its major components are fibroin and
sericin. Fibroin is a fibrous protein constituting the core of silk, while sericin is a glue-like protein
surrounding fibroin. Fibroin is composed of fibroin H-chain (FH), fibroin L-chain (FL), and fibrohexamerin
at a molar rate of 6:6:1 [62]. Silks are attractive biomaterials for tissue engineering, because of their
biocompatibility [59,63], slow degradability [64] and excellent mechanical properties. Some examples
are shown in Table 3.

Table 3. Silk fibroin-based matrices/scaffolds for drug and cell delivery used in different tissue engineering applications.

POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/SEEDED CELL TYPE
TE APPLICATION

ANIMAL MODEL ~ REFS
STRUCTURE BIOMOLECULE (SOURCE)

Silk fibroin fibre scaffolds Bone BMP-2 Bone marrow-derived - [67]
mesenchymal stem cells

Silk fibroin hydrogel Bone - Osteoblasts fRabblt distal [68]
emurs

Silk fibroin non-woven net Angiogenesis - Endothelial cells - [69,70]
Silk fibroin porous scaffolds Cartilage - Mesenchymal stem cells - [71]
Silk fibroin electrospun fiber Wound dressing - Keratinocytes and fibroblasts - [72]
scaffolds

Silk fibroin/collagen scaffolds Liver - Hepatocytes - [73]
Silk fibroin multi-fiber matrix Anterlor crucial B Bone marrow-derived 3 [74]

ligament mesenchymal

Abbreviations: BMP-2: bone morphogenetic protein-2. Compiled from references [67-74].
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Degradable silk is a mechanically robust biomaterial that offers a wide range of mechanical and
functional properties for biomedical applications including drug delivery [65,66]. Besides the applications
that can be found in Table 3, a very interesting approach is the one described by Hino and co-workers
[75] where the authors aimed to prepare a novel type of bFGF delivery system using fibroin as a
scaffold. They generated transgenic silkworms that bore a gene encoding FL fused with bFGF
(FL/bFGF). The transgenic silkworms spun cocoons whose fibroin layers were composed of both
inherent gene-derived natural fibroin (nF) and the recombinant FL/bFGF, r(FL/bFGF). When human
umbilical vein endothelial cells (HUVECs) were seeded in the scaffold, they were able to grow in the
refolded r(FL/bFGF)nF-containing culture media, showing that bFGF in r(FL/bFGF) was biologically
active [75]. r(FL/ bFGF)nF immobilized on a culture dish also supported the growth of HUVECs in
bFGF-free media, suggesting the usefulness of r(FL/bFGF)nF as a new biomaterial for tissue

engineering [75].

2.5. FIBRIN

Fibrin and fibrinogen have a well-established application in research in tissue engineering due to their
innate ability to induce improved cellular interaction and subsequent scaffold remodelling compared to
synthetic scaffolds. Furthermore, due to its biochemical characteristics, mainly in cellular interactions,
fibrin-based materials also found applications in the field of drug delivery with special focus in cell

delivery.

Fibrin is a protein matrix produced from fibrinogen, which can be autologously harvested from the
patient [76], providing an immunocompatible carrier for delivery of active biomolecules, specially cells.
Polymerized fibrin is a major component of blood clots and plays a vital role in the subsequent wound
healing response [77]. In vivo, formation of fibrin clots is initiated by vascular injury, which causes the
release of the enzyme thrombin, a serine protease that activates many constituents of the coagulation
cascade [78]. Thrombin cleaves peptide fragments from the soluble plasma protein fibrinogen, yielding
insoluble fibrin peptides that aggregate to form fibrils [79]. A fibrin meshwork is formed, which entraps
platelets and other blood-borne components to create a clot that is stabilized through crosslinking by the

transglutaminase Factor Xl [79,80]. In addition, fibrin naturally contains sites for cell binding, and
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therefore has been investigated as a substrate for cell adhesion, spreading, migration and proliferation
[81].

Fibrin glue is a biological adhesives also used in surgery (abdominal, thoracic, vascular, oral,
endoscopic) due to its haemostatic, chemotactic and mitogenic properties [82]. Fibrin glue mimics the
last step of the in vivo coagulation cascade through activation of fibrinogen by thrombin, resulting in a
clot of fibrin with adhesive properties [83]. Fibrinogen is converted into a monomeric form of fibrin by
thrombin which forms the fibrin clot. Mechanisms of fibrin production and clot assembly have been
elucidated primarily from studies in which a specific amount of thrombin is added to purified fibrinogen
as clearly described in [79]. The concentration of fibrinogen is 2040 times higher in fibrin sealant
products than in body fluid. The formation of the fibrin clot and the physiological properties are then
enhanced. This concentration also determines the properties of the fibrin clot (adhesive strength, rate of
formation, network conformation, permeability and fiber diameter) and modifications to concentrations

can be made to allow the fibrin glue to fit the application [82].

A number of variables other than the concentration of thrombin and fibrinogen can also influence the
structure of a fibrin gel, including the local pH, ionic strength, and concentrations of calcium [79]. The
relative influence of fibrinogen and thrombin concentration in the final gel structure and properties when
comparing with each other is still not clear. There are works showing that fibrinogen concentration is
more critical to the final properties [84,85] as well as works showing that thrombin concentrations lead to
more modifications in the structure of the clot than modifications to fibrinogen concentrations [78,83].
Extremely low concentrations of thrombin (<1 nM, <0.1 U/mL) are sufficient to cleave fibrino-peptides
and catalyze fibrin polymerization [79]. These low thrombin concentrations produce fibrin clots that are
turbid and composed of thick, loosely-woven fibrin strands. Higher concentrations of thrombin produce

fibrin clots that are composed of relatively thinner, more tightly-packed fibrin strands.

There are a several works trying to stabilizing and modulate the properties of the fibrin gels with
thrombin in order to get more stable gels [78,79]. However, this important fibrin characteristic of
increasing instability and solubility over time in vitro and in vivo is due to fibrinolysis which could be an
advantage for in wound sealing or other surgical applications as well as for cell and growth factor
delivery. Fibrin provides a material that can be rapidly invaded, remodelled and replaced by cell-
associated proteolytic activity [80]. Moreover, due to its biomimetic and physical properties it is also
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widely used as a cell carrier to many cell types, such as keratinocytes [86], urothelium cells [86],
tracheal epithelial cells [86], murine embryonic stem cells [87] mesenchymal progenitor cells [88] and
also very used to encapsulate chondrocytes for cartilage tissue engineering [89-91]. But rapid
degradation can represent a problem for use as a shape-specific scaffold in tissue engineering,
therefore optimizing fibrin composition is a fundamental approach to obtain a scaffold system providing
optimal shape stability and integrity for specific applications in tissue engineering. In spite of this factor,
fibrin as a carrier of active biomolecules and particularly as support for cell delivery as been applied to
the tissue engineering field as presented in Table 4. The table summarizes the polymer and carriers
shape used in the system, the aimed tissue engineering application, the biologically active biomolecule
to be delivered, the source of the cells used to test the developed systems in vitro or the cell type
incorporated in the system in the last part of the table. When applicable the used animal model is also
referred. One interesting work is presented by Aper et al. [76] where autologous blood vessels are
engineered from peripheral blood sample. The objective is the development of a bioartificial vascular
graft by means of an autologous scaffold material seeded with endothelial progenitor cells separated
from the peripheral blood of a single donor. With regard to a later clinical application, the scaffold
material should be generated easily without the need for surgical procedure to harvest it from the body
of the later recipient [76].

Fibrinogen and thrombin from different sources including human are commercially available in the usual
chemical sup-pliers and normally are used to produce the fibrin gel in research works. Nevertheless,
there is an already available industrially produced homologous fibrin sealant. The most used one is
Tisseel VH® commercialized by Baxter, USA and consists of a two-component fibrin biomatrix with
highly concentrated human fibrinogen. Moreover, it is possible also to produce fibrin gel from a blood
sample [76]. There are several commercially available devices that allow for this. An example is the
CryoSeal® Fibrin Sealant System manufactured by Thermogenesis in USA which enables the
production of autologous fibrin sealant components from a single unit of a patient's blood plasma in
about 60 min. Another example is Vivostat® System commercialized by Vivolution, Denmark which is an
automated system for the on-site preparation and application of patient-derived fibrin sealant or platelet-
rich fibrin. There is a published study [106] which compares the properties in different aspects

concluding that there are clear differences between the commercially available ways to obtain fibrin gel.
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Table 4. Fibrin-based matrices/scaffolds for drug and cell delivery described for different tissue engineering applications.

POLYMER(S)/CARRIER/ ENCAPSULATED/ SEEDED
TE APPLICATION ACTIVE BIOMOLECULE ANIMAL MODEL REFS
SCAFFOLD STRUCTURE CELL TYPE (SOURCE)
Fibrin films Not defined FGF-2 (patterning) MG63 cell line - [92]
Fibrin gel (Tisseel®)-plotted
PCLITCP Bone rhBMP-2 Human osteoblasts - [93]
Rat calvarium and
Fibrin gel Bone ngl BMP-2 - dog inter-carpal [80]
fusion
Flbrm.gel containing Vascularization  bEGF Human qmb|||cal vein Mouse .||mb [94,95]
heparin-nanospheres endothelial cells ischemia
Fibrin gel Vascularization ~ VEGF variants Human u_mb|||ca| ven - [81]
endothelial cells
L Skin TGF-B1, insulinand ~ Human foreskin
Fibrin gel Cardiovascular plasmin (medium) fibroblasts cell line - 77
Fibrin gel and beads $p|na| cord NT-3 Ch|ckldorsa| root Ra}t suct|onlalb|at|on [96,97]
injury ganglia cell culture spinal cord injury
_ Nerve bFGF, VEGF, B- Chick dorsal root Rat sciatic nerve
Fibrin gel regeneration NGF, NT-3 ganglia cell culture defect [98-100]
Fibrin gel Intervenebral _ Hluman intervertebral _ [30]
disc disc cells
Fibrin-collagen gel Cartilage - Embryonic . - [91]
chondrogenic cells
. . Bovine articular
Fibrin gel Cartilage - chondrocytes - [89,90,101]
Fibrin gel in a PGA non- Cartilage - Pig chondrocytes - [102]
woven mesh
- ) Human articular
Porous fibrin gel Cartilage - chondrocytes - [103]
Fibrin glue (Tisseel®) - Rabbit bone marrow Rabbit medial
plotted PCL Osteochondral - mesenchymal cells femoral condyle [104]
Fibrin scaffold $p|na| cord _ Murine embryonic stem [87]
injury cells
Fibrin tubes (autologous) Vascularization - g)éjlltgrowth endothelia [76]
Fibrin gel Vascularization - Rat aortic smooth - [78]
muscle cells
Fibrin gel in a fiber-based Cardiovascular - Human venous _ [105]

scaffold

myofibroblasts

Abbreviations: FGF-2: fibroblast growth factor-2; bFGF: basic fibroblast growth factor; NT-3: neurotrophin-3; NGF: nerve growth factor; -

NGF: beta-nerve growth factor; VEGF: vascular endothelial growth factor; PCL: polycaprolactone; TCP: tricalcium phosphate; rhBMP-2:

recombinant bone morphogenetic protein-2; ngIBMP-2: non-glycosylated form of bone morphogenetic protein-2; PGA: polyglycolic acid;
TGF-B1: transforming growth factor-beta 1. Compiled from references [30,76-78,80,81,87,89-105].

2.6. OTHER PROTEIN-BASED POLYMERS
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There are other very interesting and attractive protein-origin polymers namely elastin and soybean that
have been applied in some extent in the tissue engineering applications. We have decided to include
them just as a general overview due to the limited application as drug delivery carriers or cell carriers in

the tissue engineering field but justifying their use in tissue engineering.

Elastin is the dominant extracellular matrix protein deposited in the arterial wall and can contribute up to
50% of its dry weight. The protein product of the elastin gene is synthesized by vascular smooth muscle
cells and secreted as a tropoelastin monomer that is soluble, non-glycosylated and highly hydrophobic
[107]. Elastin is the responsible component conferring elasticity, preventing dynamic tissue creep by
stretching under load and recoiling to their original configurations after the load is released. In addition
to the mechanical responsiveness, elastin is a potent autocrine regulator of vascular smooth muscle
cells activity and this regulation is important for preventing fibrocellular pathology [6]. Given elastin
importance in governing the mechanical properties of native vessels and their role in vascular smooth
muscle cells activity, the development of processable elastin-based biomaterials could advance the
design of biofunctional blood vessel replacements, in vascular tissue engineering (where the main
application is found) or achieving vascularization in bone regeneration. Such elastin-based biomaterials
may not need to initially resemble the precise structural organization of native elastin, but could serve as
templates for cellular remodeling and reorganization, being a critical issue in the referred applications as
reviewed by Patel et al. [6]. Nevertheless, the development of elastin-based biomaterials is still an
exploitable area for other application rather than vascular tissue engineering.

Examples of applications in this field are proposed by Buttafoco et al. [108] where the addition of
polyethylene oxide and sodium chloride was necessary to spin continuous and homogeneous elastin
fibers by an electrospinning method. The formation of a confluent multi-layer of smooth muscle cells,
growing on top of each nanofiber meshes was observed by means of histology [108]. Other application
is proposed by Lu et al. [107] the attempt to create porous structures for cell repopulation removing
selectively matrix components from decellularized porcine aorta to obtain two types of scaffolds, namely
elastin and collagen scaffolds. Fibroblasts were used for cell culture and they infiltrated about 120 pym
into elastin scaffolds and about 40 um into collagen scaffolds after 4 weeks of rotary cell culture. These
results indicated that the developed novel aortic elastin matrices have the potential to serve as scaffolds
for cardiovascular tissue engineering. Moreover, Leach et al. [109] propose a simple synthesis
technique for creating elastin-based biomaterials. They present a versatile system of two commercially
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available and water-soluble components: a-elastin (a well-characterized elastin digest) and ethylene
glycol diglycidylether (a diepoxy crosslinker) to develop a pH-dependent crosslinking scheme to yield
insoluble a-elastin biomaterials. Studies of vascular smooth muscle cells attachment and proliferation
were used to confirm the predicted cell response to a-elastin substrates [109]. The results suggest that
crosslinked a-elastin could provide a platform for complex composite materials with both mechanical

and bioactive properties that closely mimic native vascular tissue.

Recombinant protein technologies have allowed the synthesis of well-defined elastin-derived
polypeptides (ELPSs), which have driven insightful structure-function studies of tropoelastin (the soluble
precursor of crosslinked elastin) and have gained more attention. ELPs are artificial biopolymers
composed of the pentapeptide repeat Val-Pro-Gly-Xaa-Gly (VPGXG), which is derived from the
hydrophobic domain of tropoelastin. At low temperatures, ELPs are soluble in agueous solution, but as
the solution temperature is raised, they become insoluble and aggregate at a critical temperature,
termed the ‘inverse transition temperature’ (Ty), a phenomenon similar to the lower critical solution
temperature transition [5]. This process is typically reversible so that subsequent cooling of the solution
below the T; results in the re-solubilization of the ELP. This transition has become the key issue in the
development of new peptide-based polymers as molecular machines and materials. The basic structure
of ELPs is a repeating sequence originating in the repeating sequences found in the mammalian elastic
protein, elastin [2]. Some of their main characteristics of these ELPs are derived from the natural protein
they are based on. For example, the crosslinked matrices of these polymers retain most of the striking
mechanical properties of elastin, i.e. almost ideal elasticity with Young's modulus, elongation at break,
etc. in the range of the natural elastin and outstanding resistance to fatigue [5]. ELPs have found
application in the drug delivery field due to the ability to synthesize them with a precise molecular weight

and low poly-dispersity, their potential biocompatibility and controlled degradation.

In the tissue engineering field, the biodegradation and bio-compatibility of ELPs are suitable for
preparing bulk implants and/or injectables. These implants can hold cells, providing a substrate for
tissue engineering. In one approach, Betre et al. [110] investigated the potential of a genetically
engineered ELPs to promote the chondrocytic differentiation of human adipose derived adult stem cells
without exogenous chondro-genic supplements. The results demonstrate that ELPS can provide the
appropriate physical and biochemical environment to maintain chondrocyte differentiation and support
cartilage matrix synthesis in vitro and suggest the potential utility of ELPs to serve as a scaffold for
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cartilage repair. Moreover, the study suggests that ELPs can promote chondrogenesis for human
adipose derived adult stem cells in the absence of exogenous TGF-1 and dexamethasone, especially
under low oxygen tension conditions [110]. Finally the potential of ELPs to self-assemble into
nanostructures in response to environmental cues, a nascent area of research, will lead to a host of new

applications of these recombinant polymers.

Soybean, from the most cultivated plant in the world, is rich in proteins (40-50%), lipids (20-30%) and
carbohydrates (26-30%), and consequently the subject of extensive scientific research [111]. The
soybean (USA and UK) or soya bean (UK) (from an annual plant, Glycine Max L. Merrill [112]) is a
species of legume native that can be processed into three kinds of protein-rich products; soy flour, soy
concentrate, and soy isolate which varies in protein content. Isolated soy protein (highly refined or
purified form), the most concentrated source of soy protein by definition contains 90% protein on a dry
weight basis, followed by soy concentrate (soybean without the water-soluble carbohydrates) at 70%
protein and soy flour (made by grinding soybeans into a fine powder) at 50% protein on a dry weight
basis. The major soy proteins (greater than 85%) are glycinin, or 11S, and B-conglycinin, or 7S, which
represent 34% and 27%, respectively, of the proteins occurring in the isolate [111,113]. Soy protein is
abundant, renewable, inexpensive and biodegradable, making it an attractive source of degradable
materials for tissue engineering uses. Nevertheless, the application of soy-based polymers in this field is
still very narrow, especially if one considers application for growth factor or cell delivery. The main field
of soy application is by far the food industry and more recently as environment-friendly biodegradable
‘green’ alternatives for biolpolymers and composites for use in various applications including computer
casings and electronic chip packaging [112]. However, soy is also expected to present a tailorable
degradation profile [114] varying with the crosslinking degree which constitutes an advantage for drug
delivery systems design. Furthermore to improve soy properties (namely mechanical, degradation,
solubility and hydrophilicity) it is common to mix with other polymers such as dextran [115,116], chitosan
[117], gelatin [118], carrageenan [119], and starch [116,120]. The use of soy-based polymers for drug
delivery and tissue engineering applications is proposed by the group of Reis et al. [117,121-123] where
soy-based thermoplastics and membranes are described and characterized as biomaterials and carriers

for drug delivery applications.
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3. POLYSACCHARIDIC POLYMERS

3.1. INTRODUCTION

Polysaccharides are a class of biopolymers constituted by simple sugar monomers [124]. The
monomers (monosaccharides) are linked together by O-glycosidic bonds that can be made to any of the
hydroxyl groups of a monosaccharide, conferring polysaccharides the ability to form both linear and
branched polymers. Differences in the monosaccharide com-position, chain shapes and molecular
weight dictate their physical properties including solubility, gelation and surface properties. These
biological polymers can be obtained from different sources: microbial, animal and vegetal [125]. Several
advantages can be derived from the use of these macromolecules. First of all, probably because of the
chemical similarities with heparin, polysaccharides show good hemocompatibility properties. They are
non-toxic, show interaction with living cells and, with few exceptions, have low costs in comparison with
others biopolymers such as collagen [125,126]. These polysaccharidic polymers have been widely
proposed as scaffold materials in tissue engineering applications as well as carriers for drug delivery
systems as described in more detail in the following sections.

3.2. CHITOSAN

Chitosan is a cationic polymer obtained from chitin com-prising copolymers of f(1—4)-glucosamine and
N-acetyl-D-glucosamine. Chitin is a natural polysaccharide found particularly in the shell of crustacean,
cuticles of insects and cell walls of fungi and is the second most abundant polymerized carbon found in
nature. Chitosan, the fully or partially deacetylated form of chitin, due to its properties as attracted much
attention in the tissue engineering and drug delivery fields with a wide variety of applications ranging
from skin, bone, cartilage and vascular grafts to substrates for mammalian cell culture. It has been
proved to be biologically renewable, biodegradable, biocompatible, non-antigenic, non-toxic and
biofunctional [127].

The term chitosan is used to describe a series of polymers of different degrees of deacetylation defined
in terms of the percentage of primary amino groups in the polymer backbone and average molecular

weights. The degree of deacetylation of typical commercial chitosan is usually between 70% and 95%,
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and the molecular weight between 10 and 1000 kDa [128]. The properties, biodegradability and
biological role of chitosan are dependent on the relative proportions of N-acetyl-D-glucosamine and D-
glucosamine residues [129]. In preparing chitosan, ground shells are deproteinated and demineralized
by sequential treatment with alkali and acid, after which the extracted chitin is deacetylated to chitosan
by alkaline hydrolysis at high temperature. Production of chitosan from these sources is inexpensive,
easy and can provide additional control over chitosan final properties. In addition, chitosan molecule has
amino and hydroxyl groups which can be modified chemically providing a high chemical versatility and is

metabolized by certain human enzymes, especially lysozyme being considered biodegradable.

Chitosan is also a bioadhesive material. The adhesive properties of chitosan in a swollen state have
been shown to persist well during repeated contacts of chitosan and the substrate [128] which implies
that, in addition to the adhesion by hydration, many other mechanisms, such as hydrogen bonding and
ionic interactions might also have be involved. Moreover, chitosan exhibits a pH-sensitive behavior as a
weak poly-base due to the large quantities of amino groups on its chain. Chitosan dissolves easily at
low pH while it is insoluble at higher pH ranges. The mechanism of pH-sensitive swelling involves the
protonation of amine groups of chitosan under low pH conditions. This property has held chitosan to be
widely investigated as a delivery matrix. Crosslinking is often used to tailor chitosan-based materials
properties. The most common crosslinkers used to crosslink chitosan are dialdehydes such as glyoxal
[130] and glutaraldehyde [131]. The aldehyde groups form covalent imine bonds with the amino groups
of chitosan due to the resonance established with adjacent double ethylinic bonds via a Schiff reaction
[128]. Dialdehydes allow the crosslinking to happen by direct reaction in aqueous media and under mild
conditions. Moreover, dihaldehydes such as glutaraldehyde stabilize the collagen structure, prevent
tissue digestion by enzymes or bacteria and reduce the antigenicity of the material [132]. It also adds to
retaining the biocompatibility of the polymer. Natural crosslinkers like genipin [133] are gaining wide

acceptance for crosslinking chitosan.

Porous chitosan matrix may be suggested as a potential candidate as a bone regenerative material due
to its proper biological and physical properties. Biological activity of chitosan on bone regeneration has
been demonstrated in many reports [134,135]. However, chitosan has some limitations in inducing rapid
bone regeneration at initial stages. Bone formation after implanting these matrices occurs over a long
period (several months or years) [127]. Additional functions for chitosan materials are necessary to
shorten bone forming period and improve their efficacy. Incorporation of active biomolecules such as
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growth factors has been used as a strategy which is highly beneficial for obtaining improved bone

regeneration.

Concerning cartilage engineering, chitosan is structurally similar to glycosaminoglycans (GAGs) found in
extracellular matrices as in native articular cartilage and are very important in playing a key role in
modulating chondrocytes morphology, differentiation and function. This characteristic together with the
ones previously described makes chitosan also an attractive natural-origin polymer to engineered
cartilage. In addition, chitosan was found to enhance blood coagulation [136] accelerating wound
healing [137,138], thus it can act as an ideal wound dressing as it exhibits a positive charge, film-
forming capacity, mild gelation characteristics and a strong tissue-adhesive property. Research work
indicates that chitosan enhances the functions of inflammatory cells such as polymorphonuclear
leukocytes, macrophages and fibroblasts promoting granulation and organization [136]. Therefore,
chitosan can be used for large open wounds [139]. A study showed that chitosan-treated wounds were
epithelized when compared with wounds of the control group after the treatment [137,139]. Table 5
intends to summarize some relevant application of chitosan-based materials in the tissue engineering
field and drug delivery aiming several tissues. The incorporation of a wide range of bioactive molecule
highlights the potential of this natural origin to these applications, including gene delivery.

Some commercially available formats of chitosan include the geniaBeads® CN commercialize by
Genialab in Germany which are hydrogel beads made from chitosan. Due to chitosan properties in
wound healing, a commercially available product is HemCon® bandage from HemCon Medical
Technologies Inc. in USA which is a chitosan bandage. This bandage can be applied with pressure to a
severe external wound and in several minutes attracts blood cells (negatively charged surface) that
merge with chitosan forming a blood clot. The bleeding stops and the bandage adhere tightly to the
wound, so the person can be moved without more bleeding. Chitosan has also been marketed
throughout the world as a component in non-medical products, as a fat binder in cholesterol-lowering
and slimming formulations. It has been claimed that chitosan entraps lipids in the intestine due to its

cationic nature.
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Table 5. Chitosan-based matrices/scaffolds for drug, cell and gene delivery described for different tissue engineering

applications.

POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/SEEDED
TE APPLICATION ANIMAL MODEL REFs
STRUCTURE BIOMOLECULE CELL TYPE (SOURCE)
. . , ' Dexamethasone,
Chitosan-alginate fibers Not defined PDGE-BB - - [140]
Galactosylated chitosan coating Not defined EGF Mouse hepatocytes - [141]
Ch_|tosan granules in a TCP/ Bone PDGF - Rat femur defect [142]
chitosan hydrogel
Chitosan freeze-dried scaffolds Bone PDGF-BB Rat calvarial osteoblasts - [135]
Human periodontal Nude mice
Chitosan/collagen scaffolds Periodontal bone  TGF-B1 plasmid . P subcutaneous [143]
ligament cells ; )
implantation
Human periodontal Nude mice
Chitosan/coral scaffolds Periodontal bone  PDGFB plasmid . P subcutaneous [144]
ligament cells ; )
implantation
Chitosan freeze-dried sponge Periodontal bone ~ PDGF-BB Fetal rat C?"Va”a' Rat calvarial defect  [145]
osteoblastic cells
Chitosan/gelatin freeze-dried . . Rabbit articular
scaffolds Cartilage TGF-B1 plasmid chondrocytes - [146]
Chitosan microspheres in ' Porcine articular
chitosan freeze-dried scaffolds Cartilage TGF-p1 chondrocytes - [147]
Chitosan microspheres in Rabbit articular
chondroitin sulphate-collagen- Cartilage TGF-p1 - [148]
) ) chondrocytes
chitosan freeze-dried scaffolds
. Rabbit
Chitosan-glycerol phosphate Osteochondral Autologous blood - osteochondral [149]
hydrogel d
efect
Chitosan/heparinoid injectable Vascularization FGF-2 HUVEC Mice back subcuits  [150]
hydrogels
Chitosan hydrogels Vascularization FGF-2 - Rabbﬁ myocardial [151]
infarction
Ch|tosan_/ch|t|n tubular device with Penpherall nerve EGF Mice neural stem cells _ [152]
PLGA microspheres regeneration
Chitosan hydrogel Skin hEGF - Rat burn wounds [139]
Photocrosslinkable chitosan Skin FGE-2 B Ml_ce_ful_l-tlhlckness [153]
hydrogel skin incisions
Particle aggregated chitosan Bone Human adipose-derived
' _ [131]
scaffolds Cartilage adult stem cells

Abbreviations: TCP: tricalcium phosphate; PLGA: poly(lactide-co-glycolide); PDGF: platelet-derived growth factor; EGF: epidermal growth
factor; TGF-B1: transforming growth factor-B1; FGF-2: fibroblast growth factor-2; HUVEC: Human umbilical vein endothelial cells. Compiled
from references [131,135,139-153].

=27 -



CHAPTER . Natural-origin polymers as carriers and scaffolds in tissue engineering

3.3. STARCH

Starch is one of the most promising natural polymers because of its inherent biodegradability,
overwhelming abundance and renewability. It is composed of a mixture of glycans that plants synthesize
and deposited in the chloroplasts as their principal food reserve. Starch is stored as insoluble granules
composed of a-amylose (20-30%) and amylopectin (70-80%) [154]. a-Amylose is a linear polymer of
several thousands of glucose residues linked by a(1—4) bonds. The a-glycosidic bonds of a-amylose
cause it to adopt a helical conformation (left-handed helix) [154]. Amylopectin consists mainly of
a(1—4)-linked glucose residues but it is a branched molecule with a(1—6) branch points every 24 to
30 glucose residues in average. Amylopectin molecules contain up to 106 glucose residues, making

them some of the largest molecules in nature [154].

Starch by itself is extremely difficult to process and is brittle when used without the addition of a
plasticizer. In most applications, the semi-crystalline native starch granule structure is either destroyed
or reorganized, or both [155]. Water is the usual plasticizer in starch processing, and the physical
properties of starch are greatly influenced by the amount of water present [155]. Therefore, the use of
other plasticizers, such as low molecular weight alcohols, especially for the production of thermoplastic
starches, renders starch more processable [155]. Additionally, blending two or more chemically and
physically dissimilar natural polymers has shown potential to overcome these difficulties.

Over the years several materials have been blended with starch to improve its processability, including,
but not restricted to, several synthetic polymers, such as polyethylene [156], polycaprolactone [157],
polyethylene-co-vinyl alcohol [158], poly(hydroxybutyrate-co-valerate) [159], among others [160,161], or
even other natural origin materials such as other polysaccharides [162] and proteins [163]. Starch has
also been extensively modified by chemical methods such as oxidation [164] and grafting of acryl
reactive groups [165]. Due to its degradation by amylases [166], this constitutes another strategy to
tailor the degradation of starch-based materials [167,168]. A very important feature of most natural
origin materials when considered for biomedical applications is the reaction of the host to degradation
products (in the case of starch, degradation products are oligosaccharides that can be readily

metabolized to produce energy).

-28 -



CHAPTER I. Natural-origin polymers as carriers and scaffolds in tissue engineering

Starch has been extensively used for drug delivery applications, including cancer therapy [169], nasal
administration of insulin [170] among others [171,172]. Reis and co-workers [173,174] have proposed
starch-based materials (blends of starch with different synthetic polymers, such as ethylene vinyl
alcohol, polylactic acid, cellulose acetate and polycaprolactone) as materials with potential for
biomedical applications. Since then, others have studied the ability of these materials for biomedical
applications, namely as porous scaffolds [175,176]. The work of Reis and co-workers has been focused
on a wide range of biomedical applications, such as scaffolds for bone tissue engineering applications
[174,177], bone cements [178,179] and as drug delivery systems [174,180-182]. These materials have
been shown to be biocompatible in vitro [183], and to possess a good in vivo performance [184]. More
recently, these materials have been shown to permit the adhesion of endothelial cells [185], an indicator
of the ability of starch-based fiber-based scaffolds to permit vascularization to occur. This finding builds

on the already proven potential of these materials for tissue engineering applications.

Table 6 intends to summarize some relevant application of starch-based materials in the tissue
engineering field and drug delivery.

Table 6. Starch-based matrices/scaffolds for drug and cell delivery described for different tissue engineering applications.

POLYMER(S)/CARRIER/ ENCAPSULATED/SEEDED CELL TYPE ANIMAL
TE APPLICATION  ACTIVE BIOMOLECULE REFS
SCAFFOLD STRUCTURE (SOURCE) MODEL
Starch-based porous Bone _Non-ster0|d anti- B B [174]
scaffolds inflammatory agent
Starch-based microparticles ~ Bone N on-steroid ant- - - [180]
inflammatory agent
Starch-based microparticles ~ Bone Corticosteroids - - [181]
Starch-based microparticles ~ Bone PDGF - - [182]
Starch-based microparticles ~ Bone - Osteoblasts - [186]

Starch-based fiber meshes

Bone - Bone marrow stromal cells - [187]
scaffolds

Micro (HPMEC-ST1.6R) and
Vascularization - macrovascular (HUVEC) endothelial - [185]
cells

Starch-based fiber meshes
scaffolds

Abbreviations: PDGF: platelet-derived growth factor. Compiled from references [174,180-182,185-187].
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3.4. ALGINATE

Alginate is one of the most studied and applied polysaccharidic polymers in tissue engineering and drug
delivery field. They are abundant in nature and are found as structural components of marine brown
algae and as capsular polysaccharides in some soil bacteria. Commercial alginates are extracted from
three species of brown algae. These include Laminaria hyperborean, Ascophyllum nodosum, and
Macrocystis pyrifera in which alginate comprises up to 40% of the dry weight [128]. Bacterial alginates
have also been isolated from Azotobacter vinelandii and several Pseudomonas species [128]. Alginates
are naturally derived polysaccharide block copolymers composed of regions of sequential B-D-
mannuronic acid monomers (M-blocks), regions of a-L-guluronic acid (G-blocks), and regions of
interspersed M and G units [188]. The length of the M-and G-blocks and sequential distribution along
the polymer chain varies depending on the source of the alginate. Alginates undergo reversible gelation
in aqueous solution under mild conditions through interaction with divalent cations such as Ca2* that can
cooperatively bind between the G-blocks of adjacent alginate chains creating ionic inter-chain bridges.
This gentle property has led to their wide use as cell transplantation vehicles to grow new tissues and as
wound dressings. Moreover, alginate as an anionic polymer with carboxyl end groups is a good
mucoadhesive agent [128]. However, alginate hydrogels used in these applications have uncontrollable
degradation kinetics and gels dissolve in an uncontrollable manner following the loss of divalent cations
releasing high and low molecular weight alginate units. Attempts have been made to covalently
crosslink sodium alginate with gelatin and sodium tetraborate [189] or with albumin [190].

The hydrogel is formed because blocks of guluronic residues bind to cations resulting in a three
dimensional network of alginate fibers held together with ionic interactions. The model that best
describes this network is the “egg-box model” [191]. The resultant network is a function of the frequency
and length of contiguous guluronic acid residues as well as the concentration and type of the cation
[192]. The changes in frequency and length of adjacent guluronic acid units, as well as, changes in
cation concentration can alter the number of alginate fibers held together changing the overall strength
of the network. In a few words, alginates possessing a high guluronic acid content develop stiffer, more
porous gels which maintain their integrity for longer periods of time. During cationic crosslinking, they do
not undergo excessive swelling and subsequent shrinking, thus they better maintain their form [193]. On

the other hand, alginates rich in mannuronic acid residues develop softer, less porous gels that tend to
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disintegrate with time. Consequently, they are characterized by a high degree of swelling and shrinking
during cationic crosslinking [193].

The effects of alginate composition on the growth characteristics and metabolic activity of encapsulated
cells have yet to be fully assessed. Nevertheless, the referred parameters that defined the alginate
network strength may be the majority responsible for the differences in the growth characteristics of
cells encapsulated in different alginates as reported since by Simpson and co-workers [193], as the
network strength is a conditional parameter to the nutrient diffusion and cell-to-cell contact. The work of
Yoon et al. [194] also reports the influence of alginate concentration and cell concentration in the

expression of insulin-like growth factor-1 (IGF-1) of encapsulated chondrocytes.

Alginate-based materials are pH-sensitive. Biomolecules release from alginate-based materials in low
pH solutions is significantly reduced which could be advantageous in the development of a delivery
system. Theoretically, alginate shrinks at low pH and the encapsulated drugs are not released. This pH-
dependent behavior of alginate is exploited to tailor release profiles and in the development of ‘smart’
systems. However, at higher pH alginate undergoes a rapid dissolution which may result in burst
release of protein drugs and subsequently their denaturation by proteolytic enzymes. Therefore, many
modifications in the physicochemical properties are needed for the prolonged controlled release of
protein drugs [195,196].

Due to its biocharacteristics and the mild gelation process conditions, alginate templates are by far one
of the natural origin polymers applied in tissue engineering applications even considering growth factor
delivery or cell encapsulation, as Table 7 demonstrates. If one analyses the vast examples in the table,
cartilage tissue engineering arises as the major application mainly to the need of the 3D culture of
chondrocytes. Alginate beads/hydrogels can be prepared by extruding/maintaining a solution of sodium
alginate containing the desired protein or cells, as droplets/blocks, in to a divalent crosslinking solution
such as Ca2+,Sr2*,or Ba2*. Monovalent cations and Mg?* ions do not induce gelation [128]. Although
alginate beads/hydrogels can be prepared by simple and mild procedures, this method has a major
limitation that is the drug loss during bead/hydrogel preparation, by leaching through the pores in the

beads/hydrogels.
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Table 7. Alginate-based matrices/scaffolds for drug and cell delivery described for different tissue engineering applications.

POLYMER(S)/CARRIER/ ENCAPSULATED/SEEDED CELL
TE APPLICATION ACTIVE BIOMOLECULE ANIMAL MODEL
SCAFFOLD STRUCTURE TYPE (SOURCE)
. . ) ) Dexamethasone,
Alginate—chitosan fibers Not defined PDGF-BB - - [140]
Alginate hydrogel Bone/cartilage BMP-2 gene Bone marrow stromal cells ma:g; femoral [21]
Alginate beads Cartilage BMP-2 Human articular - [197]
chondrocytes
. . IGF-1, TGF-B2 and Bovine articular
Alginate beads Cartilage FGE.2 chondrocytes - [198]
. . . Bovine articular
Alginate beads Cartilage rhOP-1 (medium) chondrocytes - [199]
Alginate hydrogel and film  Cartilage FGF-2 and TGF-§ Rabbit periostal explants - [188,200]
(medium)
Nude mice
Alginate beads Cartilage BMP-2,4,5,6,7 Chondrocytes (transfected) — subcutaneous [201]
implantation
Rabbit knee
Alginate beads Cartilage TGF-8 - osteochondral [202]
defects
. . TGF-B1, TGF-B2, Bovine synovium-derived
Alginate hydrogel Cartilage TGF-B3 or BMP-2 progenitor cells - [203]
Alginate beads Cartilage Human platelet Human articular _ [204]
supernatant chondrocytes
Alginate beads Cartlage Porcine platelet-rich ~ Porcine articular _ [205]
plasma chondrocytes
Alginate beads Vascularization bFGF, VEGF, EGF - _Rat myocardlal [206]
infarction
Nude mice
Alginate hydrogel Vascularization VEGF and bFGF - subcutaneous [207]
implantation
. . - Human CCD-18Co
ﬁ\igér:;{:it\/eebﬁggs with Vascularization \éigﬁrﬁond'tloned fibroblast cells and - [208]
g HDMECA
Alginate gels in PP and Vascularization Endothelial cell _ Rat subcutaneous [209]
PS hollow-fibers growth supplement implantation
Alginate beads Perlphera_l nerve BDNF - Rat sciatic nerve [210]
regeneration
. . Nude mice
Alginate hyplrpgels W|_th Bone BMP-2 and TGF-B3 Rat bone marrow stromal SubCUtANEOUS 211]
RGD-containing peptides cells ; .
implantation
(CONT.)
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Table 7 (cont). Alginate-based matrices/scaffolds for drug and cell delivery described for different tissue engineering

applications.
POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/SEEDED CELL
TE APPLICATION ANIMAL MODEL REFS
STRUCTURE BIOMOLECULE ~ TYPE (SOURCE)
Alginate hydrogel ljni;irvertebral TGF-p1 Human intervertebral disc cells - [29,30,212]
. . Nude mice
Alginate beads and disks Cartilage - Human adipose-derived adult subcutaneous [48,213]
stem cells ; .
implantation
. . Glucose .
Alginate hydrogel Cartilage (medium) Cattle articular chondrocytes - [214]
Alginate freeze-dried sponges .
and combined with hyaluronic ~ Cartilage - Rat chondrocytes Rat_{ull-th(;cl;ness [215]
acid cartilage defect
Alginate hydrogel in , . . Nude mice
) Cartilage - Bovine articular chondrocytes  subcutaneous [216]
Ethisorb210 ; .
implantation
Alginate hydrogel Cartilage - Bovine articular chondrocytes - [101,194]
. . . , Rabbit knee
Alginate gel alone and in Cartilage B Rabbit rib chondro-progenitor osteochondral [217]
PGA-PLA pads cells
defects
Alginate—chitosan . Human bone marrow cells and Nude mice
> Bone/cartilage - . subcutaneous [218]
microcapsules human articular chondrocytes .
implantation
Oxidized alginate injectable .
hydrogel Liver - Rat hepatocytes - [189]
Alginate beads Pancreas - Murine insulinoma BTC3 cells - [193]

Abbreviations: PDGF-BB: recombinant human platelet-derived growth factor-BB; BMP: bone morphogenetic protein; IGF-1: insulin
growth factor; TGF-B: transforming growth factor; FGF: fibroblast growth factor; rhOP-1: recombinant human osteogenic protein-1; EGF;
epidermal growth factor; VEGF: vascular endothelial growth factor; BDNF: brain derived neutrophic factor; CCD-18Co: normal colon
fibroblast cells derived from human colon; HDMECA: adult human dermal microvascular endothelial cells; PGA-PLA: co-polymer of
polyglycolic acid-polylactic acid; Ethisorb210: non-woven fleece composed of a polyglycolic-polylactic-copolymer punctually glued with
polydioxanon; PP: polypropylene, PS: polysulfone. Compiled from references [21,29,30,48,101,140,188,189,193,194,197-218].

One nature-inspired approach that has been attracting more attention is the use of biological multi-
protein supplements as source of several growth factors to improve cell behavior. The biochemical
stimulus provided in the initial critical stages of cell culture for engineered tissues may differ from that for
single growth factor delivery. One example of this potential approach is given by Gaissmaier and co-
workers [204] by using human platelet supernatant. As it is known, platelets are a rich source of many
growth factors including transforming growth factor-g and platelet-derived growth factor. However, the
authors report that in spite of the addition of human platelet supernatant accelerate chondrocytes
expansion can lead to their dedifferentiation. Other reported approach is the use of platelet-rich plasma
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isolated from autologous blood (porcine source) suggesting that the cells remain phenotypically stable in
the presence of platelet-rich plasma [205]. Another strategy is proposed for angiogenic growth factors
by using endothelial cell growth supplement [209] as source for vascular endothelial growth factor
(VEGF), several endothelial cell growth factors (ECGFs) and basic fibroblast growth factor (bFGF). The
study demonstrates that the controlled release of endothelial cell growth supplement leads to a two-fold
increase in neovascularization at the material-tissue interface. However, the study does not include any

comparison with the effect of any single growth factor.

For cartilage tissue engineering, periosteum can be use not only as source for chondrogenic growth
factors but also as source for chondrogenic precursor cells as reported in the work of Stevens and
colleagues [188]. Besides these, other advantage of periosteum over cell cultures for cartilage or
0sseous tissue engineering include the fact that it can serve as a template for directional evolution of
tissue. The periosteum contains a source of chondrogenic growth factors that if supplemented in vitro by
the morphogen TGF-B1 can drive the terminal differentiation of the precursor cells into a chondrocyte
phenotype [188]. The in vitro culture of periosteal explants within the alginate hydrogel, showed that
after 6 weeks more than 50% of the total area of the periosteal explants was composed of cartilage that
was hyaline-like in appearance in contrast to the results obtained with encapsulated chondrocytes
where constructs supported the in vitro culture for a period of several weeks but did not form a hyaline-
like cartilaginous tissue [188].

Concerning the commercially available products, alginate has been widely marketed as wound
dressings. Examples are Nu-Derm® commercialized by Johnson & Johnson in USA, Curasorb® by
Kendall or AlgiSite® by Smith & Nephew in USA Genialab in Germany is marketing geniaBeads® CA
which are hydrogel beads made from calcium alginate. The hydrogel beads' size can be chosen from a
wide range of 0.2 to 3 mm to give them the desired properties regarding eye-appeal, release properties,
or technical demands in general. A more tissue engineering driven product is commercialize by Articular
Engineering LCC in USA for research purposes that has a variety of available products ranging
engineered tissues, isolated cells, native tissues and cryopreserved cells from cartilage, synovium and
intervertebral disc from both bovine or human origin using alginate beads with the alginate-recovered-
chondrocyte or ARC™ method. A study was published on further development in this technology using

osteogenic protein-1[199].

-34-



CHAPTER I. Natural-origin polymers as carriers and scaffolds in tissue engineering

3.5. HYALURONAN

Hyaluronic acid is most frequently referred to as hyaluronan due to the fact that it exists in vivo as a
polyanion and not in the protonated acid form [219]. Hyaluronan is a naturally occurring non-sulfated
glycosaminoglycan and a major macromolecular component of the intercellular matrix of most
connective tissues such as cartilage, vitreous of the human eye, umbilical cord and synovial fluid [219].
Hyaluronic acid is a linear polysaccharide that consists of alternating disaccharide units of a-1,4-D-
glucuronic acid and B-1,3-N-acetyl-D-glucosamine, linked by B(1—3) bonds [220]. Hyaluronan and its
associated networks have many physiological roles that include tissue and matrix water regulation,
structural and space-filling properties, lubrication, and a number of macromolecular functions
[219].Especially for its enhanced viscoelastic properties, hyaluronan works as a lubricant and shock
absorber in synovial fluid [124]. Hyaluronan has been widely studied for drug delivery, for dermal, nasal,
pulmonary, parenteral, liposome-modified, implantable delivery devices and for gene delivery (reviewed
in Liao et al. [219]). Hyaluronan for tissue engineering has been focused on cartilage, bone and
osteochondral applications, most likely due to the fact that it is a major macromolecular component of

the extracellular matrix. The most relevant applications are summarize in Table 8.

Commercially available hyaluronan is obtained from different sources, mainly by extraction from
umbilical cord, rooster comb, synovial fluid, or vitreous humour. In addition, hyaluronic acid can be
easily and controllably produced in large scales through microbial fermentation, from strains of bacteria
such as Streptococci [219], enabling the scale-up of derived products and avoiding the risk of animal-
derived pathogens. Hyaluronan is available for several applications, for lubrication and mechanical
support for the joints in osteoarthritis (Hyalgan® and Hyalubrix® from Fidia in Italy; Artz® from Seikagaku
Corporation in Japan) as a viscoelastic gel for surgery and wound healing (Bionect® from CSC
Pharmaceutical in USA; Jossalind® from Hexal in Germany), for im-plantation of artificial intraocular lens
(Healon® from OVD from Advanced Medical Optics in USA, Opegan R® from Seikagaku in Japan,
Opelead® from Shiseido in Japan, Orthovisc® from Anika in USA) and as culture media for use in in vitro
fertilization (EmbryoGlue® from Vitrolife, USA) [219]. Hyaff® commercialized by Fidia in Italy has been
widely used as a hiomaterial for biomedical applications as described in Table 8. From a chemical
standpoint, Hyaff® is a benzyl ester of hyaluronic acid and its main characteristics are that HYAFF®
maintains the biological characteristics of the natural molecule from whichl it derives, the natural
degradation of Hyaff® releases hyaluronic acid, which is then degraded through well-known metabolic
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pathways and that depending on the levels of esterification (e.g. the percentage of carboxylic groups

interested by the esterification reaction), it is possible to obtain polymers with different levels of

hydrophabicity.

Table 8. Hyaluronan-based matrices/scaffolds for drug and cell delivery described for different tissue engineering

applications.
POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/SEEDED CELL
TE APPLICATION ANIMAL MODEL
STRUCTURE BIOMOLECULE TYPE (SOURCE)
Hyalu_r onic acid hydrogel Not defined Fibronectin NIH 3T3 fibroblasts - [221]
nanofiber scaffold
Hyaluronan-alginate scaffold Not defined bFGF - - [222]
Bone
Hyaluronate gel , BMP-2 gene Bone marrow stromal cells Mouse femoral muscle  [21]
Cartilage
Nude mice
Hyaluronic acid gel Vascularization bFGF - subcutaneous [223]
implantation
Hyaluronan-methylcellulose Spinal cord - - Spinal cord injury [224]
L , Nude mice
Hyaluronic acid (Hyaff11) fioer Cartilage - Chondrocytes subcutaneous [225]
scaffold ; )
implantation
Nude mice
Hyaluronic acid hydrogel Cartilage - Auricular chondrocytes subcutaneous [226]
implantation
Hyaluronic acid (Hyaff®11) non- Osteochondral - Bone marrow mesenchymal  Rabbit osteochondral [227]
woven mesh scaffold cells knee lesion
Hyaluronic acid (native) Vascularization  DNA HUVECs Rat hind limb [228]
Hyaluronic acid (Hyaff®11) non- Vascularization - Human gaphenous vein _ [229]
woven scaffold endothelial cells
o ) Melanocytes
Hyaluronic acid membrane Skin - , n - [230]
Keratinocytes
L Nude mice
Hyaluronic acid (_I-Iyaff®11) . Adipose - Preadypocytes subcutaneous [34]
sponge-hyaluronic acid coating ; )
implantation

Abbreviations: BMP-2: bone morphogenetic protein-2; bFGF: basic fibroblast growth factor. Compiled from references [21,34,221-230].

3.6. CHONDROITIN SULPHATE

Extracellular matrix components are valuable building blocks for the preparation of biomaterials involved

in tissue engineering, especially if their biological, chemical and physical characteristics can be

controlled. An example is chondroitin sulfate, one of the most physiologically important
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glycosaminoglycans. Glycosaminoglycans (GAGs) are found in the lubricating fluid of the joints and as
components of cartilage, synovial fluid, bone, and heart valves. With the exception of hyaluronan, these
polysaccharides are covalently linked to a protein core, thereby forming proteoglycans [231].
Biocharacteristics of GAGs include the binding and modulation of growth factors and cytokines, the
inhibition of proteases, and the involvement in adhesion, migration, proliferation and differentiation of
cells [232]. Furthermore, GAGs are practically non-immunogenic and degrade to non-toxic
oligosaccharides. These characteristics together with their defined physical and chemical characteristics
make them very interesting materials for tissue engineering. Due to its GAG nature, chondroitin sulfate
is an attractive natural-origin polymer applied essentially in cartilage tissue engineering. Nevertheless,
and due to its biological properties (mainly the ability to interact with various growth-active molecules), is
often used in other tissue engineering applications to valorize other polymers in order to interact with

cells and proteins improving cell behavior of the developed materials.

Chondroitin sulfate consists of repeating disaccharide units of D-glucuronic acid and N-acetyl
galatosamine sulfated at either 4-or 6-positions [233]. Chondroitin sulfate can bind with core protein to
produce highly absorbent aggregan, which is a major structure inside cartilage and acts as a shock
absorber, or it can produce sydecan, which is a cell receptor which can interact with adhesion proteins,
cells and the extracellular matrix (ECM) [233]. In vitro studies suggest that chondroitin sulfate is also
able to increase matrix component production by human chondrocytes [234]. Furthermore, chondroitin
sulfate proteoglycans have a critical role in regeneration and plasticity in the central nervous system as
reviewed by Galtrey and Fawcett [235].

However, the readily water-soluble nature of chondroitin sulfate limits its application as a solid-state
drug delivery vehicle. Therefore, it is usual to carry out a crosslinking treatment to tailor the properties of
chondroitin sulfate as reported in several works [233,236,237] or to combine it with other polymers, such
as chitosan [238], gelatin and hyaluronan [239,240], collagen [241,242], poly(vinyl alcohol) [233] or poly-
(lactic-co-glycolic acid) [240] in order to produce more stable materials. Moreover, and since chondroitin
sulfate in negatively charged, interaction with positively charged molecules such as polymers or growth
factors is anticipated being a key issue to facilitate the design of delivery systems. For instances this
characteristic is used to produce chondroitin sulphate-chitosan sponges as delivery systems for platelet-
derived growth factor-BB (PDGF-BB) for bone regeneration as reported by Jeong Park et al. [238]
where this interaction shown to induce more prolonged release of the growth factor. As previously
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referred, due to its biocharacteristics, chondroitin sulfate has been used in some extent in the tissue
engineering field, mainly in cartilage applications. The aim of the following in Table 9 is to show the
diversified applications (besides cartilage) of this natural occurring polymer as carrier for growth factor
or cell delivery in this field.

An interesting approach using chondroitin sulfate is proposed by Daamen et al. [245] by reporting the
preparation of molecularly-defined collagen-elastin-glycosaminoglycan scaffolds. Given the large
heterogeneity in the body's scaffolds, it is the purpose of this study to demonstrate that tailor-made,
molecularly-defined scaffolds can be produced from the main components of the extracellular matrix
using in this case highly purified collagen, elastin, and chondroitin sulfate in order to produce organ-
specific scaffolds for tissue engineering. The developed scaffolds present the combination of adhesive
properties and tensile strength of collagen with the elasticity of elastin (which is crucial for instances in
blood vessels) and the bind capacity to growth-active molecules of chondroitin sulfate. This interesting
approach is also one example of the effort that has to be done in trying to reduce the variability
generally found of natural-origin polymers by using highly purified and characterized polymers producing
molecularly-defined scaffolds.

In terms of commercially availability, chondroitin sulfate is widely marketed in USA and Europe as a
nutritional supplement together with glucosamine used in the treatment of osteoarthritic patients.
Chondroitin sulfate is also a component of the dermal layer of the FDA-approved skin substitute for
treating burns [233]. An available commercial product is Integra® Dermal Regeneration Template
marketed by Integra in USA which a bilayered membrane system for skin replacement that provides a
scaffold for dermal regeneration. The dermal replacement layer is made of a porous matrix of fibers of
crosslinked bovine tendon collagen and a glycosaminoglycan (chondroitin-6-sulfate) manufactured with
a controlled porosity and defined degradation rate. According to the manufacturer, Integra® Dermal
Regeneration Template is the first and only FDA-approved tissue engineered product for burn and
reconstructive surgery. As hyaluronan, chondroitin sulfate is also used as a surgical aid in anterior
segment procedures including cataract extraction and intraocular lens implantation. An example is
Viscoat® from Alcon Laboratories in UK which is a solution of 4% chondroitin sulfate and 3% sodium

hyaluronate.
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Table 9. Chondroitin sulfate-based matrices/scaffolds for drug and cell delivery used in different tissue engineering

applications.

POLYMER(S)/CARRIER/ SCAFFOLD ACTIVE ENCAPSULATED/SEEDED CELL
TE APPLICATION ANIMAL MODEL REFS
STRUCTURE BIOMOLECULE TYPE (SOURCE)
Vasopressin,
Chondroitin 4-sulfate hydrogels ~ Not defined ?pmtmm' - - [243]
ysozyme,
albumin
Chondroitin sulphate-collagen g rhBMP-2 - Rathind lmbs ~ [242]
coated discs
Chondroitin sulphate-chitosan Bone PDGF-BB Rat calvarial cells - [238]
sponges
Chondroitin sulphate-collagen- -
chitosan freeze-dried scaffolds Cartilage TGF-B1 Rabbit articular - [148]
. X ) chondrocytes
with chitosan microspheres
Chondroitin sulfate A Vascularization VEGF Porcine yascular - [244]
endothelial cells
. - Nude mice
Chondroitin sulfate injectable Vascularization  bFGF NIH 3T3 fibroblasts subcutaneous [223]
hydrogels ; )
implantation
i, Human myaoblasts and
Chondroitin sulphate-callagen- —\ \ joine - human HFL1 lung - [245]
elastin freeze-dried scaffolds .
fibroblasts
. . . Rabbit full-
Chondroitin/gelatin hyaluronate- Cartlage _ Rabbit mesenchymal stem thickness cartilage  [240]
PLGA porous scaffolds cells
defect
Chondroitin sulphate-gelatin- Porcine articular Porcine articular
hyaluronan freeze-dried Cartilage - and osteochondral ~ [239,246]
chondrocytes
scaffolds defects
Chondroitin sulphate-collagen . Bovine articular
scaffolds Cartilage - chondrocytes - [247]
Chondraiin sulphate-collagen Heart valve - Porcine VICs and VECs - [241]
hydrogels
Chondroitin sulphate-PVA . Baby-hamster kidney
hydrogels Kidney - (BHK) cells - [233]

Abbreviations: bFGF: basic fibroblast growth factor; rhBMP-2: recombinant human bone morphogenetic protein-2; TGF-p1: transforming
growth factor-B1; VEGF: vascular endothelial growth factor; PDGF-BB: Platelet-derived growth factor-BB; PVA: poly(vinyl alcohol); PLGA:
poly-(lactic-co-glycolic acid); VICs and VECs: mitral valve interstitial cells (VICs) and endothelial cells (VECs); Compiled from references
[148,223,233,238-247].

3.7. OTHER POLYSACCHARIDIC POLYMERS

Other polysaccharides have been studied for tissue engineering applications. Some of them, the so-

called cold set gels which form a gel on cooling the solution [124] like agarose, carrageenans and gellan
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gum have been studied in some extent the frame of drug delivery for tissue engineering and are
described as follows. Due to their still narrow applications (but potential) as the drug delivery carriers in
the tissue engineering field, the authors have chosen to overview them together in this section.

Dextran is a branched, high molecular weight polymer of pD-glucose, produced by different bacterial
strains from sucrose via the action of dextransucrase enzyme [248], consisting of a(1—®6)-linked D-
glucose residues with some degree of branching via a(1—3) linkages. Dextran is readily available in a
wide range of molecular weights along with several derivatives and it is biodegradable and
biocompatible. These properties make it suitable for a whole range of applications, such as plasma-
expanders and blood substitutes, since it binds to erythrocytes, platelets and vascular endothelium by
reducing their aggregation and adhesiveness, respectively. Additionally, it has also been shown to be a

bone healing promoter and also for dermal and subcutaneous augmentation and for drug delivery [125].

Agar, the native polysaccharide of agarose, forms thermo-reversible gels when dissolved in water. It
consists of two main components, agarose and agaropectin. Agarose is a linear polysaccharide
consisting on (1—3)-B-D-galactopyranose-(1—4)3,6-anhydro-a-L-galactopyranose as the basic unit and
contains a few ionized sulfate groups [249]. Agarose is normally insoluble in organic solvents and
cannot form gels. Apparently the gelling possibility in aqueous solutions is a consequence of the
structure of water. The arrangement of the agarose chains that join together and adopt a double helix so
tight that any gaps are closed, trapping any water inside the helix [249]. These double stranded helices
are the result of specific intermolecular hydrogen bonding that contributes to the rigidity of the polymer
chains [249]. Adding hydrogen bond decomposing agents like urea can have a tremendously negative
effect on the gelling properties. Gelation occurs at temperatures below 40°C, whereas the melting
temperature appears to be 90°C [250]. The viscoelastic properties of aqueous agarose gels depend
strongly on the degree of desulfation of its native polysaccharide agar: the propensity to form gels

increases with increasing desulfation [250].

Carrageenans are a family of sulfated polysaccharides extracted from red marine algae and that are
widely utilized in the industry because they can form reasonably stiff and thermoreversible gels in the
presence of so-called gel-promoting salts at room temperature [251]. These polysaccharides are linear
polymers consisting of chains of (1—3)-linked B-D-galactose and (1—4)-linked o-D-galactose units
which are variously substituted and modified to the 3,6-anhydro derivative, depending on the source and
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extraction conditions [113]. Three major types of carrageenan are recognized on the basis of their
patterns of sulfate esterification: k (kappa), | (iota), and A (lambda). All carrageenans are highly flexible
molecules, which, at higher concentrations, wind around each other to form double-helical structures. A
particular advantage is that they are thixotropic [252], i.e., they thin under shear stress and recover their
viscosity once the stress is removed. Due to the strong ionic nature, these carrageenans exhibit a high
degree of protein reactivity. These materials have been used in the field of drug delivery [253-255],
which creates the potential for their use as drug delivery systems in tissue engineering. Carrageenans
have been used mainly in the food industry, and several companies commercialize it - FMC BioPolymer
or Carrageenan Company. Genialab in Germany is marketing genia-Beads® CG which are hydrogel

beads made from carrageenan.

Gellan gum is a high molecular weight microbial exopolysaccharide produced by Pseudomonas elodea.
It is a linear anionic heteropolysaccharide composed of the tetrasaccharide (1—4)-L-rhamnose-
a(1—3)-p-glucose-B(1—4)-p-glucuronic acid-p(1—4)-D-glucose as repeating unit, with carboxylic side
groups. Gellan gum is widely used in the food industry thanks to its ability to form transparent gels
resistant to heat and acid in comparison to other polysaccharide gels. In its native or high acyl form, two
acyl substituents D-acetate and D-glycerate are present. Both substituents are located in the same
glucose residue. The high acyl form produces transparent, soft, elastic and flexible gels which are
resistant to heat and acid, whereas the low acyl form produces firm, non-elastic brittle [125]. Gel
formation is due to a conformational heat-reversible transition from a state of single random
macromolecules to a more ordered state where macromolecules pair with each other to form double
helixes [125]. A single macromolecule can be involved in the formation of more than one helix. In this
way junctions among the helixes are formed and consequently a gel is obtained [125]. Gellan gum has
been studied for drug delivery applications, both as adjuvants [256] and as vehicle for drug delivery
[257]. Its use for tissue engineering applications is taking the first steps, documented in Suri and
Banerjee [258], where the authors have used a gellan gum gel as a substitute for the vitreous of the
eye, and its properties were comparable to the commonly used material (silicone). Commercially
available gellan gum, Gelrite®, a novel ophthalmic vehicle, gels in the presence of mono- or divalent-
cations present in the lacrimal fluid. It efficacy was comparable to marketed eye drops in efficacy of
treatment of bacterial conjunctivitis that was induced artificially in rabbits [259]. Its properties, similar to
other materials already studied in the tissue engineering field, make this material a suitable candidate
for both cell encapsulation and drug delivery applications.
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Cellulose is often referred as the most abundant organic polymer in the world [260] and therefore it is
readily available and has a low cost. The ease in which it can be converted to derivatives makes it an
attractive raw material [124]. In nature, it is the primary structural component of plant cell walls [261].
This is a linear polysaccharide of p-glucose units linked by B(1—4) glycosidic bonds [261,262] where
every other glucose residue is rotated approximately 180° [262]. As a result, cellobiose is the structural
repeating unit of the glucan chains in cellulose [262]. The glucan chains in cellulose are parallel to each
other and are packed side by side to form microfibrils, which stabilizes the structure, minimizing its
flexibility [263]. This highly cohesive, hydrogen-bonded structure, gives cellulose fibers exceptional
strength and makes them water insoluble despite their hydrophilicity [263]. Cellulosic materials exhibit,
however, poor degradation in vivo [264]. A cellulose sponge has been evaluated in rats' femurs for its
permissibility for bone formation and it was found to need more time to regenerate than the control
[265]. However, with growth factors' supplementation, this material can further display a desirable

enhancement of bone formation.

Several works have investigated the use of cellulose for cartilage [266,267], bone [268,269] and cardiac
[264] applications. Hydroxypropylcellulose is a non-ionic water-soluble cellulose ether with a remarkable
combination of properties. It combines organic-solvent solubility, thermo-plasticity and surface activity.
The molecular weight is varied by controlling the degree of polymerization of the cellulose backbone,
which, in turn, controls the viscosity of hydroxypropylcellulose; as the degree of polymerization
increases, the viscosity of the polymer increases. Hydroxypropylcellulose is used in pharmaceutical
formulations for various purposes: low-viscosity grades are used as tablet binders in immediate-release
dosage forms and medium-and high-viscosity grades are used in sustained-release matrix formulations.

Hydroxyethylcellulose is a nonionic water-soluble polymer derived from cellulose.

There is a commercially available hydroxyethylcellulose named Natrosol® 250HX distributed by
Hercules in USA and has a degree of substitution of 1.5 (three hydroxyls substituted/two units).
Genialab in Germany is also marketing geniaBeads® MC which are hydrogel beads made from modified
cellulose. The following in Table 10 present some relevant examples of the previously described

polysaccharidic polymers as matrices or scaffolds in the tissue engineering field.
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Table 10. Polysaccharides-based matrices/scaffolds for drug, cell and gene delivery used in different tissue engineering

applications.
POLYMER(S)/CARRIER/ ACTIVE ENCAPSULATED/ SEEDED
TE APPLICATION ANIMAL MODEL REFS
SCAFFOLD STRUCTURE BIOMOLECULE CELL TYPE (SOURCE)
Dextran beads (in Ca-P Dog class IlI
porous scaffolds) Bone BMP-2 - furcation defect 27V
D(_extran/gelatln hydrogel Bone IGE-I B Periodontal [271]
microspheres defect
Dextran hydrogel porous Guided cell and Eé:l\t/ilt-j(‘jsesnved Primary embryonic chick [272]
scaffolds axonal regeneration peptide dorsal root ganglia cells
(adhesion)
Carboxymethyl-Dextran Not defined Lysozyme - - [273]
hydrogel membranes
Agarose film Cartilage FGF-2 Periostal explants Rabbit knee [200]
. Bone marrow stromal Mouse femoral
Agarose gel Bone/cartilage BMP-2 gene cells (transfected) muscle [21]
Agarose sponge Pancreas Insulin Panqreanc Islets and - [274]
insulinoma cells
Agarose gel Intervertebral disc TGF-p1 H'uman intervertebral - [29,30,212]
disc cells
' Bovine articular
Agarose gel Cartilage - chondrocytes - [101]
Agarose-fibrin gel Cornea - Eplthella!, stromal and Rabbit cornea [275]
endothelial cells
. I Rabbit bacterial
® -
Gellan gum (Gelrite®) Ophthalmology Antibiotic conjunctivits [259]
Gellan gum hydrogel Eye (vitreous) - - - [258]
Cellulose hollow-fibers Not defined Fibronectin Bovine coronary artery - [276]
Cellulose porous scaffold Cartilage - Bovine and human - [277]

chondrocytes

Abbreviations: rhBMP-2: recombinant human bone morphogenetic protein-2; IGF-1: insulin growth factor-I; ECM: extracellular matrix;

FGF-2: fibroblast growth factor-2; BMP-2: bone morphogenetic protein-2; TGF-B1: transforming growth factor-g1. Compiled from
references [21,29,30,101,200,212,258,259,270-277].

4. POLYHYDROXYALKANOATES

In nature, a special group of polyesters is produced by a wide variety of microorganisms as an internal

carbon and energy storage, as part of their survival mechanism [278]. Poly(B-hydroxybutyrate) (PHB)

was first mentioned in the scientific literature as early as 1901 [1]. Bacterially synthesized

polyhydoxyalkanoates (PHAs) have attracted much attention because they can be produced from a
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variety of renewable resources, and are truly biodegradable and highly biocompatible thermoplastic
materials [1]. Although a great variety of materials of this family can be produced, the use of PHAs in
tissue engineering has been mainly restricted to PHBs and poly(hydroxybutyrate-co-valerate) (PHBV)
[279,280].

The brittleness of PHB was improved through copolymerization of B-hydroxybutyrate with f-
hydroxyvalerate [281], which was first commercialized in 1990, but the high price of PHBV is still the
major barrier to its wide spread usage [1]. The copolymerization produces less crystalline, more flexible
and more readily processable materials than pure PHB. Depending on the requirements of different
applications, PHA can be either blended, surface modified or combined with other polymers, enzymes
or even inorganic materials, such as hydroxylapatite, to further adjust their mechanical properties or
biocompatibility [279]. Interesting physical properties of polyhydroalkanoates include nonlinear optical
activity and piezoelectricity [282], i.e. the capacity of a material to suffer electric polarization due to
mechanical stress. Such properties can be very useful to tailor the material in question, increasing
further promise applications of these polymers in areas such as tissue engineering and drug delivery.

Nevertheless, polyhydroxybutyrates have already been studied to some extent for tissue engineering
applications [279], mainly for scaffold materials in combination with ceramic materials [283- 285], as a
vehicle for drug delivery [286,287] and also as a material for cardiac tissue engineering [288].
Commercially available PHBs (poly-B-hydroxybutyrate homopolymer) BIOPOLGO4 is commercialized
by IC1 Biological Products in the form of compression-molded sheets with 0.5mm thick. Similarly, ICI
commercialized BIOPOLPO05, the co-polymer poly(B-hydroxybutyrate-co-B-hydroxyvalerate) containing
24% hydroxyvalerate.

5. FINAL REMARKS AND FUTURE DIRECTIONS

Natural origin polymers have received considerable interest for drug delivery and tissue engineering
applications. However, the combination of both applications into a single material has proven to be very
challenging. This paper reviews the properties of natural-origin materials that render them attractive for
applications where the combination of a scaffold material and a carrier for an active biomolecules is
desirable. We also review research works were this combination of properties has been described, and
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summarize them in comprehensive tables for each polymer. The described systems include mainly
growth factors delivery or cell carriers with application in the tissue engineering field targeting, as
described, a range of biological living tissues. The most relevant properties for the aimed applications of
the natural-origin polymers were described with a special focus in the description of protein-based
polymers and polysaccharides due to their similarity with the extracellular matrix. The use of porous
scaffolds, microparticles, membranes, hydrogels and injectable systems from such kind of materials is
also focused, especially on what concerns to the present status of the research in this field that should

lead towards their final application.

Some examples of commercially available natural-origin polymers or systems that can find use in
research or in the clinical were also identified and described. Moreover, the bio-logical performance of
the described systems based on natural-based polymers is presented, based on several examples
aiming at different clinical-relevant applications. Although natural origin materials present some
drawbacks namely the difficulties in controlling the variability from batch to batch, mechanical properties
or limited processability, their advantages clearly surplus the drawbacks. Their degradability,
biocompatibility, low cost and availability, similarity with the extracellular matrix and intrinsic cellular
interaction makes them attractive very candidates for biomedical applications, in particular as drug
delivery systems for tissue engineering applications as described in this paper.

The aforementioned drawbacks are obviously limiting the widespread use of natural-origin polymers,
mainly in clinical purposes. To try to overcome this disadvantage and for rational design of
carriers/scaffolds for tissue engineering, it is essential to study the effect of individual components. To
do so, templates have to be designed starting with highly purified molecules and the contribution of each
component in the scaffold has to be controlled. Furthermore, when biomolecules such as growth factors
are incorporated a further insightful study is needed in terms of interactions. Molecular design of these
materials has clearly an important role in determining their suitability in such applications. Emerging
technologies such as recombinant protein technologies and the development of molecularly-defined
polymers can hinder this, by producing the polymer in a controlled, reliable and reproducible approach.
A described example is the use of elastin-derived polypeptides or molecularly-defined polymers.
Therefore, a better controlled development in methods for production, purification, or in material
properties such as molecular weight, mechanical behavior or degradation rate is essential to
widespread the use of these class of polymers.
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In this paper, the authors have also presented some few examples of commercially available natural-

origin products. However it is in some way limited because the availability of products with clinical

relevance is still very narrowed especially if we limited the application to drug delivery field for tissue

engineering applications. It is our conviction that a great deal of research work is still needed in order to

obtain an increased number of commercially available and clinically successful natural-based systems

and that emerging knowledge and technology is leading to a noteworthy exponential growth in this area.

Undoubtedly, natural-origin polymers or nature-inspired materials appear as the natural and desired

choice for the referred applications.
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CHAPTER II.

Materials and Methods

This chapter intends to give an overview on the materials and experimental techniques behind the
studies presented in this thesis. All the experimental work that support the achieved results described in
Section 3 will be herein presented in detail. Additionally, in order to provide the reader with a better
understanding of the research strategy, some considerations are made on the selection of the materials,
production and characterization techniques, as well as on the underlying principles that sustain the
proposed methodologies. This is expected to give the reader a more clear vision of the purpose of each
study and the correspondent selected methodology.

1. MATERIALS

1.1. CHITOSAN

Chitosan is a cationic polymer obtained from chitin comprising copolymers of f(1—4)-glucosamine and
N-acetyl-D-glucosamine [1] with a structure schematically represented in Figure 1 [2]. Chitin is a natural
polysaccharide found particularly in the shell of crustacean, cuticles of insects and cell walls of fungi and
is the second most abundant polymerized carbon found in nature. Chitosan, the fully or partially
deacetylated form of chitin, due to its properties as attracted much attention in the tissue engineering
and drug delivery fields with a wide variety of applications ranging from skin, bone, cartilage and
vascular grafts to substrates for mammalian cell culture. It has been proved to be biologically
renewable, biodegradable, biocompatible, non-antigenic, non-toxic and biofunctional [3].

H OH
NH H

HO o
B NHap noo Ny
R= H or COCH;

Figure 1. Schematic illustration of the structure of chitosan [2].
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The adhesive properties of chitosan in a swollen state have been shown to persist well during repeated
contacts of chitosan and the substrate [2-5] which implies that, in addition to the adhesion by hydration,
many other mechanisms, such as hydrogen bonding and ionic interactions might also have be involved.
This property is a key issue on what concerns to the production methodology proposed in this thesis,
making possible to achieve the aggregation of chitosan particles in order to produced stable scaffolds.
Moreover, chitosan exhibits a pH-sensitive behaviour as a weak poly-base due to the large quantities of
amino groups on its chain [1-5]. Chitosan dissolves easily at low pH while it is insoluble at higher pH

ranges. This property has held chitosan to be widely investigated as a delivery matrix.

Crosslinking is often used [4-8] to tailor chitosan-based materials properties. The most common
crosslinkers used to crosslink chitosan are dialdehydes such as glyoxal [8] and glutaraldehyde [4] which
was selected to be used in this thesis. The aldehyde groups form covalent imine bonds with the amino
groups of chitosan due to the resonance established with adjacent double ethylinic bonds via a Schiff
reaction [6]. Dialdehydes allow the crosslinking to happen by direct reaction in aqueous media and
under mild conditions. Moreover, dihaldehydes such as glutaraldehyde stabilize the chitosan structure
[7] retaining the biocompatibility of the polymer.

Porous chitosan matrices have been suggested [2,5,9-11] as a potential candidate as a bone
regenerative material due to its proper biological and physical properties. Biological activity of chitosan
on bone regeneration has been demonstrated in many reports [2,9-11]. Concerning cartilage
engineering, chitosan is structurally similar to glycosaminoglycans (GAGs) found in extracellular
matrices as in native articular cartilage and are very important in playing a key role in modulating
chondrocytes morphology, differentiation and function [5]. This characteristic, together with the ones
previously described, makes chitosan also an attractive natural-origin polymer to also engineered

cartilage [4,12].

The chitosan used for production of the scaffolds developed in this thesis was purchased from Sigma-
Aldrich. It is a chitosan with medium molecular weight with a deacetylation degree between 75-85%.
This polymer was selected as polymeric matrix for the developed scaffolds described in this thesis due

to the above discussed advantages.
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1.2. HYDROXYLAPATITE

For the composites scaffolds production, the incorporation of a bioactive ceramic filler has been carried
out with two main goals. In one hand, a bioactive ceramic has always the potential capability of inducing
a bioactive behaviour in a polymeric matrix [13-15] . On the other, being a ceramic filler, it can
potentially improve the mechanical performance of the polymeric matrix where it is incorporated
[13,16,17].

Hydroxylapatite (HA) was selected as ceramic filler in this thesis due to its chemical composition which
is similar to that of bone inducing a good biocompatibility in bone contact. The mineral phase of bone,
which is around 60-70%wt of the bone can be described as a calcium phosphate with an apatitic
structure and a composition close to HA [Caio(PO4)s(OH)2, Ca/P =1.67] [18]. Hydroxylapatite is
biocompatible and bioactive in the human body [19] and is compatible with various tissue types and can
adhere directly to osseous, soft, and muscular tissue without an intermediate layer of modified tissue
[20]. It also displays an osteoconductivity: a property of a material to encourage bone already being
formed, to lie closely to, or adhere to, its surface [18]. Hydroxylapatite is the most stable calcium
phosphate salt at normal temperatures and pH between 4 and 12 [19].

In this thesis, two types of hydroxylapatites were used: unsintered and sintered. Both are synthetic and
commercial available hydroxylapatites. The unsintered hydroxylapatite (HA unsint) is a coating powder
of CAMCERAM |l grade and was purchased from CAM Implants BV, Leinden, The Netherlands. The
sintered hydroxylapatite (HA sint) is a Captal’'s® HA grade and was purchased from Plasma Biotal Ltd,
Tideswell, UK. This hydroxylapatite is subject to a sintering thermal cycle at 1250°C for 2 hours.
Sintered hydroxylapatite has high purity, crystalline, synthetic bone mineral which is chemically stable at

1330°C in air, retaining is high crystalline structure.

Both unsintered and sintered hydroxylapatite (HA unsint and HA sint, respectively) were characterized
by light scattering in order to assess the particle size distribution, as well as the mean particle size as
presented in the following Figure 2. It was found that the used sintered hydroxylapatite has a more
narrow particle size distribution with a mean particle size of around 6 pum. On its turn, unsintered
hydroxylapatite has a broad range of particles sizes, being the mean particle size of 30.45 £ 15.35 um

as assessed by light scattering.
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Figure 2. Particle size distribution of the sintered (HA sint) and unsintered hydroxylapatite (HA unsint) evaluated by light

scattering. The onset graph shows the mean particle size of both hydroxylapatites.

1.3. INSULIN

Insulin was selected as active biomolecule to be incorporated in polymeric scaffolds in order to promote
the chondrogenic differentiation. It is known that insulin has not only a great structural similarity to
insulin growth factor-1 (IGF-1) but also a functional similarity and also elicits marked response in
cartilage [21,22]. Among all the growth factors known to be involved in chondrogenesis, IGF-1 is
considered to be the main anabolic growth factor of normal cartilage [9], playing an important role in the
growth and differentiation of articular cartilage while also promoting chondrogenic differentiation of
mesenchymal cells [23]. IGF-1 belongs to the IGF family of peptide hormones including relaxin and
insulin and has a single polypeptide homologous to proinsulin [24]. It regulates many cellular functions
by activating cell-surface receptors. Insulin was selected because it can also bind to IGF-1 and insulin

receptors with a marked response in cartilage.

Insulin is routinely used in standard chondrogenic-inducing medium to induce differentiation at high
concentration to activate the IGF-1 receptors [21,25,26]. The observed effects of insulin were shown to
be similar to effects of the IGF-1 and are in agreement with the reported binding constants of IGF-1 and

insulin at the IGF-1 receptors [26]. Furthermore, investigation of novel systems would benefit from a

-70 -



CHAPTER II. Materials and Methods

readily cost model protein such as insulin, since the high costs of growth factors often limit a detailed
and thorough investigation of new application systems.

The insulin used in this thesis, namely in Chapter V, is from bovine pancreas and was purchased from
Sigma-Aldrich. It is a two-chain polypeptide hormone produced by the B-cells of pancreatic islets. The a
chain contains an intrachain disulfide bond and both a and B chains are joined by two interchain

disulfide bonds. The molecular formula is C2ssH377NesO75Se With a molecular weight of around 5800 Da.

1.4. REAGENTS

Unless otherwise stated, all the chemical reagents used in the experimental results described in Section
3 were purchased from Sigma-Aldrich. They presented analytical purity and were not submitted to

further purification.

2. SCAFFOLDS PRODUCTION

In this thesis, the developed scaffolds for tissue engineering applications were produced by an
innovative particle aggregation methodology which is based on the agglomeration of pre-fabricated
microspheres. The technique is generally based on the random packing of microspheres with further
aggregation by physical or thermal means to create a three dimensional porous structure. This
technique is being used to construct scaffolds directly [27] or it can be proposed to be used indirectly by

producing a negative structure which will serve as a reverse template to obtain the scaffolds.

For example, the research group of C.T. Laurencin [27-29] has been also applying this technique for the
development of poly(lactide-co-glycolide) (PLAGA) microspheres-based matrices for bone repair. The
researchers have tried different approaches by developing sintered microspheres based matrices
[27,29] or gel microspheres matrices [28]. Composite microspheres containing hydroxyapatite were also
used for the fabrication of polymer-ceramics 3D matrices for bone applications [30]. In the case of
sintered microspheres matrices, the microspheres are first obtained by a solvent evaporation technique.
The 3D structures are then further processed by heating the pre-fabricated PLAGA microspheres above
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the glass transition temperature. The polymer chains are activated to interlink with neighbouring polymer
chains and thus form contacts between neighbouring microspheres [28]. In the gel microspheres matrix
methodology, the PLAGA gel microspheres are obtained by emulsion with poly(vinyl alcohol) (PVA).
The following agglomeration is based on a multiple step production that includes air-drying, freeze-
drying, rehydration with salt leaching and freeze-drying again. In general, microsphere based matrices
show very interesting properties for a possible application in bone repair. Recently, this research group
has also focused in the use of chitosan to be applied with the particle aggregation technique. First, by
the development of 3D chitosan/poly(lactic acid-glycolic acid) (PLAGA) composite porous scaffolds by
sintering together composite chitosan/PLAGA microspheres [10] and secondly, the production of 3D
chitosan matrices based on microspheres with appropriate pore size, porosity and mechanical

properties proposed for bone tissue engineering applications [9].

Another strategy that uses microspheres includes their embedding in a hydrogel matrix [31-33]. In that
approach, the goal of incorporation of previously produced microspheres is to encapsulate either cells
[34] or biologically active factors for either favouring the cell attachment and proliferation behaviour
[12,31,35,36] or to enhance the vascularization [37].

In this thesis, polymeric scaffolds were produced by particle aggregation aiming at both bone and
cartilage tissue engineering applications. On its turn, composite scaffolds were developed having in
mind scaffolding for bone applications while bilayered materials were fabricated aiming at tissue
engineer biphasic constructs to be applied in osteochondral defects. Furthermore, insulin-loaded
scaffolds were also developed in order to promote chondrogenic differentiation. The following table

(Table 1) intends to summarize the scaffolds nomenclature used in this thesis.

Table 1. Nomenclature used in the developed chitosan-based scaffolds

described in this thesis.

ABBREVIATION  DESCRIPTION

C,Ch  Polymeric chitosan scaffolds

CHA  Composite chitosan-hydroxylapatite scaffolds

BiCCHA  Bilayered chitosan/chitosan-hydroxylapatite scaffolds

0.05 Polymeric chitosan scaffolds loaded with 0.05% of insulin

0.5 Polymeric chitosan scaffolds loaded with 0.5% of insulin

5  Polymeric chitosan scaffolds loaded with 5% of insulin
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2.1. POLYMERIC CHITOSAN SCAFFOLDS

The chitosan particles-aggregated scaffolds were produced by particle aggregation methodology which
is schematically represented in Figure 3. For that, chitosan was grinded and dissolved overnight in
acetic acid (1%vv) to obtain a chitosan solution (2%wt). After complete dissolution and filtration, the
prepared solutions were extruded through a syringe at a constant rate (10 ml/h) to form chitosan
droplets into a NaOH (1M) precipitation bath, where particles with regular diameter were formed. The
chitosan particles were collected and washed repeatedly with distilled water until neutral pH was
reached. The particles were subsequently placed into cylindrical moulds and left to dry at 60°C for 3
days. Cylindrical shaped scaffolds with 8 mm height and 5 mm diameter were produced for the
morphological and morphometric characterization, mechanical and hydration behaviour, as well as for
cytotoxicity tests. For the in-vitro cells tests and in-vivo studies, cylindrical shaped scaffolds with 3 mm

height and 5 mm diameter were used.
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Figure 3. Schematic representation of the chitosan precipitation and particle aggregation methodologies.
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2.2. COMPOSITE CHITOSAN-HYDROXYLAPATITE SCAFFOLDS

The composite scaffolds were developed having in mind the development of adequate bone tissue
engineering 3D architectures. In order to increase the mechanical performance and induce a bioactive
behaviour, hydroxylapatite as bioactive ceramic filler was incorporated. This strategy was firstly
proposed by Bonfield [16] to produce hydroxylapatite-polyethylene bioactive composites and also
applied afterwards to develop composites containing other bioactive phases, such as, bioactive glasses
[38] and glass-ceramics [17], and a series of different polymers [16,28,38]. Furthermore, a crosslinking

reaction was carried out in order to improve the mechanical performance of the developed composites.

In the preliminary composite particles production described in Chapter Ill, 20%wt of unsintered
hydroxylapatite (HA unsint) (CAM Implants, UK) with an average particle size of 30 pum was
homogeneously dispersed in the chitosan solution. The solution was kept under stirring overnight.
Following the previously described methodology, after complete dissolution, dispersion and filtration,
and, the prepared solutions were extruded through a syringe at a constant rate (10 ml/h) to form
chitosan-HA droplets into a NaOH (1M) precipitation bath, where particles with regular diameter were
formed. The chitosan particles were collected and washed repeatedly with distilled water until neutral pH
was reached. The composite particles were then submitted to a crosslinking reaction with
glutaraldehyde. For that, particles were immersed for 15 minutes in a 0.5%vv and, afterwards, washed
repeatedly with distilled water until neutral pH was reached. The particles were subsequently placed into
cylindrical moulds and left to dry at 60°C for 3 days.

In Chapter IV, besides the unsintered hydroxylapatite, sintered hydroxylapatite (HA sint) (Captal’s® HA,
Plasma Biotal Ltd, UK) was also used in order to overcome the detected cytotoxicity behaviour of the
composite scaffolds. Composite scaffolds were optimized according the following conditions. After the
particles were formed as described previously, different glutaraldehyde concentrations (0.01%, 0.025%,
0.05% and 0.5% for 15min) were used. Scaffolds were further washed with glycine solution (0.2 and 1M
for 15min) in order to block free aldehyde groups. After each step, scaffolds were washed with distilled
water. Unless otherwise stated, composite scaffolds were crosslinked with 0.01% glutaraldehyde and
washed with 1M glycine both for 15 minutes. After washing with distilled water, particles were placed

into cylindrical moulds and left to dry at 60°C for 3 days. Cylindrical shaped scaffolds with 8 mm height
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and 5 mm diameter were produced for the morphological and morphometric characterization,

mechanical and hydration behaviour, as well as for cytotoxicity and bioactivity tests.

2.3. BILAYERED CHITOSAN / CHITOSAN-HYDROXYLAPATITE SCAFFOLDS

Bilayered scaffold were developed aiming at osteochondral tissue engineering strategies. It has been
more recently accepted [39-41] that a biphasic structure could be more challenging but more adequate
to regenerate an osteochondral defect able to incorporate/induce different types of cells in a favourable
environment requiring different chemical surroundings and mechanical requirements, leading the growth
of two different tissues, with different biological requirements. The bilayered structures were fabricated
by assembling polymeric and composite particles produced as described previously. Composite
scaffolds were crosslinked with 0.01% glutaraldehyde and washed with 1M glycine both for 15 minutes.
Cylindrical shaped scaffolds with 8 mm height and 5 mm diameter were produced for the morphological
and morphometric characterization, mechanical behaviour, as well as for bioactivity tests, both in static

and dynamic conditions.

2.4. INSULIN-LOADED CHITOSAN SCAFFOLDS

Osteochondral defects repair requires a tissue engineering approach which aims at mimicking the
physiological properties and structure of two different tissues (cartilage and bone) using a scaffold-cell
construct. One ideal approach is to engineer in-vitro a hybrid material using a single cell source. For
that, the scaffold should be able to provide the adequate biochemical cues in order to promote the

selective but simultaneous differentiation of both tissues.

In this thesis, attention was paid primarily to the chondrogenic differentiation by focusing on the
development of polymeric systems that provide biomolecules release in order to induce chondrogenic
differentiation, as described in Chapter V of Section 3. For that, different formulations of insulin-loaded
chitosan particle aggregated scaffolds were developed as a potential model system for cartilage and
osteochondral tissue engineering applications, using insulin as a potent substance to induce
chondrogenic differentiation. Insulin was selected based in its previously described effects on
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chondrogenic differentiation. Furthermore, release technologies are useful approaches to ensure local
release of growth factors over a certain period of time, and are attractive alternatives to further improve
the quality of the repaired tissue. This is due to the fact that a single dose application intraoperatively
cannot guarantee a prolonged local protein concentration in order to achieve permanent stimuli on

tissue differentiation.

Having always these considerations in mind, different formulations of insulin-loaded chitosan particle
aggregated scaffolds were prepared. Insulin solutions were prepared in HCI (0.1M) for distinct
theoretical protein loadings. The protein solution was mixed with the previously prepared chitosan
solution in order to obtain a homogeneous distribution. Insulin theoretical loadings were 0.05, 0.5 and
5%wit relative to chitosan for each formulation. The prepared solutions were extruded through a syringe
at a constant rate (10ml/h) to form chitosan droplets into a NaOH (1M) precipitation bath where particles
with regular diameter were formed. The chitosan-based particles were quickly washed with distilled
water until pH7. The particles were then placed into moulds and left to dry in an oven at 60°C for 3 days.
Cylindrical shape scaffolds with 3 mm height and 5 mm diameter were obtained and used as described
in Chapter V.

3. MORPHOLOGICAL / MORPHOMETRIC CHARACTERIZATION

When developing scaffolds for tissue engineering, one of the key requirements is the adequate
materials morphology. Besides the typical morphological characterization, the morphometric analysis
has become a critical issue in scaffolding, since it allow for an accurate determination of the more

relevant morphometric parameters such as porosity and interconnectivity, as following described.

3.1. SCANNING ELECTRON MICROSCOPY (SEM)

The chitosan-based scaffolds and particles morphology was analyzed by means of using scanning
electron microscopy (SEM) equipment (S360, Leica Cambridge Ltd) equipped with V03.02A software.
Previously to SEM analysis, sample surfaces were gold sputtered (Fisons Instruments, Sputter Coater

SC502, UK).
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3.2. MICRO-COMPUTED TOMOGRAPHY (MICRO-CT)

Micro-Computed Tomography (micro-CT) has been identified as having various key advantages over
other techniques [42-45], such as its non-destructiveness and the possibility to assess many different
parameters in a quantitative way. Porosity, surface area to volume ratio, cross-section area, pore size,
strut/wall thickness, anisotropy and interconnectivity can be easily identified as important architectural

and structural characteristics of scaffolds which can be assessed by micro-CT.

Micro-CT was first proposed to analyze trabecular samples [46] and since then has been used
extensively in the study of trabecular architecture [47] and their applications in other areas are clearly
increasing, namely in the tissue engineering field. The morphometric parameters for architectural
analyses of scaffolds can be easily extrapolated based on the histomorphometric/structural indices
usually measured for bone samples, such as bone surface (BS) and volume (BV), trabecular thickness
(Tb.Th) and trabecular separation (Th. Sp), structural degree of anisotropy (DA) or bone surface-to-
volume ratio (BS/BV) [48].

The increasing use of this technique in tissue engineering can be attributed to micro-CT capacity to
provide accurate quantitative and qualitative information on the 3D morphology of the sample. Another
main advantage is that the interior of the object can be studied with great detail without physical
sectioning or use of toxic chemicals. Moreover, after scanning, the integral samples can be subjected to
other tests due to its non-destructive nature, therefore resolving the problem of sample scarcity.

In Chapter Ill, micro-CT evaluation of the polymeric scaffolds was carried out using a Scanco 20
equipment (Scanco Medicals, Switzerland). X-ray scans were performed in triplicate in high resolution
mode (9 um) and 240 slices of the scaffolds were obtained. The 2D morphometric analysis of the
scaffolds was performed using a threshold 51 to identify the polymeric phase in order to determine the
mean porosity, as well as the porosity distribution along the scaffold (from 0-2000 pum). Furthermore,
with the micro-CT data import and MIMICS® (Materialise Interactive Medical Image Control System)
image processing software (Materialise, Belgium), it was possible to build 3D virtual models

representing the morphological structures of the scaffolds.
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In Chapters IV and VI, chitosan-based particles-aggregated scaffolds (polymeric, composite and
bilayered) were scanned in triplicate using a high-resolution micro-CT Skyscan 1072 scanner (Skyscan,
Kontich, Belgium) (Figure 4) using a resolution of pixel size of 8.79 ym and integration time of 1.9 ms.
The X-ray source was set at 40 keV of energy and 250 WA of current. Approximately 400 projections

were acquired over a rotation range of 180° with a rotation step of 0.45°.

Figure 4. High-resolution micro-CT Skyscan 1072 scanner with a detailed view from the sample chamber.

Adapted from reference [49].

Data sets were reconstructed using standardized cone-beam reconstruction software (NRecon v1.4.3,
SkyScan). The output format for each sample was 850 serial 1024x1024 bitmap images. Representative
data sets of 200 slices were segmented into binary images with a dynamic threshold of 40-255 (grey
values) to identify the polymeric phase in order to calculate the porosity and 150-255 (grey values) to
identify the ceramic phase. This data was used for morphometric analysis (CT Analyser v1.5.1.5,
SkyScan) and to build 3D virtual models (ANT 3D creator v2.4, SkyScan).

The morphometric analysis included X-ray absorption histograms, porosity, scaffolds interconnectivity,
ceramic content distribution, mean pore and particles size and respective distribution. 3D virtual models
of representative regions in the bulk of the scaffolds were also created, visualized and registered using
both image processing softwares (CT Analyser and ANT 3D creator). In order to fully characterize the

porosity morphology of the scaffold, a threshold inversion technique was used to create a 3D model.
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4. HYDRATION BEHAVIOUR

The hydration behaviour of polymeric scaffolds was assessed in media with different pH (5, 7.4
(physiological pH) and 9) in order to study the potential responsive behaviour of the developed systems.
The assays were performed at physiological temperature (37°+1°C) for pre-determined immersion

periods up to 14 days. The swelling profile was characterized using the following equation 1:

% Hydration degree = % * 100 (1)

L

where Wi is the initial weight and Wy is the wet weight at determined test period.

5. MECHANICAL CHARACTERIZATION

5.1. STATIC AND DRY CONDITIONS

The mechanical properties of the developed polymeric and composite scaffolds in dry state were tested
on a compressive solicitation mode in an Instron Universal Mechanical Testing machine in a controlled

environment (23°C/55% RH). The cross-head speed used was 2 mm/min.

5.2. DYNAMIC AND WET CONDITIONS

Dynamic Mechanical Analysis (DMA) was conducted to characterize the mechanical behaviour of
chitosan-based particles-aggregated scaffolds in wet state under dynamic compression solicitation. The
scaffolds characterized by DMA were the following: (i) the developed polymeric, (ii) the composite and
(i) the bilayered materials. Cylindrical chitosan-based scaffolds were immersed in Phosphate Buffer
Solution (PBS) at physiological pH and temperature (pH 7.4 and 37°C) for 3 days for complete
hydration. The scaffolds were then were subjected to compression cycles of increasing frequencies
ranging from 0.1-40 Hz with constant amplitude displacements of 0.03 mm using a Tritec2000 DMA
(Triton Technology, UK). Experiments were conducted at room temperature with n=5. The real (storage
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modulus), E’, and the imaginary component (loss modulus), E”, of the complex modulus, E*=E'+E”
(with i=(-1)¥2), were recorded against frequency. Reference values for the compression modulus were

collected at a frequency of 1Hz.

6. IN-VITRO BIOACTIVITY STUDIES

Since the developed materials in this thesis are aiming to be used in osteochondral tissue engineering
applications, in-vitro bioactivity tests were carried out with two main goals. In one hand, the aim was to
assess if the composite constituent of the bilayered structures is able to induce an apatite formation on
its surface in SBF (simulated body fluid) with ion concentration nearly equal to those of the human blood
plasma, since this is useful for predicting the in-vivo bone bonding of the material. This method is widely
used for screening bone bioactive materials before any other biological assay [13,38,50,51]. On the
other hand, since we are endeavouring at an osteochondral application, ones need to assure that the
polymeric component of the bilayered structure aimed at chondral part would not mineralized in-vitro. To
preliminary screen this behaviour, SSF (simulated synovial fluid) was also used in order to mimic the

chemical environment of a human joint.

For the dynamic bioactivity in-vitro tests, an innovative double-chamber bioreactor was designed. In
spite of the ultimate goal of this bioreactor is to engineer bilayered hybrid constructs for osteochondral
applications, we have used it in these assays as proof of concept mimicking future and ideal conditions

for these applications.

6.1. STATIC CONDITIONS

To study the in-vitro bioactive behaviour in the static standard conditions, two different simulated
solutions were used. A simulated body fluid (SBF) with ion concentrations (Na* 142.0, K* 5.0, Mg?* 1.5,
Caz* 2.5, CI 103.0, HCO3? 10.0,HPO42 1.0 and SO4% 0.5 mM) [50,52] nearly equal to those of the
human blood plasma was prepared as described elsewhere [50,52]. Simulated synovial fluid (SSF) was
also used to approximate the chemical environment in a human joint. SSF, with ion concentration Na*
153.1, K+ 4.2, Cl- 139.6 and phosphate buffer 9.6 mM [53], was prepared by dissolving 0.3%wt
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hyaluronic acid in phosphate buffered saline solution to obtain a pH of 7.4. Hyaluronic acid is a
mucopolysaccharide composed of several thousand amino-sugar residues, and is the primary diffuse
macromolecule that exists in human synovial fluid [53]. For the static bioactivity tests, samples
(polymeric, composite and bilayered scaffolds) with n=3 were suspended and immersed in 50 ml of SBF
and SSF separately at 37°C and pH 7.4 (physiological conditions) for 0, 1, 3 and 14 days. After soaking,

the samples were immediately washed with distilled water and dried at room temperature.

6.2. DYNAMIC CONDITIONS IN A SPECIALLY DESIGNED DOUBLE-CHAMBER BIOREACTOR

For the dynamic bioactivity tests, a double-chamber bioreactor was specially designed and set-up
according Figure 5. As referred before, the ultimate goal is to use this bioreactor to engineer bilayered
hybrid constructs for osteochondral applications. For that, the bioreactor was designed to allow
simultaneous culturing of chondrocytes and osteoblasts or the same source of progenitor cells with
different differentiation cell culture mediums within respective sections of a single-unit chamber. As
represented in Figure 5, the scaffolds are supported by a transversal silicon membrane and both
simulated solutions (SBF and SSF) have continuous and independent recirculation in the 6
interconnected chambers in each of respective part of the bilayered scaffolds. SBF has a flow circuit
trough the composite parts of the bilayered structures and SSF is circulating through the polymeric part

designed for the chondral constituent to approximate the chemical environment in @ human joint.
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Figure 5. Double-chamber bioreactor set-up (A). The double-chamber bioreactor consists in 6 interconnected double-
chambers (B) where the different solutions circulate in separated flow circuits. A silicon septum acts as scaffolds support

(C,D). The schematically experimental conditions for the dynamic bioactivity assays are represented in (D).
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For these assays which are described in Chapter IV, bilayered scaffolds (n=2) were assembled in the
bioreactor using a silicon septum. The SBF and SSF, prepared as described previously, were
continuously circulating in physiological conditions (pH 7.4 and 37°C) using a peristaltic pump up to 14
days with an available volume of 50 ml of each solution. Scaffolds and solutions sampling was
performed at 0, 3, 7 and 14 days.

6.3. CHARACTERIZATION

Scaffolds surface morphology, as well as the presence of calcium (Ca) and phosphorous (P) elements
on the scaffolds surface were analyzed before and after soaking in SBF and SSF, for the different
experimental conditions at the different immersion periods. This was carried out using scanning electron
microscopy (SEM) equipment (S360, Leica Cambridge Ltd) and energy dispersive spectroscopy (EDS)
equipment (Link EXL I, Oxford) coupled to the SEM. Previously to SEM and EDS analysis, sample
surfaces were gold sputtered (Fisons Instruments, Sputter Coater SC502, UK) carbon coated (Fisons
Instruments, Evaporation PSU CA508, UK) respectively. Microphotographs and spectra were registered
for further analysis. Furthermore, the sample solutions were analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES JY70 plus, Jobin Yvon, France) in order to quantify the
elemental concentrations as function of the immersion period of calcium (Ca), phosphorus (P), silicon
(Si), magnesium (Mg) and sodium (Na) elements.

7. INSULIN-LOADED SYSTEMS CHARACTERIZATION

7.1. PROTEIN LOADING AND ENCAPSULATION EFFICIENCY

Protein loading and encapsulation efficiency were calculated by an indirect procedure. After the loaded-
particles preparation (n=3) as described previously, particles were separated from the precipitation
medium by filtration and the aqueous phase was sampled for insulin quantification. Non-loaded
scaffolds were used as control. The particles were left to dry in @ mould at 60°C and weighed. The non-
loaded free insulin was determined by Micro-BCA (Micro BCA™ Protein Assay Kit 23235, Pierce). This
assay combines the well-known reduction of Cu2* to Cul* by protein in an alkaline medium with the
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highly sensitive and selective colorimetric detection of the cuprous cation (Cul*) by bicinchoninic acid.

The quantification procedure was performed according to the supplier instructions.

Briefly, 150 ul of each of standards, controls and samples were placed in triplicate in a 96-well
microplate with 150 pl of working reagent supplied in the kit was added to each well. The plate was then
mixed thoroughly on a plate shaker for 30 seconds. The plate was covered and incubated at 37°C for 2
hours, cooled to room temperature and the absorbance was measured at 562 nm on a microplate
reader (Synergy HT, BioTek). The readings were then subtracted of the control (non-loaded scaffolds)
and analysed with respective software (KC4 Microplate Data Analysis Software, BioTek). A standard-
curve was then plotted with different insulin concentrations (0, 0.5, 1, 2.5, 5, 10, 20, 40, 200 pg/ml) to
determine the insulin concentration of each unknown sample. Samples dilutions were used when
necessary. Protein loading was defined as the mass of protein per unit mass of particles as shown in

equation 2 and the encapsulation efficiency is calculated according equation 3.

mp— my

Protein Loading (%) = * 100 (2)

and

mi— my

Encapsulation Ef ficiency (%) = * 100 (3)

my

where m; corresponds to the initially loaded weight of protein, m; is the weight of protein in the

precipitation solution and my is the weight of the dry particles prior to in-vitro release studies.

7.2. IN-VITRO INSULIN RELEASE STUDIES

In-vitro release studies were carried out mimicking the cell culture conditions described in the following
section. Each insulin-loaded scaffold formulation was placed in a 24-well microplate with 1.5 ml of
phosphate buffer solution (PBS). The in-vitro release studies were carried out in triplicate at
physiological conditions (pH 7.4 and 37°C). Non-loaded scaffolds were used as controls. At pre-

determined periods and according to the medium replacement in cell culture studies, aliquots (1 ml) of
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the supernatant were withdrawn and frozen at -20°C for further protein quantification. The release
medium was totally replaced by fresh PBS mimicking cell culture conditions for total medium
replacement. The protein quantification was performed using Micro-BCA (Micro BCA™ Protein Assay
Kit 23235, Pierce) according to the supplier instructions as described previously.

7.3. FOURIER-TRANSFORM INFRARED SPECTROSCOPY WITH ATTENUATED TOTAL REFLECTANCE (FTIR-ATR)

The surface chemical analysis was also performed by FTIR-ATR spectroscopy. Insulin-loaded scaffolds
were characterized before and after the in-vitro release studies. The analysis was carried out using an
IRPrestige 21 FTIR spectrophotometer with an attenuated total reflectance (ATR) device from

Shimadzu. Spectra were recorded with a resolution of 4 cm1 and averaged over 36 scans.

8. IN-VITRO BIOLOGICAL TESTING

8.1. CYTOTOXICITY ASSESSMENT (MTS)

To assess the possible cytotoxicity of the materials, the in-vitro cell viability was assessed using MTS
assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium) (Cell
Titer 96® AQueous Solution Cell Proliferation Assay, G3580, Promega, USA) according to ISO/EN
10993 part 5 guidelines, which determines whether cells are metabolically active. This cytotoxicity test is
based on the bioreduction of the substrate (MTS) into a brown formazan product by dehydrogenase
enzymes in metabolically active cells, directly related with cell viability. For this purpose, materials were
incubated (n=3) in culture medium for 24 h at 37°C with constant shaking after sterilization by ethylene
oxide. Latex was also incubated as a positive control. A rat lung fibroblasts cell line (L929) acquired
from the European Collection of Cell Cultures (ECACC) was used for the studies.

The cells were grown as monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% foetal bovine serum (Biochrom, Berlin, Germany; Heat Inactivated) and 1% of antibiotic-
antimycotic mixture. Cultured L929 cells were trypsinised using trypsin-EDTA (Gibco, Invitrogen
Corporation) and plated into 96-well micrometer plates (200 pl/well) at 6.6x104 cells/well. The plates
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were incubated, for 24 h, at 37°C in a humidified atmosphere of 5% CO; in air. After that, the medium
was replaced by the previous prepared materials extracts after sterilized by filtration (0.45 um pore size)
using culture medium by itself as a negative control. After 72 h incubation, cell culture was treated with
MTS (in medium without phenol red) and incubated for further 3 h at 37°C in a humidified atmosphere of
5% of CO> in air. At this stage, culture medium with MTS was transferred to new wells. The optical
density (OD) which is directly proportional to the cellular activity (it reflects the mitochondrial activity)

was read on a microplate reader (Synergy HT, BioTek Instruments) at 490 nm.

8.1.1. Analysis of elemental concentrations of materials extracts

In Chapter IV, the eventual cytotoxicity behaviour was detected for the composite scaffold materials
produced with unsintered hydroxylapatite. In order to try to understand the cause of this behaviour,
inductively coupled plasma (ICP) was carried out. Mimicking exactly the extract conditions performed in
the MTS assay, the different sample extracts solutions were analyzed in order to determine the
concentrations of calcium (Ca), phosphorus (P), silicon (Si), magnesium (Mg) and sodium (Na)
elements. The element concentrations were measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES JY70 plus, Jobin Yvon, France). Triplicate samples were analyzed for each
condition. For this purpose, materials were incubated after sterilization with ethylene oxide in cell culture
medium (DMEM) for 24h at 37°C with constant shaking. After that, the elemental concentrations of the
prepared materials extracts sterilized by filtration (0.45 ym pore) were measured, using cell culture

medium itself as control.

8.2. HUMAN ADIPOSE STEM CELLS (ASCs) - CHONDROGENIC AND OSTEOGENIC DIFFERENTIATION

8.2.1. Cell culture

For the preliminary osteogenic and chondrogenic differentiation studies described in Chapter I,

polymeric scaffolds were seeded with human mesenchymal stem cells (MSC) isolated from adipose

tissue derived from liposuction procedures as previously described [54]. Briefly, the liposuction material
was washed 3 times with phosphate buffered saline (PBS, purchased from PAA, Austria) to remove
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most of the blood and tumescence solution. Afterwards, the tissue was digested in PBS buffered with 25
mM Hepes (PAA, Austria) containing 1.5 mg/mL collagenase (Biochrom, Germany) and 20 mg/mL
bovine serum albumine (PAA, Austria) at 37°C under vigorous shaking for 1h. To eliminate red blood,
cells the isolated fraction was incubated with erythrocyte lysis buffer consisting of 154 mM NH4CI, 10
mM KHCO3 and 0.1 mM EDTA for 10 min at 37°C. After several washing and centrifugation steps, the
cells were filtered through a 100 pm filter and cultured in DMEM/Ham’sF12 (1:1), 10% FCS, 2 mM L-
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin at 37°C and 5% CO in a water-saturated
atmosphere. Subculturing was performed before the cells reached confluence. Cells from passages 2 to

4 were used for the cell seeding experiments.

For this purpose, 5x10° cells were seeded onto each scaffold which were then cultured in control,
osteogenic and chondrogenic medium, respectively. Osteogenic medium consisted of DMEM (1 g/L
glucose), 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin as well as 0.1
MM dexamethasone, 50 uM ascorbate-2-phosphate (Fluka, Switzerland), 10 mM (-glycerophosphate
and 10 nM 1q,25-dihydroxyvitamin D3 (Fluka, Switzerland). Chondrogenic medium was comprised of
DMEM (1 g/L glucose), 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin
as well as 0.1 uM dexamethasone, 0.15 uM ascorbate-2-phosphate, 1% insulin-transferrin-selenium
supplement (100x, Invitrogen, Austria), 40 uM L-proline and 10 ng/ml TGF-B1 (PromoKine, Germany).

8.2.2. Histological analysis (Von Kossa and Alcian Blue stainings)

Additionally, seeded wells without scaffolds were also incubated for 2 weeks with control, osteogenic
and chondrogenic medium, respectively and stained with Von Kossa or Alcian Blue to detect osteogenic
and chondrogenic differentiation in a 2D environment. For Von Kossa staining, the cells were fixed for
30 min with 10% neutral-buffered formalin. After rinsing with distilled water, cells were overlaid with 5%
silver nitrate for 30 min. Staining was performed with 5% sodium carbonate in 25% neutral-buffered
formalin and fixed by a 5 min incubation with 5% sodium thiosulphate. For Alcian Blue staining, cells
were rinsed with PBS and stained for 30 min at room temperature with 1% Alcian Blue in 3% acetic acid
atpH 2.5.
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8.2.3. Cell adhesion and morphology

After 2 weeks of incubation, cell-scaffolds constructs were prepared for scanning electron microscopy
(SEM) observation by washing the seeded scaffolds 3 times in pre-warmed PBS, fixing them in 2.5%
glutaraldehyde at 4°C for 30 min and washing them again 2 times with PBS. Then, the samples were
dehydrated in increasing concentrations of ethanol (50, 70, 90 and 100%), each step lasting 30 min.
After air-drying, the samples were incubated two times for 15 min in hexamethyldisilazane for critical
point drying. Sample surfaces were then gold sputtered (Fisons Instruments, Sputter Coater SC502,

UK) and analysed using scanning electron microscopy (SEM) (S360, Leica Cambridge Ltd).

8.2.4. ALP activity

The supernatant was harvested on day 7 and 14 for ALP activity determination using previously
established protocols. In brief, 3 volumes of substrate solution consisting of 1 M diethanolamine-
hydrochloric acid buffer with 0.2% p-nitrophenylphosphate at pH 9.8 were thoroughly mixed with the
culture supernatant. After 45 to 60 min incubation at 37°C, 4 volumes of 2 M NaOH and 0.2 mM EDTA
were added to stop the enzymatic reaction. Immediately, the samples, as well as serial dilutions of the
standard p-nitrophenol ranging from 0 to 20 mmoL/L, were measured in triplicate in a microplate reader
(Amersham Biosciences, UK) at 405 nm. Concentrations were calculated using a 4-parameter fit curve.

8.3. PRE-CHONDROGENIC ATDC5 CELLS STUDIES

8.3.1. Cell culture

These studies were performed with insulin-loaded scaffolds, as described in Chapter V, in order to
assess the effect of these loaded-scaffolds in chondrogenic differentiation. Cells used in these
experiments were a pre-chondrogenic murine mesenchymal cell line (ATDC5) purchased from the
European Collection of Cell Cultures (ECACC) which differentiates into mature chondrocytes in the
presence of insulin [24,55]. Cells were plated into tissue culture flasks and incubated at 37°C in a
humidified atmosphere of 5%CO- in air for expansion. ATDC5 cells were grown as monolayer cultures
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in a culture medium consisting of 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and
Ham's F-12 Nutrient Mixture with 15 mM HEPES (F12), sodium bicarbonate, 10,000 units/ml
penicillin/10,000 pg/ml streptomycin, 0.365 g/L L-glutamine and 5% (v/v) foetal bovine serum (FBS Heat
Inactivated, Biochrom) (DMEM/F12).

When the adequate cell number was obtained, cells at passage 8 were trypsinized, centrifuged and
ressuspended in cell culture medium. For the control group with non-loaded scaffolds, standard
chondrogenic medium was used consisting in DMEM/F12 supplemented with 10 pg/ml of insulin
(DMEM/F12/INS). Cells were seeded at a density of 100,000 cells/scaffold under static conditions using
for this purpose aliquots of 100 pl loaded onto the top of the scaffolds, which had been previously
placed in 24-well non-adherent tissue culture plates. Two hours after seeding, 1.5 ml of respective cell
culture medium according to Table 2 was added to each well and the cell seeded scaffolds were
cultured for 2 and 4 weeks, in a humidified atmosphere at 37°C, containing 5% CO,. The culture

medium was changed every 3 to 4 days until the end of experiments.

Table 2. Scaffolds formulations and respective cell culture medium.

SCAFFOLDS = FORMULATION CULTURE MEDIUM

C Non-loaded (control group) DMEM/F12/INS

0.05 Loaded with 0.05% (wt/wt) insulin  DMEM/F12

05 Loaded with 0.5% (wt/wt) insulin ~ DMEM/F12

5 Loaded with 5% (wt/wt) insulin DMEM/F12

Abbreviations: DMEM - Dulbecco’s Modified Eagle’s Medium; F12 - Ham's
F-12 Nutrient Mixture with 15 mM HEPES, INS - DMEM/F12 supplemented
with 10pg/ml of insulin.

8.3.2. Cell adhesion and morphology

Cell adhesion, morphology and average distribution were observed by SEM analysis. Briefly, the cell-
scaffold constructs were washed in PBS and fixed in 2.5% glutaraldehyde (in PBS). The constructs
were then rinsed in PBS again, and subjected to 15 minutes immersion cycles into series of increasing

ethanol concentrations (30, 50, 70, 90, 100% ethanol), each to dehydrate the samples. The samples
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were finally subjected to critical point drying by double immersion into HMDS (hexamethyldisilazane
reagent) for 15 minutes each, air dried and sputter coated with gold (JEOL JFC-1100) and analyzed
with a Leica Cambridge S360 scanning electron microscope.

8.3.3. DNA quantification

DNA quantification was carried out using PicoGreen® dsDNA Quantitation reagent (Invitrogen,
Barcelona, Spain) according to the supplier protocol. Briefly, the cell-scaffolds systems were collected at
pre-defined time periods, placed into eppendorf tubes with 1ml ultrapure water, and kept at 37°C for 1
hour. They were then subjected to 2-3 cycles of freezing-defrosting to assure that the entire DNA would
be in solution. Standards of double stranded DNA were prepared using ultrapure water with the
following concentrations: 0, 0.2, 0.5, 1 and 2 pg/ml. Chitosan scaffolds without cells were used as
controls. Standards, controls and samples were placed in 96-well plates in triplicate according to kit
instructions where each single well contained 200 pl of total mixture solution. The plates were submitted
to a 10 minutes incubation cycle in the dark. Emitted fluorescence was read using a microplate reader
(Synergy HT, BioTek) and the data was recorded for analysis with the software (KC4 Microplate Data
Analysis Software, BioTek) (at excitation of 485/20 nm and emission of 528/20 nm).

8.3.4. Glycosaminoglycans (GAGs) quantification

Proteoglycans amount was determined by measuring the level of sulfated glcosaminoglycans (GAGS)
using the dimethylmethylene blue metachromatic assay. GAG levels in solution can be quantified using
the basic dye, 1,9-dimethylmethylene blue (DMB), which binds to glycosaminoglycans generating a
metachromatic shift that peaks at A525-530 that can be measured spectrophotometrically. Briefly, the
constructs (n=3) were immersed in a digestion solution with papain and N-acetyl cysteine and incubated
at 60°C overnight. After the digestion was completed, the tubes were centrifuged at 13,000 rpm for 10
minutes and the supernatant was collected. Chondroitin sulfate standard solutions were prepared with
different concentrations (0, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 pg/ml) to establish the
calibration curve for unknown samples quantification. Chitosan scaffolds without cells were used as

controls. Standards, controls and samples (20 ul) were placed in triplicate in a 96 well plate and then
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250 pl of DMB solution was added to each well. The optical density was measured at 530 nm using a
microplate reader (Synergy HT, BioTek) and the data analysed with the software (KC4 Microplate Data
Analysis Software, BioTek).

8.3.5. Histological analysis (hematoxylin-eosin and toluidine blue stainings)

Concerning the histological analysis, hematoxylin-eosin (H&E) and toluidine blue stainings were
performed on 10 pum thickness sections of cells-scaffolds constructs (n=3) collected at different periods
of culture. The samples were fixated by immersion for 30 minutes in glutaraldehyde 2.5%(v/v) at 4°C,
and washed in PBS. Histological processing was performed using Tecnhovit 7100® (Heraeus Kulzer
GmbH) according to the supplier protocol and sections were sliced using a motorized rotary microtome
(Leica RM2155, Leica Microsystems GmbH). H&E staining was performed using an automatic
processor according to in-house methodology (Leica TP1020-1, Leica MicroSystems GmbH) and
toluidine blue staining was performed as follows. Briefly, sections were hydrated in distilled water and
stained in 1% toluidine blue working solution for 2-3 minutes. Afterwards, they were washed 3 times in
distilled water and quickly dehydrated through 95% ethanol and 100% alcohol. Sections were then
cleared in Histoclear® and mounted using Microscopy Entellan® (Merck) for observation.

8.3.6. Evaluation of gene expression by realtime-PCR

Samples were collected at the defined time periods, quickly frozen in liquid nitrogen, and stored at
-80°C until further analysis. RNA was extracted using TRIzol® (Invitrogen, Barcelona, Spain) according
to the supplier protocol. Briefly, samples of each condition (n=2) were grinded and mechanically
homogenized with a mostar and pestle in TRIzol reagent. Afterwards, chloroform was added and the
samples centrifuged to establish a three-phase composition in the tube. The aqueous phase was
collected and put in a new tube where isopropanol was added. The samples were once again
centrifuged, the supernatant discarded and the pellet washed with 75% ethanol. The samples were
again centrifuged, let to air-dry, and suspended in ultrapure water for posterior analysis. The amount of
isolated RNA and A260/280 ratio was determined using Nanodrop ND-1000 Spectrophotometer
(NanoDrop Technologies). After these determinations, 1 ug of RNA of each sample was reverse
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transcribed into cDNA using the IScriptTM cDNA synthesis kit (Biorad, California, USA) in a MJ MiniTM
Personal Thermal Cycler (Biorad, California, USA). Cartilage related markers were chosen to evaluate
the chondrogenic phenotype of the cultured systems. These included collagen type |, collagen type I,
Sox-9 and aggrecan, using GAPDH as the housekeeping gene for normalization. The expression of
each gene was normalized to the GAPDH value in that sample. All the primer sequences were
generated using Primer3 software and acquired from MWG Biotech. More details can be found in Table
3. Realtime-PCR was performed using SYBR Green IQTM Supermix (Biorad, California, USA) to detect
amplification variations in a MJ MiniTM Personal Thermal Cycler (Biorad, California, USA) machine. The

analysis of the results was performed with MJ Opticon Monitor 3.1 software (Biorad, California, USA).

Table 3. Primers used for realtime-PCR evaluation of ATDC-5 gene expression.

GENE  ACCESSION LEFT PRIMER RIGHT PRIMER

Collagen type |  NM_007742 GAGCGGAGAGTACTGGATCG  GCTTCTTTTCCTTGGGGTTC

Collagen type Il NM_001113515 GCCAAGACCTGAAACTCTGC GCCATAGCTGAAGTGGAAGC

Sox-9 NM_011448 AGCTCACCAGACCCTGAGAA  TCCCAGCAATCGTTACCTTC

Aggrecan  NM_007424 TGGCTTCTGGAGACAGGACT  TTCTGCTGTCTGGGTCTCCT

GAPDH NM_008084 AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA

9. IN-VIVO BIOCOMPATIBILITY STUDY

It is critical to evaluate the scaffolds’ performance in an in-vivo environment when proposing materials to
be used in biomedical applications, namely tissue engineering. In-vivo parameters such as inflammatory
response, tissue ingrowth, vascularization potential and overall host response give the correct evidence
to consider the biofunctionality of scaffolds. This is one of the obvious key requirements for tissue
engineering applications. In Chapter VI, the experimental results are described for the in-vivo
performance in a rat muscle-pockets model for different implantation periods, where scaffolds
interconnectivity shown to be favourable to the connective tissues ingrowth and to promote the neo-

vascularization even in early stages of implantation.
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9.1. SURGICAL PROCEDURE

Four male Sprague Dawley rats, weighing 350-380 g were used for intramuscular implantation of the
chitosan aggregated scaffolds. Each animal was anaesthetized (induction with 3-3.5% isofluorane and 7
L/minute of air for 2-3 minutes; maintenance with intramuscular injection of 90 mg/kg of ketamin
combined with 5 mg/kg xylazine) and subjected to local tricotomy for adequate surgical procedure. The
skin was disinfected and under surgical sterile conditions, four lumbar paravertebral incisions of
approximately 2 cm length were performed through the cutis, subcutis and the panniculus carnosus
(smooth skin muscle). After incising the fascia of the latissimus dorsi muscle, craniolateral oriented
muscle-pockets were created by blunt dissection. Into these pockets, the scaffolds were inserted and
the fascia carefully sutured, as well as the panniculus carnosus and finally the skin. As an analgesic
treatment, animals received Metamizol (200 pg/g of body weight per day in drinking water ad libitum). At
1, 2 and 12 weeks post-implantation, the animals were anaesthetized (see above) and sacrificed by an
intracardial overdose of pentobarbital. The scaffolds and surrounding tissue were explanted for further
evaluation. The animal experiment was approved by the local ethical authorities for animal

experimentation.

9.2. EXPLANTS MORPHOLOGICAL CHARACTERIZATION

At 1, 2 and 12 weeks post-implantation, explants were registered using stereolight microscopy.

Furthermore, micro-Computed Tomography (micro-CT) of the explants was carried out using the

Skyscan equipment, as described previously. Two-dimensional (2D) X-ray photographs were registered

from the bulk of the explants.

9.3. HISTOLOGICAL EVALUATION

After explantation at 1, 2 and 12 weeks, samples were fixed in 4.7% formalin for 24 hours and then kept

in 70% ethanol. After fixation, samples were dehydrated in graded ethanol (50, 70, 95 and 100%),
embedded in xylene and then, in paraffin. Afterwards, samples were sectioned in 2-4 um sections and
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stained with haematoxylin/eosin (H&E). The stained microscope slides were observed by, at least, two
independent observers.

9.3.1. Immunohistochemistry

In order to perform immunohistochemistry, paraffin was removed from the samples slides upon heating.
They were hydrated in descending ethanol concentrations (100, 95, 70 and 50%) and incubated in
Phosphate Buffer Saline (PBS). The antigen retrieval was performed with microwave incubation in
citrate buffer (pH=6) at 800W for 20 minutes and the slides were washed with PBS. The endogenous
peroxidase was blocked with 1% hydrogen peroxide (H202) in methanol, at room temperature (RT) for
15 minutes. After washing, the slides were incubated with the primary antibodies at RT for 1 hour (see
Table 4) and washed at the end of the incubation period. Subsequently, the samples were incubated
with the secondary antibody (Polyclonal Swine Anti-Goat, Mouse, Rabbit Immunoglobulins/Biotinylated
— DakoCytomation, Denmark; dilution 1:100) at RT, for 30 minutes. After washing with PBS, the
samples were incubated with the ABComplex (StreptABComplex/HRP, DakoCytomation, Denmark) at
RT for 30 minutes and washed again after the incubation period.

Visualisation of the bound antibodies in the samples was revealed by incubation with AEC substrate
(Dako RealTM EnVisionTM Detection System, Peroxidase/DAB+, Rabbit/Mouse; DakoCytomation,
Denmark) until the colour could be detected. The revelation of the labelling was stopped with PBS and
the samples were stained with Mayer's Haematoxylin for nuclear contrast, at RT, for 2 minutes. After
this, the samples were washed with distilled water, dehydrated in graded ethanol (50, 70, 95 and 100%),
cleared with xylene substitute, permanently mounted with Clarion™ Mounting Medium, and observed in

the light microscope by, at least, two independent observers.

Table 4. Primary antibodies used in the immunohistochemistry evaluation of the explants.

ANTIBODY  RECOGNIZES DILUTION  INCUBATION/TEMPERATURE ~ COMPANY COUNTRY
CD18 Rat 2 integrins (Bchain of LFA-1)  1:100 1 hour/RT Serotec UK
CD3 T lymphocytes 1:30 1 hour/RT DakoCytomation ~ Denmark
VWF  von Willebrand Factor 1:200 1 hour/RT DakoCytomation ~ Denmark
SMA  Smooth Muscle Actin 1:5000 1 hour/RT Sigma USA
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10. STATISTICAL ANALYSIS

The statistical analysis of values obtained with the several relevant characterization techniques was
carried out using Student's two-tailed t-test with a confidence level of 99.5%. All statistical calculations
were performed with Analysis ToolPak software. p-Values below 0.05 were considered statistically

significant.
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CHAPTER III.

Chitosan particles agglomerated scaffolds for cartilage and osteochondral tissue
engineering approaches with adipose tissue derived stem cells *

ABSTRACT

It is well accepted that natural tissue regeneration is unlikely to occur if the cells are not supplied with an
extracellular matrix (ECM) substitute. With this goal, several different methodologies have been used to
produce a variety of 3D scaffolds as artificial ECM substitutes suitable for bone and cartilage tissue
engineering. Furthermore, osteochondral tissue engineering presents new challenges since the
combination of scaffolding and co-culture requirements from both bone and cartilage applications is

required in order to achieve a successful osteochondral construct.

In this paper, an innovative processing route based on a chitosan particles aggregation methodology for
the production of cartilage and osteochondral tissue engineering scaffolds is reported. An extensive
characterization is presented including a morphological evaluation using Micro-Computed Tomography
(u-CT) and 3D virtual models built with an image processing software. Mechanical and water uptake
characterizations were also carried out, evidencing the potential of the developed scaffolds for the
proposed applications. Cytotoxicity tests show that the developed chitosan particles agglomerated
scaffolds do not exert toxic effects on cells. Furthermore, osteochondral bilayered scaffolds could also
be developed. Preliminary seeding of mesenchymal stem cells isolated from human adipose tissue was
performed aiming at developing solutions for chondrogenic and osteogenic differentiation for
osteochondral tissue engineering applications.

* This chapter is based in the following publication:

PB Malafaya, AJ Pedro, A. Peterbauer, C. Gabriel, H. Redl, RL Reis. Chitosan particles agglomerated scaffolds for cartilage
and osteochondral tissue engineering approaches with adipose tissue derived stem cells. Journal of Materials Science:
Materials in Medicine (2005) 16:1077-1085
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1. INTRODUCTION

Tissue engineering has developed into a multi-disciplinary field using both the state of the art and
breakthrough research of several different areas. It uses biological, chemical and materials engineering
principles towards the repair, restoration or regeneration of living tissues combining biomaterials, cells
and biologically active factors. This now well accepted concept leads to the basis of one of the three key
issues in tissue engineering which is clearly the scaffolding that should provide an ideal site for cell
attachment and proliferation leading to further tissue regeneration. The extracellular matrix (ECM) that
surrounds cells in the body not only physically supports cells but also regulates their proliferation and
differentiation. Consequently, scaffolds need to be developed for sustaining in-vitro tissue
reconstruction, as well as for in-vivo cell-mediated tissue regeneration. It is almost impossible to repair

tissue defects if the cells are not supplied with such kind of an ECM substitute.

Bearing this in mind, several different methodologies have been used to produce a variety of three
dimensional synthetic or naturally based scaffolds suitable for tissue engineering applications.
Researchers have been using, for instance, injection moulding with blowing agents [1], solvent casting
and salt leaching techniques [2] or the latter combined with compression moulding [3] or gas foaming
[4,5]. In the salt leaching technique, the pre-incorporated salt in the polymeric matrix is dissolved
creating the pores. Fibre bonding [6] has also been used to produce successfully fibre meshed 3D
structures with high interconnectivity. Other techniques, such as freeze-drying [7-9] and rapid
prototyping technologies [10-12] have also been used to produce interesting scaffolds. Nevertheless,
further research on the scaffold design is still needed because the chemical nature and structure of the
3D constructs significantly affect the success of tissue engineering approaches both in-vitro and in-vivo.

Moreover, an optimal scaffold has not been identified yet.

Towards this goal, an innovative methodology is being developed in several groups, based on the
agglomeration of prefabricated microspheres. The technique is generally based on the random packing
of microspheres with further aggregation by physical or thermal means to create a three dimensional
porous structure. This technique is being used to construct scaffolds directly [13] or it can be proposed
to be used indirectly by producing a negative structure which will serve as a reverse template to obtain
the scaffolds.
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The research group of C.T. Laurencin [13-15] has been applying this technique for the development of
poly(lactide-co-glycolide) (PLAGA) microspheres-based matrices for bone repair. The researchers have
tried different approaches by developing sintered microspheres based matrices [13,14] or gel
microspheres matrices [15]. Composite microspheres containing hydroxyapatite were also used for the
fabrication of polymer-ceramics 3D matrices for bone applications [16]. In the case of sintered
microspheres matrices, the microspheres are first obtained by a solvent evaporation technique. The 3D
structures are then further processed by heating the pre-fabricated PLAGA microspheres above the
glass transition temperature. The polymer chains are activated to interlink with neighbouring polymer
chains and thus form contacts between neighbouring microspheres [15]. In the gel microspheres matrix
methodology, the PLAGA gel microspheres are obtained by emulsion with poly(vinyl alcohol) (PVA).
The following agglomeration is based on a multiple step production that includes air-drying, freeze-
drying, rehydration with salt leaching and freeze-drying again. In general, microsphere based matrices

show very interesting properties for a possible application in bone repair.

Another strategy that uses microspheres includes their embedding in a hydrogel matrix [17-19]. In that
approach, the goal of incorporation of previously produced microspheres is to encapsulate either cells
[20] or biologically active factors for either favouring the cell attachment and proliferation behaviour
[18,21-23] or to enhance the vascularization [24].

Several million people worldwide suffer from severe joint pain and related dysfunction, such as loss of
motion as a result of injury or osteoarthritis [25-28]. In particular, loss of function of the knees can
severely reduce mobility and thus the patient’s quality of life [29]. The biological basis of joint problems
is the deterioration of articular cartilage which covers the bone at the joint surface [30]. Current
treatments most widely used are based on autologous strategies such as mosaicplasty [31]. Abrasion
arthroscopy, subchondral bone drilling and microfracture typically result in fibrocartilage filling the defect
site [29]. Allogenic transplantation of osteochondral grafts has had clinical success, but its supply is
limited and has a risk of infection or even rejection [26,28]. Therefore, besides bone and cartilage tissue
engineering approaches, a combination of both as osteochondral constructs is needed in clinical

practice.

To create constructs with more favourable integrative properties, several researchers are exploring the

development of tissue engineered osteochondral composite constructs [26,27,32,33]. However,
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osteochondral tissue engineering presents new interesting challenges because the combination of
scaffolding and co-culture requirements, from both bone and cartilage applications, in an efficient way is
required to achieve a successful osteochondral approach.

A few approaches have been proposed based on the development of bilayered 3D materials [25,26,32-
35]. Osteochondral scaffolds based on collagen gels and calcium phosphate ceramics were proposed
by Tagushi et al. [33]. The processing methodology consists of the formation of a calcium phosphate
gradient into cartilage-like matrices containing type Il collagen using a modified alternate soaking
process. It was shown that, after a number of soaking cycles, calcium phosphate crystals were

gradiently formed from the top to the middle of gels [33].

A very interesting work was presented by Sherwood et al. [26] in 2002 where a three-dimensional
printing process was used to build a one-piece bilayered osteochondral scaffold. The upper, cartilage
region was 90% porous and composed of D,L.-PLGA/L-PLA, with macroscopic staggered channels to
facilitate homogenous cell seeding. The lower, cloverleaf-shaped bone portion was 55% porous and
consisted of a L-PLGA/TCP composite, designed to maximize bone ingrowth while maintaining critical
mechanical properties [26].

A different approach was used by Lu et al. [25,34,35]. They based their studies on chondrocyte
encapsulation in agarose hydrogels for the cartilage component, and composites microspheres (PLAGA
and Bioactive Glass®) prepared by a water-oil-water emulsion and further sintered to produce the 3D
scaffolds for the bone component. These studies showed that chondrocytes maintained their phenotype
and developed a functional extracellular matrix. In addition, the osteochondral construct was found to be
capable to simultaneously support the growth of multiple matrix zones. Recently, this research group
has also presented a multi-phased composite scaffold for soft tissue-to-bone interface [34] using 3
different phases composed by PLAGA woven mesh, PLAGA microspheres and PLAGA - Bioactive
Glass® microspheres. Studies were undertaken with osteoblasts and fibroblasts to evaluate the potential
of supporting multiple cell types and the scaffold was used as a model system to regenerate soft tissue

to bone interface.

In the present paper, a new processing route based on chitosan particles aggregation is described for
the production of cartilage and osteochondral tissue engineering scaffolds. The described method uses
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previously prepared chitosan-based particles. For the osteochondral approach, bilayered scaffolds were
developed in order to achieve an improved integrative bone and cartilage interface needed for these
applications. Preliminary cell tests were performed by seeding mesenchymal stem cells isolated from
human adipose tissue on the scaffolds and trying to promote them both in chondrogenic and osteogenic
differentiation. This is a prerequisite for cartilage and osteochondral tissue engineering applications.

2. MATERIALS AND METHODS

2.1. SCAFFOLDS PRODUCTION

Chitosan (from Sigma-Aldrich, medium molecular weight and 87.8 % of deacetylation degree) was
grinded and dissolved overnight in acetic acid (1%vwv) to obtain a chitosan solution (2%wt). Unless
otherwise stated, all chemicals were bought from Sigma-Aldrich and used as received. In composite
particles production for the osteochondral bilayered scaffolds, 20%wt of non-sintered hydroxylapatite
(HA) (CAM Implants, UK) with an average particle size of 30 um [36] was homogeneously dispersed in
the chitosan solution. After complete dissolution and filtration, the prepared solutions were extruded
trough a syringe at constant rate (10 ml/h) to form chitosan droplets into a NaOH (1M) precipitation bath
where particles with regular diameter were formed. The chitosan particles were left overnight in the
precipitation bath and then repeatedly washed with distilled water. For the production of the bilayered
scaffolds, the composite particles were submitted to a crosslinking reaction with glutaraldehyde. Further
information on this can be found elsewhere [37,38]. The particles were subsequently pressed into
moulds and left to dry in an oven at 50°C for 3 days. Cylinder shaped scaffolds with 8 mm height and 5
mm in diameter were obtained. A schematic representation of the used methodologies is shown in

Figure 1.
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Figure 1. Schematic representation of the chitosan precipitation and particle aggregation methodologies.

2.2. SCAFFOLDS CHARACTERIZATION

The scaffolds morphology was analyzed by Scanning Electron Microscopy (SEM) in a Leica-Cambridge
S-360 (Leica-Cambridge, UK) microscope equipped with V03.02A software. Micro-Computed
Tomography (u-CT) evaluation of the scaffolds was carried out using a Scanco 20 equipment (Scanco
Medicals, Switzerland). X-ray scans were performed in high resolution mode (9 pm) and 240 slices of
the scaffolds were obtained. The 2-D histomorphometric analysis of the scaffolds was performed using
a threshold 51 to identify the polymeric phase in order to determine the mean porosity as well as the
porosity distribution along the scaffold (from 0-2000 pm). Furthermore, with the u-CT data import and
MIMICS® (Materialise Interactive Medical Image Control System) image processing software
(Materialise, Belgium), it was possible to build 3D virtual models representing the morphological

structures of the scaffolds.
The mechanical properties of the developed scaffolds were tested on a compressive solicitation mode in
an Instron Universal Mechanical Testing machine in a controlled environment (23°C/55% RH). The

cross-head speed used was 2 mm/min.

The hydration behaviour was assessed in media with different pH (5, 7.4 (physiological pH) and 9) in

order to study the potential responsive behaviour of the developed systems. The assays were
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performed at physiological temperature (37°£1°C) for predetermined immersion periods up to 14 days.

The swelling profile was characterized using the following equation:

% Hydration degree = % * 100 (1)

14

where Wi is the initial weight and W, is the wet weight at determined test period.

2.3. IN-VITRO BIOLOGICAL TESTING

The cytotoxicity of the material was assessed by evaluating cellular viability using MTS assay (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium) (Cell Titer 96®
AQueous Solution Cell Proliferation Assay, G3580, Promega, USA). For this purpose, materials were
incubated in culture medium for 24h at 37°C with constant shaking. Latex was also incubated as a
positive control. Cultured cells (L929 fibroblasts cell line) were plated (200 pl/well) into 96-well
micrometer plates at 6.6x104 cells/well. The plates were incubated for 24h at 37°C in a humidified
atmosphere of 5% CO: in air. After that, the medium was replaced by the previously prepared material
extracts, using culture medium as a negative control. After a 72h incubation, the cell culture was treated
with MTS (in medium without phenol red) and incubated for further 3 h at 37°C in a humidified
atmosphere of 5% of CO; in air. At this stage, culture medium with MTS was transferred to new wells.
The optical density (OD) which is directly proportional to the cellular activity (it reflects the mitochondrial

activity) was read on a multiwell microplate reader (Synergy HT, BioTek Instruments) at 490 nm.

For the preliminary osteogenic and chondrogenic differentiation studies, the scaffolds were seeded with
mesenchymal stem cells (MSC) isolated from adipose tissue derived from liposuction procedures as
previously described [39]. Briefly, the liposuction material was washed 3 times with phosphate buffered
saline (PBS purchased from PAA, Austria) to remove most of the blood and tumescence solution.
Afterwards, the tissue was digested in PBS buffered with 25 mM Hepes (PAA, Austria) containing 1.5
mg/mL collagenase (Biochrom, Germany) and 20 mg/mL bovine serum albumine (PAA, Austria) at
37°C under vigorous shaking for 1h. To eliminate red blood cells, the isolated fraction was incubated
with erythrocyte lysis buffer consisting of 154 mM NH4CI, 10 mM KHCOs and 0.1 mM EDTA for 10 min

at 37°C. After several washing and centrifugation steps, the cells were filtered through a 100 pm filter
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and cultured in DMEM/Ham'sF12 (1:1), 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100
pg/mL streptomycin at 37°C and 5% CO, in a water-saturated atmosphere. Subculturing was performed
before the cells reached confluence. Cells from passages 2 to 4 were used for the cell seeding

experiments.

For this purpose, 5x10° cells were seeded onto each scaffold which were then cultured in control,
osteogenic and chondrogenic medium, respectively. Osteogenic medium consisted of DMEM (1 g/L
glucose), 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin as well as 0.1
MM dexamethasone, 50 UM ascorbate-2-phosphate (Fluka, Switzerland), 10 mM B-glycerophosphate
and 10 nM 1a,25-dihydroxyvitamin D3 (Fluka, Switzerland). Chondrogenic medium was comprised of
DMEM (1 g/L glucose), 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin
as well as 0.1 uM dexamethasone, 0.15 UM ascorbate-2-phosphate, 1% insulin-transferrin-selenium
supplement (100x, Invitrogen, Austria), 40 uM L-proline and 10 ng/ml TGF-1 (PromoKine, Germany).
After 2 weeks of incubation, samples were prepared for SEM observation by washing the seeded
scaffolds 3 times in pre-warmed PBS, fixing them in 2.5% glutaraldehyde at 4°C for 30 min and washing
them again 2 times with PBS. Then, the samples were dehydrated in increasing concentrations of
ethanol (50, 70, 90 and 100%), each step lasting 30 min. After air-drying, the samples were incubated

two times for 15 min in hexamethyldisilazane.

The supernatant was harvested on day 7 and 14 for ALP activity determination using previously
established protocols. In brief, 3 volumes of substrate solution consisting of 1 M diethanolamine-
hydrochloric acid buffer with 0.2% p-nitrophenylphosphate at pH 9.8 were thoroughly mixed with the
culture supernatant. After 45 to 60 min incubation at 37°C, 4 volumes of 2 M NaOH and 0.2 mM EDTA
were added to stop the enzymatic reaction. Immediately, the samples as well as serial dilutions of the
standard p-nitrophenol ranging from 0 to 20 mmoL/L were measured in triplicate in a microplate reader

(Amersham Biosciences, UK) at 405 nm. Concentrations were calculated using a 4-parameter fit curve.

Additionally, seeded wells without scaffolds were also incubated for 2 weeks with control, osteogenic
and chondrogenic medium, respectively and stained with Von Kossa or Alcian Blue to detect osteogenic
and chondrogenic differentiation in a 2D environment. For Von Kossa staining, the cells were fixed for
30 min with 10% neutral-buffered formalin. After rinsing with distilled water, cells were overlaid with 5%
silver nitrate for 30 min. Staining was performed with 5% sodium carbonate in 25% neutral-buffered
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formalin and fixed by a 5 min incubation with 5% sodium thiosulphate. For Alcian Blue staining, cells
were rinsed with PBS and stained for 30 min at room temperature with 1% Alcian Blue in 3% acetic acid
at pH 2.5.

3. RESULTS AND DISCUSSION

3.1. SCAFFOLDS MORPHOLOGICAL AND MECHANICAL CHARACTERIZATION

Using the particle aggregation method, it was possible to obtain chitosan-based scaffolds with very
interesting properties. The obtained chitosan particles are characterized by a smooth surface and
uniform spherical shape with a mean diameter of 500-800 um confirmed by SEM microphotographs
(Fig. 2A). After press-fitting into specific moulds and drying, chitosan scaffolds could be obtained with a
mean pore diameter ranging from 100 to 400 um with a typical pore morphology shown in Fig. 2B.
However, the overall random packing of the chitosan particles into the 3D scaffold structures shown in
the cross-section (Fig.2C) clearly influenced the nature of the pores.

Fig. 2C shows the interconnectivity and three-dimensional structure of the developed chitosan scaffolds.
The bonding of the chitosan particles was achieved due to the bioadhesive character of the chitosan
polymer that resulted in the union of adjacent particles at their contact points to form the chitosan
porous matrices (Fig. 2D). The scaffold’s cross-sections (Fig. 2C) indicate the bonding areas by the flat
planes on the particle surfaces. This chitosan particle bonding leads to a very stable interface between
the particles which assure the mechanical integrity of the developed scaffolds. Concerning the
compressive properties, scaffolds have shown a very good mechanical behaviour compared to the
typical mechanical properties obtained for chitosan based porous materials. For the polymeric scaffolds,
a high compressive modulus of 132 + 7 MPa was obtained. Furthermore, it is important to keep in mind
that the mechanical properties may be further increased when the scaffolds are crosslinked or a ceramic
filler is incorporated.

-111-



CHAPTER IIl. Chitosan particles agglomerated scaffolds with adipose tissue derived stem cells

Figure 2. SEM micrographs of chitosan particles obtained by precipitation method (A); pore morphology in the chitosan
scaffolds (B); cross-section of chitosan scaffolds obtained by the particle aggregation method (C); and interface between the
chitosan particles after production of the scaffolds (D).

SEM of relevant cross-sections (Fig. 2C) and p-CT analysis confirmed the formation of pores in the bulk
of chitosan porous materials evidencing the scaffolds interconnectivity. The 2D histomorphometric
analysis allowed for the characterization of the degree of porosity and pore distribution throughout the
developed scaffolds as presented in Fig. 3. The developed scaffolds presented a mean porosity of
about 30% (well distributed throughout the scaffold). In spite of the fact that many researchers are
looking for scaffolds with much higher pore volumes, there is a compromise between the porosity and
mechanical properties. In fact, for particles/microspheres agglomerated scaffolds it has been
demonstrated that interconnected structures with a pore volume of at least 30% and a pore size of at
least 100 um are appropriate for cell ingrowth [13-15]. The main issue seems to be to assure a proper

interconnectivity.
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Figure 3. 2D histomorphometric analysis of mean porosity (—) and pore distribution throughout the developed scaffolds.

MIMICS® (Materialise Interactive Medical Image Control System) is an image processing software and,
in spite of being designed as an interface software for CT/MRI data and rapid prototyping machines, it
can be very useful for the morphological characterization of scaffolds. MIMICS® enables p-CT data
import and with the segmentation, thresholding and visualization tools allows for the construction of

accurate 3D virtual models of the developed scaffolds as shown in Fig. 4.

2mm

Figure 4. Different perspectives of 3D virtual models of the developed chitosan scaffolds produced by particle aggregation.
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3.2. WATER UPTAKE BEHAVIOUR AT DIFFERENT PH

Concerning the water uptake, we observed a pH dependent behaviour of the developed scaffolds. In
general, the degree of swelling of chitosan based materials is very high at pH 5 compared to pH 7.4 and
9. This is due to the inherent hydrophobicity of chitosan dominating at high pH values. In polymeric
scaffolds, a hydration equilibrium of 160-175% (depending on the pH of the medium) was reached after

8 days of immersion in different aqueous media as shown in Fig. 5.

The swelling degree curve at pH 5 begins to decline after day 3, showing that the dissolution tendency
exceeds the swelling degree (Fig. 5). This may be due to the protonation of the NH2 groups in the acidic
medium. However, and if desirable, this behaviour can be controlled by means of a crosslinking
reaction where the dissolution is prevented by the reaction of the reactive NHy groups with
glutaraldehyde. This pH dependent behaviour will be very useful in a scaffold that should also exhibit
controlled release of a desired biologically active agent at the implantation site, especially when
considering the decrease of pH that is observed in-vivo due to the inflammatory response. Therefore, it
might be very useful that the main mechanism which controls the release observed for chitosan based

materials is their respective water uptake behaviour.
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Figure 5. Water uptake behaviour of the chitosan porous scaffolds at different pH.
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3.3. CytoToxicITy TESTS

MTS tests were performed in order to assess the potential cytotoxicity of the developed scaffolds. It was
verified that extracts from the chitosan based scaffolds shown did not affect the cellular viability, since a
similar cellular viability was obtained in the controls (culture medium). The MTS results are plotted in

Fig. 6.
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Figure 6. Cytotoxicity of the developed chitosan (Ch) scaffolds evaluated by MTS assay of 6.6x104 cells
incubated with extracts of the scaffolds.

3.4. OSTEOCHONDRAL BILAYERED SCAFFOLDS

To create constructs having more favourable integration properties that might be used for osteochondral
tissue engineering applications, we have also investigated osteochondral composite porous materials
development. Bilayered scaffolds were successfully developed by means of aggregating polymeric and
composite chitosan-based particles. Fig. 7 shows the typical scaffolds obtained with this methodology.

Figure 7. Photograph showing the developed bilayered chitosan scaffolds.
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Furthermore, the simplest strategy to obtain osteochondral constructs, especially when aiming at
minimizing complex co-culture procedures seems to be to culture both components of the scaffolds in
their own separated differentiation media and, at a later stage, try to bond the polymeric (cartilage part)
and composite (bone part) chitosan-based layers by using e.g. a tissue adhesive. The most widely used
tissue sealant is fibrin glue due to its biocompatibility and adhesive properties [40,41]. Furthermore, this
material was already successfully used in the repair of chondral and osteochondral injuries [42]. Studies
were carried out using different concentrations of thrombin in order to achieve appropriate viscosity and
coagulation time. The adequate thrombin concentration was found to be 4 IU/ml accomplishing the
bonding of both scaffold components in aqueous solution for short immersion periods. The fibrin glue
approach has shown to be effective in the bonding of chitosan particles as demonstrated in Fig. 8A. The
bridging created by fibrin allows indeed this particle-linking. Particles exhibit a high compatibility with this
sealant. However, for longer immersion periods or after drying, the linkage stability was found to be

rather poor leading to the dissociation of both components as shown in Fig. 8B.

Figure 8. SEM micrographs showing the interface between chitosan particles (A)

and scaffolds components (B) obtained using fibrin glue.

In order to solve this problem, another bonding strategy was followed using a highly viscous chitosan
solution as an adhesive layer. As it was already referred, chitosan polymers present very good
bioadhesive properties. In fact, with this approach it was possible to accomplish the bonding between
both particles and components with additional high material compatibility. By SEM observation it was
not possible to detect the chitosan glue which reveals the high compatibility between the glue and the
scaffolds. Stereolight microscopy was used to identify the scaffolds interface when using the chitosan
glue. The chitosan glue can be identified by the brighter area in the interface of the scaffolds as shown
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in Fig. 9. One interesting feature is that this approach does not compromise the scaffolds
interconnectivity at the interface, since the bonding sites are still the contact points of adjacent particles
where the adhesive is present. This strategy does not create any interface barrier area allowing further
cell migration and nutrients flow. One can conclude that a successful adhesion was achieved by means
of using a chitosan glue to assemble the polymeric and composite layers in order to fabricate an

osteochondral scaffold.
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Figure 9. Stereolight photographs showing the interface between both scaffolds components
using chitosan glue (brighter area).

3.5. CELL SEEDING AND DIFFERENTIATION

Such tissue engineered constructs may provide an alternative clinical option for the currently used
autologous transplantation of mature tissue which is associated with high donor site morbidity. For this
purpose, a suitable cell source would likely have to be incorporated into the construct design. First
experiments of seeding porous chitosan scaffolds with mesenchymal stem cells isolated from adipose
tissue were performed. The preliminary results obtained are very promising as in the seeded scaffolds
some events occurred which may indicate an osteogenic and chondrogenic differentiation. In contrast,
no events of osteogenic or chondrogenic differentiation in the control wells without the scaffolds (2D
cultures) were detected in this short time frame, as confirmed also by Von Kossa and Alcian Blue
staining, respectively (data not shown). This may propose an influence of the 3D support provided by
the scaffolds on the differentiation ability of the cells indicated by a change in cell morphology shown by
SEM analysis (Fig. 10). Hence, mesenchymal stem cells isolated from adipose tissue, seeded on the

scaffolds and cultured with chondrogenic medium had a rounded shape which is a morphological
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prerequisite for chondrogenic differentiation (Fig. 10A and 10B). The ones cultured with osteogenic
medium had a flattened morphology and showed bridging between the chitosan particles which might
suggest a differentiation along the osteogenic lineage (Fig. 10C and 10D). Similar attachment behaviour
has been observed by Borden et al. [13] who seeded primary human osteoblasts in PLAGA-based
microspheres sintered scaffolds. The assumption that the cells had in fact differentiated into mature cell
types might be corroborated by ALP activity measurements which showed very low levels when cultured
in chondrogenic medium (data not shown). On the contrary, scaffolds seeded with cells and incubated in
osteogenic medium showed a very high ALP activity compared to the controls cultured without
osteogenic supplements (data not shown). However, future work will focus on the detection of specific

markers on the molecular as well as the protein level to confirm these results.

Figure 10. SEM microphotographs showing the morphological difference of cells isolated from adipose tissue, seeded on
chitosan particle agglomerated scaffolds and cultured for 2 weeks under chondrogenic (A, B) and osteogenic (C, D)

conditions, respectively.

4. CONCLUSIONS

By means of using a particle aggregation method, it was possible to obtain chitosan-based scaffolds

with very promising properties for the use in cartilage and osteochondral applications. p-CT and
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MIMICS® could be successfully used for the morphological characterization of the developed scaffolds.
Scaffolds have a mean porosity of 30% with pores ranging from 100 to 400 pum well distributed
throughout the scaffolds and clearly interconnected. The developed scaffolds seem to be very adequate
for cell ingrowth. In addition, and due to its low pore volume, there is no compromise of the typical
mechanical properties of the particle-based scaffolds. The developed scaffolds demonstrate no
cytotoxicity as evaluated by the MTS assay. Furthermore, very promising osteochondral bilayered
scaffolds could also be developed. A simple strategy is also presented based on the use of an adhesive
material for obtaining bilayered scaffolds. Preliminary cell seeding and differentiation tests with
mesenchymal stem cells isolated from adipose tissue were carried out, indicating the presence of cells
with osteogenic and chondrogenic morphology in the 3D particle agglomerated scaffolds. Although this
needs to be further investigated it is a very promising indicator for the use of the developed scaffolds in

the proposed osteochondral applications.
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CHAPTER IV.

Bilayered chitosan-based scaffolds for osteochondral tissue engineering:
influence of hydroxylapatite on in vitro cytotoxicity
and dynamic bioactivity studies in a specific double chamber bioreactor *

ABSTRACT

Osteochondral tissue engineering presents a challenge to the present research due to the combination
of both bone and cartilage tissue engineering principles. In the present study, bilayered chitosan
scaffolds are introduced being based in the optimization of both polymeric and composite scaffolds. A
particle aggregation methodology is proposed in order to achieve an improved integrative bone and
cartilage parts’ interface needed for this application, since any discontinuity is likely to cause long-term

device failure.

Cytotoxicity was evaluated by MTS with L929 fibroblast cell line for different conditions. Surprisingly, in
composite scaffolds using unsintered hydroxylapatite, an in vitro cytotoxicity was observed. This work
reports the investigation that was conducted to overcome and explain this behaviour. It is suggest that
the uptake of divalent cations may be inducing the cytotoxic behaviour. Sintered hydroxylapatite was
consequently used, showing no cytotoxicity when compared to the controls.

Micro-Computed Tomography (micro-CT) was carried out for accurate morphometric characterization to
quantify porosity, interconnectivity, ceramic content, particles and pores size. The results exhibited that
the developed scaffolds are highly interconnected and present ideal pore size range, being
morphometrically adequate for the proposed applications. Dynamical mechanical analysis (DMA) has
demonstrated that scaffolds are mechanically stable in the wet state even under dynamic compression
solicitation. The obtained elastic modulus was respectively 4.21+1.04 MPa, 7.98+1.77 MPa and

6.26+1.04 MPa at 1Hz frequency for polymeric, composite and bilayered scaffolds.

Bioactivity studies using both a simulated body fluid (SBF) and a simulated synovial fluid (SSF) were

conducted in order to assure that the polymeric component for chondrogenic part would not mineralize
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as confirmed by SEM, ICP and EDS for different immersion periods. The assays were carried out also in
dynamic conditions using, for this purpose, a specifically designed double-chamber bioreactor, aiming at
a future osteochondral application.

It was concluded that chitosan-based bilayered scaffolds produced by particle aggregation overcome
any risk of delamination of both polymeric and composite parts designed respectively for chondrogenic
and osteogenic components being mechanically stable. Moreover, the proposed bilayered scaffolds
could serve as alternative, biocompatible, and safe biodegradable scaffolds for osteochondral tissue

engineering applications.

* This chapter is based in the following publication:
PB Malafaya, RL Reis. Bilayered chitosan-based scaffolds for osteochondral tissue engineering: influence of hydroxylapatite
on in vitro cytotoxicity and dynamic bioactivity studies in a specific double chamber bioreactor. Acta Biomaterialia (2008)

submitted
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1. INTRODUCTION

Osteochondral defects are lesions of the articular cartilage where the underlying bone tissue is also
damaged. Currently, osteochondral defects are mostly treated by either osteochondral autograft transfer
taken from an outer region of the joint [1], or by filing the lesion with autologous, precultured
chondrocytes (autologous chondrocyte transplantation, ACT) [2] or matrix-induced autologous
chondrocyte implantation [3]. Although some studies have achieved success in repairing small cartilage
defects, no accepted method for complete repair of osteochondral defects exists [4]. Large
osteochondral defects are associated with mechanical instability and are accepted indications for
surgical intervention to prevent development of degenerative joint disease. Ideally, a large
osteochondral defect should be repaired with a graft that can provide mechanical stability and allow
early postoperative function under physiologic loading conditions [5]. In addition, the graft should
structurally and functionally integrate with the host tissue, since any discontinuity can incite a long-term
device failure [6].

The requirements for an osteochondral graft could potentially be met by using a tissue-engineered
osteochondral (bone-cartilage) composite of predefined size and shape, generated in vitro using
autologous cells. Such a graft would provide a mechanical stability from the time of implantation,
minimize donor site morbidity by using cell expansion techniques, and eliminate complications related to
the use of allografts and/or mechanical devices. The bone region of the engineered osteochondral
composite may further help anchor the graft within the defect, since a bone-to-bone interface integrates

better and faster than a cartilage-to-cartilage interface [6].

The overall objective of tissue engineering is the restoration of normal tissue function. Ideally, a lost or
damaged tissue should be replaced by an engineered graft that can re-establish appropriate structure,
composition, cell signalling and function(s) of the native tissue [7]. The clinical utility of tissue
engineering likely depends on our ability to replicate the site-specific properties of the tissue being
replaced across different size scales, and provide the continuity and strength of the interface with the
neighbouring host tissues [8]. Therefore, for an osteochondral defect, one should consider the need for
a simultaneous regeneration of both cartilage and subchondral bone, making osteochondral tissue
engineering a challenge to the present research due to this combination of both bone and cartilage

tissue engineering principles.
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In the literature [5,9-11], there are several possible strategies for developing hybrid constructs for
osteochondral tissue engineering, namely: (i) the cell culturing is performed independently in two sides,
that are integrated before implantation; (i) two different cell sources are seeded in the two sides of a
single- or double-phase scaffold, and cultivated in a special bioreactor with two separated chambers;
and ideally (iii) common progenitor cells are seeded in the two sides of a biphasic scaffold that contains
different differentiation agents and then cultivated in a bioreactor with one/two chambers. For these,
several bioreactors have been described as reviewed [8,12] and proposed [13] by different authors.
Bioreactor systems can provide the technological means to reveal fundamental mechanisms of cell
function in a 3D environment and the potential to improve the quality of engineered tissues, providing
environmental control, biochemical and mechanical cues. Several bioreactors systems such as rotating
bioreactors, perfused cartridges or chambers have been used. Nevertheless, it is the author’s opinion
that double-chamber bioreactors [12,13] consisting in one chamber for culture of chondrogenic part and
the other chamber for osteogenic part seem to be more adequate for osteochondral applications. The
double-chamber bioreactor should allow for either culture of chondrocytes or osteoblasts or common

progenitor cells with two different cell culture mediums.

Many tissue engineering scaffolding strategies dealing with osteochondral repair engage the design of
bilayered scaffolds that could regenerate both cartilage and subchondral bone involving different
combinations of materials, morphologies and properties in both parts of the scaffold. Nevertheless,
some researchers suggest that osteochondral defects could be regenerated from single-layer scaffolds
by seeding autologous chondrocytes in the top of the 3D scaffold to create a cell-scaffold construct for in
vivo implantation [14,15] or engineering complex tissue grafts with gradients of molecular, structural,
and functional properties. Several strategies with single-layer materials can be followed as recently
reviewed by Mano et al [9]. Nevertheless, it has been more accepted that a bilayered structure could be
more challenging but more adequate to regenerate an osteochondral defect able to incorporate/induce
different types of cells in a favourable environment requiring different chemical surroundings and
mechanical requirements, leading the growth of two different tissues, with different biological

requirements.

Bearing this in mind, different approaches have been reported. Swieszkowski et al [4] propose two

different systems using bone marrow-derived mesenchymal cells cultured in chondrogenic and
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osteogenic favourable conditions. The biphasic scaffolds consists of fibrin and polycaprolactone (PCL)
and PCL and PCL/B-tricalcium phosphate (TCP) where the PCL-based scaffolds were fabricated via
fused deposition modelling (rapid prototyping system). Both phases are fabricated and seeded
separately and then integrated into one construct by using fibrin glue. The results demonstrated the
potential of the porous PCL and PCL-TCP scaffolds in promoting bone healing. Scotti et al [16] reported
a biphasic composite made of expanded chondrocytes-fibrin glue gel composite with a calcium-
phosphate scaffold. This paper focused mainly in the problem of the neocartilage-to-bone integration, so
no cells are used in the osteogenic part of the biphasic scaffold. Hence, the bilayered construct showed
a tri-phasic structure with a cartilaginous zone, an intermediate zone with the chondrocytes-fibrin glue
complex penetrating the calcium-phosphate and a zone free from cells, made of the remaining part of

the calcium-phosphate scaffold [16].

In the present study, particle aggregation methodology is proposed to fabricate bilayered scaffolds for
osteochondral tissue engineering in order to achieve an improved integrative bone and cartilage
interface needed for this application. Chitosan was chosen due to its structural similarity to
glycosaminoglycans (GAGs) found in extracellular matrices as in native articular cartilage playing a key
role in modulating chondrocytes morphology, differentiation and function [17, 18]. For the osteogenic
part, composites with hydroxylapatite were developed to mimic the bony structure. Glutaraldehyde was
used as crosslinking agent to further improve the mechanical performance. An extensive
characterization is reported including in vitro cytotoxicity, morphometric analysis and dynamic-
mechanical behaviour in hydrated state. Furthermore, dynamic bioactivity assays were carried out in

specific designed double-chamber bioreactor.

2. MATERIALS AND METHODS

2.1. SCAFFOLDS PRODUCTION

The scaffolds were produced as described elsewhere [19]. Briefly, chitosan (medium molecular weight
and = 85% of deacetylation degree) was grinded and dissolved overnight in acetic acid (1%vv) to obtain
a chitosan solution (2%wt). Unless otherwise stated, all chemicals were bought from Sigma-Aldrich and
used as-received. In composite particles production, 20%wt of non-sintered hydroxylapatite (HA unsint)
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(Camceram I, coating powder, CAM Implants BV, Leiden, The Netherlands) or sintered hydroxylapatite
(HA sint) (Captal's® HA, Plasma Biotal Ltd, Tideswell, UK) was homogeneously dispersed in the
chitosan solution. After complete dissolution and filtration, the prepared solutions were extruded trough
a syringe at constant rate (10 ml/h) to form chitosan droplets into a NaOH (1M) precipitation bath where
particles with regular diameter were formed. The chitosan particles were left in the precipitation bath

until complete precipitation and then repeatedly washed with distilled water until pH 7.

For composite and bilayered scaffolds production, the composite particles were submitted to a
crosslinking reaction with glutaraldehyde. For scaffolds production optimization, different glutaraldehyde
concentrations (0.01%, 0.025%, 0.05% and 0.5% for 15min) were used. Scaffolds were further washed
with glycine solution (0.2 and 1M for 15min) in order to block free aldehyde groups. After each step,
scaffolds were washed with distilled water. Unless otherwise stated, composite scaffolds were
crosslinked with 0.01% glutaraldehyde and washed with 1M glycine both for 15 minutes as described in
Table 1. The particles were then pressed into moulds and left to dry in an oven at 60°C for 3 days.
Scaffolds with cylinder shape with 8mm height and 5mm diameter were obtained.

Table 1. Summary of scaffolds’ abbreviation and composition.

COMPOSITION
ABBREVIATION  SCAFFOLDS

CHITOSAN:HA RATIO GLUTALDEHYDE (%VV) GLYCINE [M]
C Polymeric 100:0
CHA Composite 80:20 0.01%, 15 min 1M, 15 min
BiCCHA Bilayered structures (polymeric + composite)

2.2. CELL VIABILITY EVALUATION (MTS)

To assess the possible cytotoxicity of the developed scaffolds, the in vitro cell viability was assessed
using MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfophenyl)-2H
tetrazolium) (Cell Titer 96® AQueous Solution Cell Proliferation Assay, G3580, Promega, USA)
according to ISO/EN 10993 part 5 guidelines, which determines whether cells are metabolically active.
This cytotoxicity test is based on the bioreduction of the substrate (MTS) into a brown formazan product
by dehydrogenase enzymes in metabolically active cells, directly related with cell viability. For this
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purpose, materials (n=3) were incubated in culture medium for 24h at 37°C with constant shaking after
sterilization by ethylene oxide (EtO) in conditions that have been described previously [20].

Latex was also incubated as a positive control for cell death. A rat lung fibroblasts cell line (L929)
acquired from the European Collection of Cell Cultures (ECACC) was used for the studies. The cells
were grown as monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
foetal bovine serum (Biochrom, Berlin, Germany; Heat Inactivated) and 1% of antibiotic-antimycotic
mixture. Cultured L929 cells were trypsinised using trypsin-EDTA (Gibco, Invitrogen Corporation) and
plated into 96-well micrometer plates (200 pl/well) at 6.6x104 cells/well. The plates were incubated, for
24 h, at 37°C in a humidified atmosphere of 5% CO; in air.

After that, the medium was replaced by the previous prepared materials extracts after sterilized by
filtration (0.45 pum pore size) using culture medium by itself as a negative control. After 72 h incubation,
cell culture was treated with MTS (in medium without phenol red) and incubated for further 3 h at 37°C
in a humidified atmosphere of 5% of CO; in air. At this stage, culture medium with MTS was transferred
to new wells. The optical density (OD) which is directly proportional to the cellular activity (it reflects the
mitochondrial activity) was read on a microplate reader (Synergy HT, BioTek Instruments) at 490 nm.

2.2.1. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP)

Following the protocol for materials extracts performed in the MTS assay, the different sample extracts
solutions were further analyzed in order to determine the concentrations of calcium (Ca), phosphorus
(P), silicon (Si), magnesium (Mg) and sodium (Na) elements. The element concentrations were
measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES JY70 plus, Jobin
Yvon, France). Triplicate samples were analyzed for each condition. For this purpose, materials were
incubated in cell culture medium (DMEM) for 24 h at 37°C with constant shaking, after sterilization by
ethylene oxide (EtO) in conditions that have been described previously [20]. After that, the elemental
concentrations of the prepared materials extracts sterilized by filtration (0.45 um pore) were measured,

using cell culture medium itself as control.
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2.3. MICRO-COMPUTED TOMOGRAPHY (MICRO-CT)

The scaffolds (n=3) were analysed using micro-Computed Tomography (micro-CT). Micro-CT was
carried out with a high-resolution p-CT Skyscan 1072 scanner (Skyscan, Kontich, Belgium) using a
resolution of pixel size of 7.53um and integration time of 1.7ms. The X-ray source was set at 40 keV of
energy and 250 WA of current. Approximately 400 projections were acquired over a rotation range of
180° with a rotation step of 0.45°. Data sets were reconstructed using standardized cone-beam
reconstruction software (NRecon v1.4.3, SkyScan). The output format for each sample was 300 serial
1024x1024 bitmap images. Representative data sets of 200 slices were segmented into binary images
with a dynamic threshold of 40-255 to access the porosity and 150-255 to identify the ceramic phase
(grey values). The same representative volume of interest (VOI) was analysed for all the samples.
These data sets were used for morphometric analysis (CT Analyser, v1.5.1.5, SkyScan) and to build 3D
models (ANT 3D creator, v2.4, SkyScan). The morphometric analysis included histogram, scaffolds’
porosity and interconnectivity, mean pore and particle size, pore size and ceramic phase distribution. 3D
virtual models of representative regions in the bulk of the scaffolds were created, visualized and
registered using both image processing softwares (CT Analyser and ANT 3D creator).

2.4. DYNAMICAL MECHANICAL ANALYSIS (DMA)

Dynamic Mechanical Analysis (DMA) was conducted in order to characterize the mechanical behaviour
of chitosan particle-aggregated scaffolds in wet state, under dynamic compression solicitation.
Cylindrical chitosan-based scaffolds were immersed in phosphate buffer solution (PBS) at physiological
pH and temperature (pH 7.4 and 37°C) for 3 days for complete hydration. The scaffolds were then were
subjected to compression cycles of increasing frequencies ranging from 0.1-40 Hz with constant
dynamic displacements of 0.03 mm using a Tritec2000 DMA (Triton Technology, UK). Experiments
were conducted at room temperature and five points were measured within each decade. For each
individual scaffold, the data is averaged over three consecutive runs. Five samples were measured for
each type of scaffolds. The real (storage modulus), E’, and the imaginary component (loss modulus),
E”, of the complex modulus, E*=E'+E" (with i=(-1)Y2), were recorded against frequency. Reference

values for comparison of the compression modulus were collected at a frequency of 1 Hz.
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2.5. STATIC AND DYNAMIC BIOACTIVITY STUDIES IN A DOUBLE-CHAMBER BIOREACTOR

To study the in vitro bioactive behaviour (in vitro bone-bonding ability [21]), two different simulated
solutions were used. A simulated body fluid (SBF) with ion concentrations (Na* 142.0, K* 5.0, Mg2* 1.5,
Caz+ 2.5, CI- 103.0, HCO3? 10.0,HPO42 1.0 and SOs% 0.5 mM) [21,22] nearly equal to those of the
human blood plasma was prepared as described elsewhere [21,22]. A simulated synovial fluid (SSF)
was also used to approximate the chemical environment in a human joint. SSF, with ion concentration
Nat 153.1, K* 4.2, ClI- 139.6 and phosphate buffer 9.6 mM [23], was prepared by dissolving 0.3%wt
hyaluronic acid in phosphate buffered saline solution to obtain a pH of 7.4. Hyaluronic acid is a
mucopolysaccharide composed of several thousand amino-sugar residues, and is the primary diffuse

macromolecule that exists in human synovial fluid [23].

For the static bioactivity tests, samples (polymeric, composite and bilayered scaffolds) with n=3 were
suspended and immersed in 50 ml of SBF and SSF separately at 37°C and pH 7.4 (physiological
conditions) for 0, 1, 3 and 14 days. After soaking, the samples were immediately washed with distilled
water and dried at room temperature. For the dynamic bioactivity tests, a double-chamber bioreactor
was specially designed and set-up according Figure 1. For these assays, bilayered scaffolds (n=2) were
assembled in the bioreactor using a silicon septum. The SBF and SSF were continuously circulating in
physiological conditions (pH 7.4 and 37°C) using a peristaltic pump up to 14 days with an available
volume of 50 ml of each solution. Scaffolds and solutions sampling was performed at 0, 3, 7 and 14
days.

Chondral
compartment

Silicon ™,

3 CHA
¥ SBF Composite part) Bone
- compartment
S
5 ]
3 Solution 2 . )
@ Bilayered scaffolds, BICCHA D

Figure 1. Double-chamber bioreactor set-up (A). The double-chamber bioreactor consists in 6 interconnected double-
chambers (B) where the different solutions circulate in separated flow circuits. A silicon septum acts as scaffolds support

(C,D). The schematically experimental conditions for the dynamic bioactivity assays are represented in (D).
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The scaffolds surface morphology, as well as the presence of calcium (Ca) and phosphorous (P)
elements on the scaffolds surface were both analyzed before and after soaking in SBF and SSF, for the
different experimental conditions at the different immersion periods. This was carried out using scanning
electron microscopy (SEM) equipment (S360, Leica Cambridge Ltd) and energy dispersive
spectroscopy (EDS) equipment (Link EXL II, Oxford) coupled to the SEM. Sample surfaces were carbon
coated for EDS (Fisons Instruments, Evaporation PSU CA508, UK) or gold sputtered for SEM (Fisons
Instruments, Sputter Coater SC502, UK). Microphotographs and spectra were registered for further
analysis. Furthermore, the sample solutions were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES JY70 plus, Jobin Yvon, France) in order to quantify the elemental
concentrations as function of the immersion period of calcium (Ca), phosphorus (P), silicon (Si),

magnesium (Mg) and sodium (Na) elements.

2.6. STATISTICAL ANALYSIS

When applicable, statistical analysis of values obtained with the characterization techniques was carried
out using Student's two-tailed t-test with a confidence level of 99.5%. All statistical calculations were
performed with Analysis ToolPak software. p-Values below 0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION

For osteochondral tissue engineering scaffolding, it is the authors’ opinion that a bilayered structure will
be more favourable to achieve a successful approach, as it was previously discussed in the introduction.
For that, chitosan was chosen as natural origin and biodegradable polymeric matrix since it is know that
this polymer has a structural similarity to glycosaminoglycans (GAGs) found in extracellular matrices as
in native articular cartilage playing a key role in modulating chondrocytes morphology, differentiation
and function [17,18]. For the composite component aiming at the osteogenic part, hydroxylapatite was
selected as filler since this it is the main mineral present in bone composition approaching the bone
composite structure. In this way, it is expected that both chitosan as chondrogenic component and the
presence of hydroxylapatite for osteogenic part will provide adequate hiochemical cues up to a certain

extent.
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3.1. CYTOTOXICITY ASSESSMENT

Indirect contact tests such as cytotoxicity tests with MTS are widely used as a preliminary screening for
biomaterials. These biological tests allow to assure that the leachables from the materials will not induce
any in vitro cytotoxic effect on the cells. MTS tests were performed in order to screen eventual
cytotoxicity of the developed polymeric and composite scaffolds, by means of assessing the cell viability
of L929 cells cultured with extracts for 72 h. All the cell viability percentages plotted in the following
graphs are values relative to the control (100% considered for L929 cells cultured with cell culture
medium). It was verified that extracts from the polymeric chitosan scaffolds (C) did not affect the cellular

viability, since a similar cellular viability was obtained as in the controls, as shown in Figure 2.

However, and quite surprisingly, it was found that composite scaffolds produced with unsintered
hydroxylapatite and crosslinked with glutaraldehyde reduced significantly the cell viability even for low
glutaraldehyde concentrations (Figure 2.A). Lower glutaraldehyde concentrations were used since it
was previously reported that residual glutaraldehyde may induce a decrease in cell viability due to free
aldehyde groups [24]. Nevertheless, crosslinking is desirable to improve the mechanical performance.
To try to overcome this problem, composite scaffolds with unsintered hydroxylapatite crosslinked with
0.01% of glutaraldehyde were treated with different glycine concentrations in order to block any residual
free aldehyde groups that could be potentially inducing this cytotoxic behaviour. The cell viability
increased after the treatment with higher concentration of glycine (1M) independently of the treatment
time, even though was found to be low (around 40%) as shown in Figure 2.B.
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Figure 2. Cell viability evaluated by MTS assays of composite chitosan particle aggregated scaffolds showing the influence
of glutaraldehyde concentration (A) and glycine treatment (B) when using unsintered hydroxylapatite. C stands for the

polymeric scaffolds. Statistically significant difference (*) as compared to controls and polymeric scaffolds (C).
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From these results, one could conclude that the cytotoxicity effect of the composite scaffolds was not
being provoked by the glutaraldehyde and, therefore, the unsintered hydroxylapatite was replaced by
sintered hydroxylapatite which is more chemically stable. The effect of both hydroxylapatites was
studied with no crosslinking as function of its concentrations. It it was found that sintered hydroxylapatite
did show a significant increase on cell viability even for higher concentrations as 20% with no statistical
difference with the control and polymeric scaffolds for this concentration. These MTS results are plotted

in Figure 3.A.

The influence of glutaraldehyde concentration on composite scaffolds with sintered hydroxylapatite was
further investigated. No significant decrease in cell viability was observed for the majority of the
conditions when compared to the controls and to the polymeric scaffolds as shown in Figure 3.B. In
general, when using sintered HA, the obtained values for cell viability for all formulations were
completely acceptable for the proposed applications. From these results, composite scaffolds with
20%wt of sintered hydroxylapatite crosslinked with 0.01% glutaraldehyde and treated with 1M glycine
both for 15 minutes were selected and used for further characterization studies, since they have shown
the higher cell viability with no statistical difference to that of the controls and polymeric scaffolds.
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Figure 3. Influence of unsintered and sintered hydroxylapatite (A) and glutaraldehyde concentrations with glycine 1M
treatment when using sintered hydroxylapatite (B) on cell viability evaluated by MTS assays of composite chitosan particle

aggregated scaffolds. Statistically significant difference (*) as compared to controls and polymeric scaffolds (C).
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In order to try to understand the cytotoxic behaviour induced by composite scaffolds with unsintered HA,
ICP was used to study the extracts from the materials after 24 h immersion in cell culture medium
following the MTS protocol and using the culture medium as control. ICP results obtained for Ca, Mg, Si
and P elemental concentrations are shown in Figure 4. Interestingly, it was found that in composite
scaffolds when using unsintered hydroxylapatite, the Ca and Mg elemental concentrations were
statistically lower when compared to that of composite scaffolds with sintered hydroxylapatite. When
both HAs are incorporated in a chitosan matrix, these ions are uptaken by the materials indicating also
the formation of an apatite like layer as discussed later. It is known that apatites formed in a solution
often replace the Ca?* ion site with small amounts of Mg?*, Na* or K* ions [25]. Thus, from both ICP and
MTS results one can say that this uptake of Ca2* and Mg2* ions reached critical low values for the
composites scaffolds with unsintered HA inducing a cytotoxic behaviour of these materials. It is known
that divalent cations including Ca?* and Mg?* are active in cell adhesion mechanisms, as further
discussed [26-28].
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Figure 4. Calcium (Ca), magnesium (Mg), silicon (Si) and phosphorous (P) elemental concentrations of materials extracts
after 24 h immersion in cell culture medium. Statistically significant difference (*) between conditions. Respectively, HA unsint
and HA sint stands for unsintered and sintered hydroxylapatite. C stands for chitosan polymeric scaffolds, CHA for chitosan/
hydroxylapatite composite scaffolds, while BICCHA stands for chitosan-chitosan/hydroxylapatite bilayered scaffolds. Medium
is the control DMEM culture medium.

Fibroblast like many other cell types such as osteoblasts, chondrocytes or endothelial cells are

anchorage-dependent cells [29] meaning that they need to adhere in order to maintain their function and
viability. Furthermore, it is known that the cell-cell, cell-extracellular matrix or cell-substrate interactions
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are mediated by integrins which are cell adhesion receptors [30]. The extracellular domains of these
receptors possess hinding sites for a diverse range of protein ligands. Ligand binding is divalent cation
dependent and involves well-defined motifs in the ligand [31]. Integrins can dynamically regulate their
affinity for ligands which is a key issue to their involvement in processes such as cell adhesion or cell
migration [31]. The cation composition of the extracellular milieu is a potential regulatory factor as the
binding of divalent cations to extracellular domains has been shown to activate integrins [27] activating
the intracellular signaling pathways. This divalent cations dependence for integrins activation might
explain why composite scaffolds produced with unsintered hydroxylapatite showed a cytotoxic
behaviour. The divalent cations uptake led to critical low values present in the materials extracts,

thereby compromising cell adherence to the substrate.

In addition to integrins, cells express another Caz*-dependent molecule responsible for cell-cell
adhesion. The Caz*-dependent group consists largely of a class of transmembrane glycoproteins called
cadherins that mediate cell-cells adhesion by homotypic protein-protein interactions through their
extracellular domain by forming Ca?* binding sites regulating cell adhesion [32]. In the presence of Ca?*,
E-cadherin (one subclass of cadherins) resides principally in the areas of cell-cell contacts. In reduced
Ca?*, however, E-cadherin becomes susceptible to proteolytic cleavage and rapidly loses function [33].

There are several studies [26,28,34] reporting these divalent cations dependence behaviours. Paul et al
[28] have investigated the behaviour of MG63 osteoblast-like cells when cultured in porous ceramic
matrices from nanoparticles of calcium phosphate containing zinc and magnesium. The study showed
that the presence of calcium and magnesium in ceramic scaffolds encourages the cell adhesion and
spreading and of osteablasts cells onto the bioceramic matrices. In another study by Fugii et al [26], the
sensitivity to serine proteinases of cellular proteins involved in cell-matrix adhesion was investigated
using C32 melanoma cells. The treatment of cells with serine proteinases can effect integrin-mediated
attachment to matrix proteins in a manner moderated by Ca?*. The study showed that in the absence of
Ca?* a reduced cell attachment was observed and that the presence of this divalent cation had an
additional effect [26]. Furthermore, the divalent cation dependence of fibroblastic cell adhesion to non
cellular substrate was also demonstrated by Ueda et al [34] where Ca2*, Mg?*, Mn2*, and Co2* were
effective in promoting the aggregation of fibroblastic cells as well as their adhesion to non cellular

substrate.

-138-



CHAPTER IV. Bilayered chitosan-based scaffolds for osteochondral tissue engineering

As conclusion, one may say that the adhesion proteins and their receptors together constitute a
versatile recognition system providing cells with anchorage, traction for migration, and signals for
polarity, position, differentiation, and possibly growth [30]. Since these integrins require divalent cations
for ligand binding, one may justify the cytotoxic behaviour of composite scaffolds produced with
unsintered hydroxylapatite based in the uptake of these divalent ions to a critical low value. The low
concentration of Ca2* and Mg2* may be compromising the integrins activation affecting the fibroblasts
adhesion and therefore, the cell viability when cultured with the materials extracts. However, and as
mentioned before, this problem could be overcome by using sintered hydroxylapatite that showed the

cell viability similar to that of the control and to the polymeric scaffolds.

3.2. MORPHOMETRIC ANALYSIS

When aiming at osteochondral applications, the graft should structurally and functionally integrate itself
and with the host tissue, since any discontinuity is likely to cause long-term device failure. To create
constructs having more favourable integration properties that might be used as osteochondral tissue
engineering scaffolds, we have successfully designed and produced bilayered structures combining
polymeric and composite chitosan-based particles by promoting their aggregation.

In order to assess the morphometric characterization of the developed scaffolds, micro-CT was carried
out. The 3D micro-CT technique provides a better understanding of the scaffolds standard properties,
thereby allowing for the optimization of their design and a better fulfilment of tissue engineering
scaffolding needs, being in this way is a valuable instrument to support new fabrication technologies. It
provides accurate quantitative 3D information at a micro-level and in a non-destructive fashion. This
justifies why micro-CT has become a very popular technique for characterizing porous scaffolds.
Relevant morphometric parameters such as porosity, interconnectivity, pore and particle size, as well as

the ceramic and pore size distribution, can be retrieved from this analysis.

The scaffolds porosity and interconnectivity were quantified as shown in Figure 5.A. The mean total
porosity values of 27.78 + 2.80 %, 22.41 + 2.79% and 31.49 + 3.04 % were obtained with an
interconnectivity degree of about 94.97 £+ 1.40, 91.77 = 1.91 and 94.05 + 2.43 % for the proposed
polymeric, composite and bilayered scaffolds, respectively. It is important to stress out that
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interconnectivity was calculated with a limit in pore size of 53 um as minimum value for interconnected

pores, meaning that interconnection diameters lower that this value were considered as closed pores.
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Figure 5. Porosity and interconnectivity (A) and mean particle and pore size (B) of polymeric, composite and hilayered
chitosan particles-aggregated scaffolds measured by micro-CT. Statistically significant difference (*) between both
formulations. C stands for chitosan polymeric scaffolds, CHA for chitosan/ hydroxylapatite composite scaffolds, while

BiCCHA stands for chitosan-chitosan/hydroxylapatite bilayered scaffolds.

One interesting feature of the particles aggregation methodology is that it does not compromise the
scaffolds interconnectivity, even at the interface (Figure 5.A). Since this methodology is based on the
random assembly of particles, the bonding sites are the contact points of adjacent particles, thereby
creating a highly interconnected network. As a result, this strategy does not create any interface barrier
area allowing further cell migration and nutrients flow that might avoid some potential necrotic central
regions. Moreover, the values of porosity (Figure 5.A) that might be considered low for tissue
engineering applications [7,35] are responsible for the high mechanical performance of the materials,
which is a critical issue when aiming at load bearing tissue engineering applications.

Furthermore, pore size is another important morphological factor for tissue ingrowth and the developed
scaffolds present a wide 3D pore size distribution in the range of the optimal pore size, as indicated by
different authors [36-38]. These results are demonstrated in Figure 6 which represents the number of
pores in each given size range for the different scaffolds formulations. The mean values of pore
diameter and particle size (pore wall thickness) were found to vary between 225-290 um and 410-460

um, respectively as shown previously in Figure 5.B.
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Figure 6. Distribution of pore size of polymeric, composite and bilayered chitosan particle aggregated scaffolds measured by
micro-CT. C stands for chitosan polymeric scaffolds, CHA for chitosan/ hydroxylapatite composite scaffolds, while BICCHA

stands for chitosan-chitosan/hydroxylapatite bilayered scaffolds.

The different polymeric and ceramic phases present in the samples are characterized by different
values of the linear attenuation coefficient for X-ray. To obtain quantitative data for each analyzed
scaffold, a histogram was generated plotting the frequency of a given number of voxels as a function of
the X-ray absorption coefficient, as presented in Figure 7.A. In the X-ray absorption histograms of the
polymeric and composite scaffolds, only one peak was observed for each formulation corresponding to
the chitosan polymeric phase and to the chitosan-hydroxylapatite phase, respectively. The mean of the
peak related to the composite phase shifted to higher values of linear attenuation coefficient due to the
presence of hydroxylapatite. In the case of the bilayered structure samples, both peaks were observed
at lower and higher X-ray absorption values as expected, matching both polymeric and composite

phases that comprise this biphasic structure.

Furthermore, the ceramic phase content profile in the scaffolds was also assessed and plotted against
scaffolds thickness. These results allow to evaluate the ceramic distribution along the scaffold including
in the interface of the bilayered structures (Figure 7.B). The steady increase of the ceramic phase in the
interface is a clear evidence of the gradual transition from the polymeric phase to the composite
structure.
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Figure 7. Representative X-ray absorption histogram (A) and ceramic content distribution (B) obtained for polymeric,
composite and bilayered chitosan particles-aggregated scaffolds. C stands for chitosan polymeric scaffolds, CHA for

chitosan/hydroxylapatite composite scaffolds, while BICCHA stands for chitosan-chitosan/hydroxylapatite bilayered scaffolds.

The 3D virtual models represented in Figure 8 allowed for the visualization of the scaffolds’ interface
using different threshold disclosing the spatial distribution of both polymeric and ceramic matrix in the
central part of the scaffolds. From these images, we can observe the good integration of both phases
accomplished by using chitosan as polymeric matrix with this processing methodology without any need
of extra joining approach. This is due to the bioadesive properties of chitosan [39]. One can conclude
that a successful approach was achieved by means of assembling polymeric and composite chitosan-
based particles, in order to fabricate an integrated two-phase scaffold for osteochondral tissue

engineering.
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Figure 8. 3D virtual models of chitosan particles-aggregated scaffolds: polymeric, C (A), composite, CHA (B, D, F) and
bilayered, BICCHA (C, E, G) showing the gradual transition (D,E) evidencing the ceramic phase distribution (F,G).

3.3. DYNAMICAL-MECHANICAL BEHAVIOUR

As previously discussed, large osteochondral defects are associated with mechanical instability [5].
Therefore, the mechanical properties of the scaffold or engineered tissue before implantation into an
osteochondral defect are key determinants of its posterior success or eventual failure. Furthermore, the

mechanical properties of a scaffold will influence the mechanical environment of the seeded cells [40].

When designing a complex osteochondral construct, it is desirable that heterogeneous structures should
be built in a way on which one of the sides should promote cartilage regeneration and the other region,
exhibiting different properties, is designed to support bone integration. For example, the cartilage-side
layer should be more ductile and should have much more fluid uptake capability [9]. However, it is
predicted that increasing the stiffness of the scaffold up to a certain limit, increases the amount of

cartilage formation and reduces the amount of fibrous tissue formation in the defect [40]. The bone-side
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layer should exhibit higher stiffness, should preferably have a good affinity to the ceramic constituent of
bone and, ideally, should be able to induce vascularization, especially for large defects [9].

In the present study, the bilayered structures were designed having these considerations in mind. For
the chondrogenic part, chitosan polymeric particles were assembled while for the osteogenic constituent
composite particles were used with hydroxylapatite as ceramic filler further crosslinked with
glutaraldehyde in order to improve the stiffness of this component. The assessment of scaffolds
mechanical behaviour is essential to demonstrate the mechanical stability, namely in dynamic
conditions and in hydrated state resembling the in vivo condition where physiological fluids are present.
For that purpose, chitosan-based scaffolds were fully hydrated in PBS for 3 days in physiological
conditions based in previous hydration studies where after this time period the hydration plateau was
achieved (data not shown). Chitosan-based particles aggregated scaffolds in wet state were then
characterized under dynamic compression solicitation over a range of physiological frequency range in

load-bearing applications, such as articular cartilage or bone [14, 41].

The values at a frequency of 1Hz considered as reference values for comparison of elastic (storage)
and viscous (loss) components of the complex modulus are shown in Figure 9.A. From the this results,
the first conclusion that comes out is that the scaffolds showed a very good mechanical behaviour when
compared to the typical mechanical properties obtained for chitosan based porous materials [42,43],
even if only considering the polymeric formulation. The mean values for the elastic component (E’) were
found to be 4.21 + 1.04 MPa, 7.98 £ 1.77 MPa and 6.26 £ 1.04 MPa, for polymeric, composite and
bilayered scaffolds, respectively. The high mechanical properties obtained by the particle aggregation
methodology are further supported by other works, namely the work by Jiang et al [44] when using
chitosan microspheres in this case with poly(lactic acid-glycolic acid) sintered together to obtain the final
3D structure. The compressive modulus (E’) was further increased for the composite scaffolds by
incorporating the hydroxylapatite and crosslinking the polymeric matrix allowing to obtain a scaffold with
higher stiffness, as envisioned for the osteogenic component. A two-fold increase in the elastic modulus
(E") was accomplished and, as expected, the bilayered materials present an intermediate value between

the polymeric and composite scaffolds since they are both the basis of its structure.
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Figure 9. Storage (E') and loss (E”) modulus under dynamic compression solicitation at 1Hz frequency (A) and behaviour
for increasing frequencies (B, C, D) of polymeric (C), composite (CHA) and bilayered (BICCHA) chitosan particle-aggregated
scaffolds in wet state. The inset graphs show the frequency dependence of the loss factor (tan 8). Statistically significant

difference (*) as compared to the polymeric scaffolds.

In addition, the storage (E’) and loss (E") modulus behaviours for increasing frequencies are presented
in Figures 9.B-D and the frequency dependences of the loss factor (tand) are shown in the inset graphs.
As it is possible to observe, the developed materials shown the same profile for storage (E’) and loss
(E") modulus with increasing frequencies. The elastic modulus (E’) increases with increasing frequency,
being typically between 4 and 9 MPa while the viscous modulus (E”) shows the inverse trend with an
increasing for higher frequencies, being this behaviour more obvious for composite materials. As a
consequence, there is a decrease of the loss factor, (tand=E"/E’) with increasing frequency with a slight
increase for higher frequencies, as shown in the inset graphs. This factor measures the proportion of the
imposed mechanical stress that is dissipated in the form of heat. As tan 0 is typically above 0.08 for f<1
Hz, one may conclude that the scaffolds possesses significant damping capability that may be useful to

dissipate some cyclic mechanical energy that is imposed in an implantation scenario. Nevertheless,
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there is an increase in E” for high frequencies, which suggests that the material exhibits some
dissipation capability for high frequencies.

By dynamically testing the bilayered scaffolds in wet conditions in a physiological range of frequencies,
we were able to demonstrate that these biphasic materials are mechanically stable even for higher

frequencies, showing once again the high integration between both components.

3.4. STATIC AND DYNAMIC IN VITRO BIOACTIVITY STUDIES

The in vitro bioactivity studies were performed to address two hypotheses, since we are discussing the
potential application in osteochondral tissue engineering. By one hand, one should assure that the
polymeric component designed for the chondrogenic part will not mineralize even with the extra supply
of Ca and P from the composite component. To preliminary screen this behaviour, SSF (simulated
synovial fluid) was also used in order to mimic the chemical environment of a human joint. On the other
hand, we needed to evaluate the ability for the composite component designed for the osteogenic part
to form per se an apatite layer on its surface. This can predict, in a certain way, the bone-bonding ability
of the material which is often evaluated in a simulated body fluid (SBF) with ion concentrations nearly
equal to those of human blood plasma [21].

For that, the osteogenic component was designed as a polymer composite, which includes a bioactive
ceramic phase (HA) as the source of both bioactivity and reinforcement incorporated into the polymeric
matrix. Thereby, the composite component has potentially the capability of combining bioactive
behaviour with improved mechanical performance, as discussed previously. This strategy was firstly
used to produce hydroxylapatite-polyethylene bioactive composites [45] and was also applied to
develop composites containing other bioactive phases, such as, bioactive glasses [46] and glass-
ceramics [47], and a series of different polymers [45,46,48]. To address both hypotheses, in vitro
bioactivity studies were carried out using two different simulated solutions (SBF and SSF) used both in
static, as well as in dynamic conditions. The aim of the dynamic strategy was to approach the ideal

scenario required to engineer in vitro an osteochondral construct.
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The SEM microphotographs for static conditions are disclosed in Figure 10, where it is possible to
analyse the scaffolds surface before and after 14 days immersion in both SBF and SSF. From these
images, one can say that no significant morphological changes were observed in the scaffolds surface,
even for 14 days of immersion in both simulated solutions. In the case of composite components, this
may be due to the presence of HA already in the surface which makes it already very irregular and

might be masking any apatite formation.
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Figure 10. SEM microphotographs of scaffolds surface before (A, D, G, J) and after 14 days immersion in SBF (B, E, H, L)
and SSF (C, F, I, M) in static conditions. C stands for polymeric scaffolds (A, B, C), CHA for composite scaffolds (D, E, F),
BICCHA pol for the surface of the polymeric part (G, H, 1) while BICCHA comp for the surface of the composite part (J, L, M)

of the bilayered scaffolds. Bar scale represent 50 pum.

However, from the ICP results (Figure 11) there is a clear evidence of the Ca and P concentration

decrease in the solution from both composite and bilayered scaffolds indicating that these materials are
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consuming these ions for an apatite formation. As can be seen, a sharp decrease in the Ca
concentration of SBF (Figure 11.A) takes place in the first 7 days of immersion for composite and
bilayered samples, stabilizing at a certain value up to 14 days. The same trend is observed for P

concentration (Figure 11.B) becoming stable after 3 and 7 days for SSF and SBF, respectively.

Interestingly, ICP reveal a selective absorption of Ca and P for the bilayered structures, since these
materials show a higher profile of both Ca and P present in solution when compared to composite
samples. This selective absorption was further confirmed by EDS (Figure 12) where no Ca and P were
detected at the surface of the polymeric component after 14 days of immersion in both solutions (Figure
12.B). In addition, an increase of Ca and P peaks intensity for the composite constituent can be

observed, becoming more clear when immersed in SBF (Figure 12.C).

From these results together, one can conclude that both hypotheses were addressed, since in static
conditions the polymeric component designed for the chondrogenic part did not mineralized in vitro, and
the composite part is consuming both Ca and P from the simulated solutions to form an apatite layer.
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Figure 11. Calcium (A) and phosphorous (B) concentration profile of SBF and SSF as function of immersion time of

polymeric (C), composite (CHA) and bilayered (BICCHA) scaffolds in static conditions.
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Figure 12. EDS spectra showing the presence of calcium and phosphorous in the surface of polymeric scaffolds (A),
polymeric part of bilayered scaffolds, BICCHA pol (B) and ceramic part of bilayered scaffolds, BICCHA comp (C) before and

after 14 days of immersion in SBF and SSF in static conditions.

To study the in vitro bioactivity in dynamic conditions, we have designed a specific double-chamber
bioreactor (see Figure 1). The ultimate goal of the design of this specific bioreactor is to be used in
future studies to engineer bilayered hybrid constructs for osteochondral applications. For that, the
bioreactor was designed to allow the simultaneous culturing of chondrocytes and osteoblasts in the

respective sections of a single-unit chamber.

The scaffolds are supported by a transversal silicon membrane and both simulated solutions (SBF and
SSF) have continuous recirculation in the 6 interconnected chambers in each of respective part of the
bilayered scaffolds. This will also promote a dynamic perfusion and laminar flow in each of the
bioreactor compartments, and thereby contribute for an enhanced cells distribution and mass transfer of
nutrients avoiding some potential necrotic central regions. SBF has a flow circuit through the composite
parts of the bilayered structures while SSF is circulating through the polymeric part designed for the

chondral constituent to approximate the chemical environment in a human joint.
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Similarly to static conditions, SEM microphotographs of dynamic assays did not show any significant

morphological change in both polymeric and composite surfaces of the bilayered scaffolds as shown in

Figure 13.

DYNAMIC CONDITIONS

BiCCHA pol BiCCHA comp

Bar scale: 50 pm

Figure 13. SEM microphotographs of scaffolds surface before (A, B) and after 3 (C, D), 7 (E, F) and 14 days (G, H) of
dynamic bioactivity assay in the double-chamber bioreactor where SBF and SSF were circulating. BICCHA pol stands for the
surface of the polymeric part (A, C, E, G) while BICCHA comp the surface of the composite part (B, D, F, H) of the bilayered

scaffolds. Bar scale represent 50 pm.

The concentration profiles of Ca and P of both simulated solutions (SBF and SSF) in the double-

chamber bioreactor assessed by ICP analysis are shown in Figure 14. Through the first 7 days, the Ca
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concentration of SBF decreased significantly from 100 to around 40 mg/L (Figure 14.A). The Ca
concentration seems then to stabilize. The inversed profile is observed for the Ca concentration of SSF
with a clear increase within the first 3 days becoming less attenuated for longer periods. Exactly the
same trend profile is observed for P concentration (Figure 14.B), only in this case is the SSF solution
that is supplying P to SBF. This is an indication of ion exchange between both simulated solutions in the

double-chamber bioreactor.

However, we have calculated and compared the consumption of Ca and P of the bilayered structures by
subtracting the constant initial value from the total concentration at a given time period (dash grey line (

) in Figure 13). It is possible to observe that the consumption of Ca experiences a gradual increase up
to 7 days, stabilizing at a certain value after this period of time. The same trend is observed for the P
concentration profile, with a slight increasing tendency after 3 days of immersion period. This
consumption data clearly indicates that the CaP is being captured by the materials, which is one of the

criteria for the evaluation of the in vitro bioactivity of materials.

These results were further complemented by EDS analysis (Figure 15) which disclosed that both Ca
and P were not detected at the surface of the polymeric component after 14 days in the double-chamber
bioreactor and showed an increase of Ca and P peaks intensity for the composite part even after only 3
days. This is a clear evidence that these ions are being selectively consumed by the composite part of
the bilayered structures.

120 300
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100 —o—sSE 250 1 —©—SSF
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3 60 B : ?
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Figure 14. Calcium (A) and phosphorous (B) concentration profile of SBF and SSF as function of time in the double-chamber
bioreactor with the bilayered chitosan-based scaffolds. [Ca]i - [Ca] and [P]i - [P] represent the initial total concentration of

each element minus the concentration of each element at a given time period.
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Figure 15. EDS spectra showing the presence of calcium and phosphorous in the surface of polymeric part of bilayered
scaffolds, BICCHA pol (A) and ceramic part of bilayered scaffolds, BICCHA comp (B) for 0, 3, 7 and 14 days in the double
chamber bioreactor.

The studies with the double-chamber bioreactor showed its potential since the scaffolds were able to
withstand the perfusion rates. With the proposed design, the medium flow direction can be inverted at
certain interval periods, in order to promote increased homogeneity and charge distribution. The ions
exchange between both simulated solutions was observed due to the high interconnectivity of the
developed scaffolds that allowed the solutions exchange with time. This can be considered as a
disadvantage to have in mind when aiming at engineering an osteochondral hybrid construct using the
same source of progenitor cells with different differentiation cell culture mediums or the simultaneous

but independent culturing of chondrocytes and osteoblasts.

Nevertheless, we have to consider that in cell culture assays, the culture mediums are frequently mixed
to supply the adequate concentration of nutrients. Furthermore, if desirable, the materials can be
designed with a physical barrier between both chondrogenic and osteogenic components without
compromising the integration of the scaffolds. In the case of chitosan-based materials, a chitosan

membrane can be assembled when producing the materials since this polymer is known to be
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bioadhesive [39]. Furthermore, as one of the ongoing strategies with the chitosan-based particle
aggregated scaffolds, the physical barrier can be accomplished using a hydrogel for the chondrogenic
component where chondrocytes can be encapsulated.

Alternatively, there are authors [8,49,50] that defend the application of a single-phase material but with
gradients of molecular, structural and functional properties to engineer complex tissue grafts, as
discussed in the introduction. As an example, Vunjak-Novakovic et al [8] proposes a single-phase silk-
based scaffold which is functionalized by covalently binding growth factors with spatial concentration
gradients, with opposing gradients of a chondrogenic factors (IGF-1) and osteogenic factors (BMP-2) for
tissue engineering of osteochondral grafts. The opposite gradients of these two different growth factors
in the same scaffold are proposed in order to mimic an ‘ideal’ concentration of IGF-I for cartilage at one

end and an ‘ideal’ concentration of BMP-2 for bone at the other end [8].

One can say that, if desirable, the double-chamber bioreactor or the materials to be used within it can
be further optimized when used in future studies for engineer osteochondral hybrid constructs.
Nevertheless, for the present study, the double-chamber bioreactor was successfully designed to study
the in vitro bioactivity behaviour in dynamic conditions.

4. CONCLUSIONS

By means of using a simple particle aggregation method, it was possible to obtain bilayered chitosan-
based scaffolds that exhibit very promising properties for osteochondral applications. The risk of
possible delamination between both polymeric and composite components designed for chondrogenic
and osteogenic constituents, respectively, could be avoided since the materials showed an integrated
interface assessed by micro-CT, as well as mechanical stability in wet state under compression dynamic
solicitation. It is suggested that the unexpected cytotoxic behaviour of composite materials produced
with unsintered hydroxylapatite could be explained by the low critical concentrations of Ca and Mg found
in the extracts. This low divalent cations concentration might by affecting integrins activation,
compromising the cell adhesion and, therefore, the cell viability. This unexpected result was overcome
by means of using sintered hydroxylapatite that showed no cytotoxic behaviour. From the overall results
of the in vitro bioactivity assays, both addressed hypothesis were corroborated, since in static conditions
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the polymeric component designed for the chondrogenic part did not mineralized in vitro and the

composite part is consuming selectively both Ca and P from the simulated solutions for an apatite layer

formation. Furthermore, a specific double-chamber bioreactor was successfully designed for in vitro

bioactivity tests in dynamic conditions, aimed also to be used in future studies to engineer

osteochondral hybrid constructs.
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CHAPTER V.

The effect of insulin-loaded chitosan particle aggregated scaffolds in chondrogenic differentiation*

ABSTRACT

Osteochondral defects repair requires a tissue engineering approach which aims at mimicking the
physiological properties and structure of two different tissues (cartilage and bone) using a scaffold-cell
construct. One ideal approach would be to engineer in vitro a hybrid material using a single cell source.
For that purpose, the scaffold should be able to provide the adequate biochemical cues in order to

promote the selective but simultaneous differentiation of both tissues.

In this work, attention was paid primarily to the chondrogenic differentiation by focusing on the
development of polymeric systems that provide biomolecules release in order to induce chondrogenic
differentiation. For that, different formulations of insulin-loaded chitosan particle aggregated scaffolds
were developed as a potential model system for cartilage and osteochondral tissue engineering
applications using insulin as a potent bioactive substance known to induce chondrogenic differentiation.
The insulin encapsulation efficiency was shown to be high with values of 70.37%+0.8, 84.26%+1.76
and 87.23%z=x1.58 for loadings of 0.05%, 0.5 and 5%, respectively. The in vitro release profiles were
assessed in physiological conditions mimicking the cell culture procedures and quantified by Micro-
BCA™ protein assay. Different release profiles were obtained that shown to be dependent on the

loading amount.

Furthermore, the effect on pre-chondrogenic ATDCS cells was investigated for periods up to 4 weeks by
studying the influence of these release systems on cells morphology, DNA and GAGs content, histology
and gene expression of collagen type | and I, Sox-9 and aggrecan assessed by realtime-PCR. When
compared to control conditions (unloaded scaffolds cultured with standard chondrogenic-inducing
medium), insulin-loaded scaffolds upregulated the Sox-9 and aggrecan expression after 4 weeks of

culture.
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From the overall results, it is reasonable to conclude that the developed loaded scaffolds when seeded
with ATDC5 can provide biochemical cues for chondrogenic differentiation. Among the tested
formulations, the higher insulin loaded system (5%) was the most effective in promoting chondrogenic

differentiation.

* This chapter is based in the following publication:
PB Malafaya, JT Oliveira, RL Reis. The effect of insulin-loaded chitosan particle aggregated scaffolds in chondrogenic

differentiation. Biomaterials (2008) submitted
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1. INTRODUCTION

Osteochondral defects affect both the articular cartilage and the underlying subchondral bone in the
joint area and may inflict pain and thereby limited mobility compromising life quality. The requirements
for a successful regeneration of an osteochondral defect could potentially be met by using a tissue-
engineered osteochondral (bone-cartilage) composite of predefined size and shape, generated in vitro
using autologous cells. In this sense, various strategies have been reported which result from the use of
one or more cell types cultured into single-component or more complex scaffolds in a broad spectrum of
compositions and biomechanical properties as recently reviewed [1,2]. The most attractive approach
seems to be the design of a suitable scaffold that will provide differentiated and adequate conditions for
guiding the growth of the two tissues, satisfying in this way their different biological and functional
requirements. Ideally, the final hybrid construct will be accomplished with the same cell source and, in
this case, the scaffold must be able to provide the different and appropriate differentiation cues in order
to promote an adequate development of both cartilage and bone tissues.

Several works [3-7] can be found reporting the use of different biomolecules in order to promote the cell
differentiation either as supplements of culture medium or loaded in the scaffolds. For instances, Martin
et al [7] have applied specific regulatory molecules to selectively differentiate bone marrow stromal cells
into either cartilaginous or bone-like tissues in conjunction with 3D porous polymeric structures. The
work shows that using appropriate chondrogenic (dexamethasone, insulin, transforming growth factor
(TGF)-B1) or osteogenic (dexamethasone, B-glycerophosphate) medium supplements, the generated
extracellular matrix (ECM) was cartilaginous (containing collagen type 1l and sulfated
glycosaminoglycans) or bone-like (containing osteocalcin, osteonectin, and mineralized foci) after 4

weeks of culture [7].

Nevertheless, several studies [4,8,9] address the osteochondral defects regeneration by promoting the
repair of articular cartilage that can be further enhanced with controlled release technology approaches.
Chondrogenic cells arise from pluripotential mesenchymal stem cells (MSCs) through a series of
differentiation pathways, which are being extensively studied. Subsequently, it has been shown that a
number of cytokines and transcription factors are involved in chondrocyte maturation and cartilage
formation; however, the specific mechanisms regulating these processes remain unclear [10]. Cell
culture is a basic experimental approach used in cellular and molecular biological studies of
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chondrocytes [10-14]. The manipulation of the culture environment for chondrocytes presents the most
feasible mechanism for optimizing cell behaviour and phenotype. Various studies have illustrated the
benefits of growth factor integration in establishing and maintaining the phenotype during in vitro
cultivation [10,12].

Among all the growth factors known to be involved in chondrogenesis, insulin-like growth factor (IGF)-1
is considered to be the main anabolic growth factor of normal cartilage [12], playing an important role in
the growth and differentiation of articular cartilage while also promoting chondrogenic differentiation of
mesenchymal cells [15]. IGF-1 belongs to the IGF family of peptide hormones including relaxin and
insulin and has a single polypeptide homologous to proinsulin [10]. It regulates many cellular functions
by activating cell-surface receptors. Insulin has not only a great structural similarity to IGF-1 but also a
functional similarity and also elicits marked response in cartilage [13,16]. It has been demonstrated that
in cartilage, the insulin receptor is distinct from the IGF-1 receptors, but that both proteins interact with
other's receptors although they do so with significantly lower affinity than they display for their own
cognate receptors [13].

While several studies [12,14,17] have demonstrated the biological effect of IGF-1 on chondrocytes, the
physiological effect of insulin on these cells has not been fully demonstrated. Doing so, is quite
complicated by the potential for the combined presence of insulin receptors, IGF-1 receptors and hybrid
receptors containing both insulin receptors and IGF-1 receptors components. In addition, insulin and
IGF-1 can bind each other’s receptors and hybrid receptors can hind both growth factors. However, the
biological effects of hybrid receptor activation are similar to those seen in response to IGF-1 receptors
activation. The ATDC5 cell line, a well-characterized chondrogenic cell line, is routinely induced to
differentiate into chondrocytes by exposing the cells to high concentrations of insulin [18]. This
concentration is presumed to exert its effects through the IGF-1 receptors with approximately 100-fold
lower affinity that IGF-1 [18,19]. Phornphutkul et al [13] have reported that insulin is indeed a
physiological regulator of chondrogenesis, and that its actions are also mediated by the insulin receptor.
From this study, the authors have arisen to the conclusion that insulin is a potent differentiating agent,
but not as potent mitogen as IGF-1 for chondrocytes [13]. In addition, both proliferating and

differentiating ATDC5 cells express insulin receptors at the protein level [13].
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Insulin is routinely used at high concentration to activate the IGF-1 receptors in standard chondrogenic-
inducing medium to induce differentiation [13,19,20]. The observed effects of insulin were shown to be
similar to effects of the IGF-1 and are in agreement with the reported binding constants of IGF-1 and
insulin at the IGF-1 receptors [19]. Furthermore, investigation of novel systems would benefit from a
readily cost model protein such as insulin since the high costs of growth factors often limit a detailed and
thorough investigation of new application systems. Its incorporation in the scaffolds as controlled
release system appears as an attractive strategy since it will further allow for selective differentiation

required for osteochondral tissue engineering.

Since active biomolecules are normally used as medium supplements [7] or administrated together at
implantation site [21], its incorporation in the scaffolds as controlled release systems has become a
commonly used strategy [4,22,23]. This is due to the fact that a single dose application intraoperatively
cannot guarantee a prolonged local protein concentration in order to achieve permanent stimuli on
tissue differentiation, as demonstrated by Gotterbarm et al [21]. They observed that additional local
deposition of liquid growth factors improved the cartilage repair tissue quality at 12 weeks but had not
significantly influenced the outcome at 52 weeks. Therefore, release technologies are useful
approaches to ensure local release of growth factors over a certain period of time and are attractive
alternatives to further improve the quality of the cartilage repair tissue.

For most tissue engineering applications, a scaffold material is required in order to provide not only a
temporary three-dimensional framework to form the designed tissues, but also space filling and the
possibility of acting as a carrier for controlled release of signal molecules. From the variety of materials
that were already investigated, natural materials appear as key candidates due to their properties [23-
26]. Among them, chitosan is being extensively studied [9,27-29] namely for cartilage tissue engineering
due to its structural similarity with various glycosaminoglycans (GAGSs) found in articular cartilage
making it an elite scaffolding material for this application. Chitosan structurally resembles GAGs
consisting of long chain, unbranched, repeating disaccharide units, regarded to play a key role in
regulating the expression of the chondrocytic phenotype and in supporting chondrogenesis in vitro as
well as in vivo [30]. The cationic nature of chitosan also allows for electrostatic interactions with anionic
GAGs and proteoglycans distributed widely throughout the body and other negatively charged species
[31]. This property is one of the important elements for tissue engineering applications because
numbers of cytokines/growth factors are known to be bound and modulated by GAG including heparin
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and heparan sulfate [28]. Furthermore, it has been applied as a controlled release system mostly for
TGF-B1 in cartilage tissue engineering [30-32]. Chitosan has adequate properties such as
biocompatibility, biodegradability, antibacterial, and wound-healing activity [28]. It is a promising
candidate owing to their porous structure, gel forming properties, ease of chemical modification and high

affinity to in vivo macromolecules.

The present work describes the development and characterization of insulin-loaded chitosan particle
aggregated scaffolds as controlled release systems for chondrogenic differentiation to be further applied
in osteochondral tissue engineering. The in vitro assessment of the release profiles of the different
formulations was carried out in physiological conditions mimicking the cell culture procedures.
Furthermore, the effect on pre-chondrogenic ATDC5 cells was investigated for periods of 2 and 4 weeks
by studying the influence of these controlled release systems on cells morphology, DNA and GAGs
content, histology and gene expression of collagen type | and I, Sox-9 and aggrecan assessed by
realtime-PCR.

2. MATERIALS AND METHODS

2.1. SCAFFOLDS PRODUCTION

The scaffolds were produced as described elsewhere [27]. Briefly, chitosan (medium molecular weight
and of deacetylation degree ~85%) was grinded and dissolved overnight in acetic acid (1%v/v) to obtain
a chitosan solution (2%wt). After complete dissolution, the chitosan solution was filtered. Unless
otherwise stated, all chemicals were bought from Sigma-Aldrich and used as-received. For preparation
of insulin-loaded chitosan scaffolds, insulin (from bovine pancreas with molecular weight ~5800 Da)
solutions were prepared in HCI (0.1M) for distinct theoretical protein loadings. The protein solution was
mixed with the chitosan solution in order to obtain a homogeneous distribution. Insulin theoretical
loadings were 0.05, 0.5 and 5%wit relative to chitosan for each formulation. The prepared solutions were
extruded through a syringe at a constant rate (10 ml/h) to form chitosan droplets into a NaOH (1M)
precipitation bath where particles with regular diameter were formed. The chitosan particles were
quickly washed with distilled water until pH 7. The particles were then placed into moulds and left to dry
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in an oven at 60°C for 3 days. Scaffolds with 3 mm height and 5 mm diameter cylindrical shape were
obtained.

2.2. INSULIN-LOADED SYSTEMS CHARACTERIZATION:

2.2.1. Protein loading and encapsulation efficiency

Protein loading and encapsulation efficiency were calculated by an indirect procedure. After the loaded-
particles preparation (n=3) as described previously, particles were separated from the precipitation
medium by filtration and the aqueous phase was sampled for insulin quantification. Non-loaded
scaffolds were used as control. The particles were left to dry in a mould at 60°C and weighed. The non-
loaded free insulin was determined by Micro-BCA™ (Micro BCA™ Protein Assay Kit 23235, Pierce).
This assay combines the well-known reduction of Cu2* to Cul* by protein in an alkaline medium with the
highly sensitive and selective colorimetric detection of the cuprous cation (Cul*) by bicinchoninic acid.

The quantification procedure was performed according to the supplier instructions. Briefly, 150 l of
each of standards, controls and samples were placed in triplicate in a 96-well microplate with 150 pl of
working reagent supplied in the kit was added to each well. The plate was then mixed thoroughly on a
plate shaker for 30 seconds. The plate was covered and incubated at 37°C for 2 hours, cooled to room
temperature and the absorbance was measured at 562nm on a microplate reader (Synergy HT,
BioTek). The readings were then subtracted of the control (non-loaded scaffolds) and analysed with
respective software (KC4 Microplate Data Analysis Software, BioTek). A standard-curve was then
plotted with different insulin concentrations (0, 0.5, 1, 2.5, 5, 10, 20, 40, 200 pg/ml) to determine the
insulin concentration of each unknown sample. Samples dilutions were used when necessary. Protein
loading was defined as the mass of protein per unit mass of particles as shown in the following equation

1 and the encapsulation efficiency is calculated according equation 2.
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mp— my

Protein Loading (%) = * 100 (1)

and

mp— my

Encapsulation Ef ficiency (%) = * 100 (2)

my

where m; corresponds to the initially loaded weight of protein, m, is the weight of protein in the

precipitation solution and my is the weight of the dry particles prior to in vitro release studies.

2.2.2. In vitro insulin release studies

In vitro release studies were carried out mimicking the cell culture conditions described in the following
section. Each insulin-loaded scaffold formulation was placed in a 24-well microplate with 1.5 ml of
phosphate buffer solution (PBS). The in vitro release studies were carried out in ftriplicate at
physiological conditions (pH 7.4 and 37°C). Non-loaded scaffolds were used as controls. At pre-
determined periods and according to the medium replacement in cell culture studies, aliquots (1 ml) of
the supernatant were withdrawn and frozen at -20°C for further protein quantification. The release
medium was totally replaced by fresh PBS mimicking cell culture conditions for total medium
replacement. The protein quantification was performed using Micro-BCA (Micro BCA™ Protein Assay Kit
23235, Pierce) according to the supplier instructions as described previously.

2.2.3. Fourier-transform infrared spectroscopy with attenuated total reflectance

The surface chemical analysis was also performed by Fourier-Transform Infrared Spectroscopy with
attenuated total reflectance (FTIR-ATR) spectroscopy. Insulin-loaded scaffolds were characterized
before and after the in vitro release studies. The analysis was carried out using an IRPrestige 21 FTIR
spectrophotometer with attenuated total reflectance (ATR) device from Shimadzu. Spectra were

recorded with a resolution of 4 cm-! and averaged over 36 scans.
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2.3. ATDC5 CELLS CULTURE IN INSULIN-LOADED SCAFFOLDS

2.3.1. Cell culture

Cells used in these experiments were a pre-chondrogenic murine mesenchymal cell line (ATDC5)
purchased from the European Collection of Cell Cultures (ECACC) which differentiates into mature
chondrocytes in the presence of insulin [33]. Cells were plated into tissue culture flasks and incubated at
37°C in a humidified atmosphere of 5%CO in air for expansion. ATDCS5 cells were grown as monolayer
cultures in a culture medium consisting of 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and
Ham'’s F-12 Nutrient Mixture with 15 mM HEPES, sodium bicarbonate, 10,000 units/ml penicillin/10,000
pg/ml streptomycin, 0.365 g/L L-glutamine and 5% (v/v) foetal bovine serum (FBS Heat Inactivated,
Biochrom) (DMEM/F12).

When the adequate cell number was obtained, cells at passage 8 were trypsinized, centrifuged and
ressuspended in cell culture medium. For the control group with non-loaded scaffolds, standard
chondrogenic medium was used consisting in DMEM/F12 supplemented with 10ug/ml of insulin
(DMEM/F12/INS). Cells were seeded at a density of 100,000 cells/scaffold under static conditions using
for this purpose aliquots of 100 pl loaded onto the top of the scaffolds that had been previously placed
in 24-well non-adherent tissue culture plates. Two hours after seeding, 1.5 ml of respective cell culture
medium according to Table 1 was added to each well and the cell seeded scaffolds were cultured for 2
and 4 weeks, in a humidified atmosphere at 37°C, containing 5% CO,. The culture medium was

changed every 3 to 4 days until the end of experiments.

Table 1. Scaffolds formulations and respective cell culture medium.

SCAFFOLDS ~ FORMULATION CULTURE MEDIUM
C Non-loaded (control group) DMEM/F12/INS
0.05 Loaded with 0.05% (wt/wt) insulin ~ DMEM/F12
0.5 Loaded with 0.5% (wt/wt) insulin ~ DMEM/F12
5 Loaded with 5% (wt/wt) insulin DMEM/F12

Abbreviations: DMEM - Dulbecco’s Modified Eagle’s Medium; F12 -
Ham'’s F-12 Nutrient Mixture with 15 mM HEPES, INS - DMEM/F12

supplemented with 10pg/ml of insulin.
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2.3.2. Cell adhesion and morphology

Cell adhesion, morphology and average distribution were observed by scanning electron microscopy
(SEM) analysis. Briefly, the cell-scaffold constructs were washed in PBS and fixed in 2.5%
glutaraldehyde (in PBS). The constructs were then rinsed in PBS again, and subjected to 15 minutes
immersion cycles into series of increasing ethanol concentrations (30, 50, 70, 90, 100% ethanol), each
to dehydrate the samples. The samples were finally subjected to critical point drying by double
immersion into HMDS (hexamethyldisilazane reagent) for 15 minutes each, air dried and sputter coated

with gold (JEOL JFC-1100) and analyzed with a Leica Cambridge S360 scanning electron microscope.

2.3.3. DNA quantification

DNA quantification was carried out using PicoGreen® dsDNA Quantitation reagent (Invitrogen,
Barcelona, Spain) according to the supplier protocol. Briefly, the cell-scaffolds systems were collected at
pre-defined time periods, placed into eppendorf tubes with 1 ml ultrapure water, and kept at 37°C for 1
hour. They were then subjected to 2-3 cycles of freezing-defrosting to assure that the entire DNA would
be in solution. Standards of double stranded DNA were prepared using ultrapure water with the
following concentrations: 0, 0.2, 0.5, 1 and 2 ug/ml. Chitosan scaffolds without cells were used as
controls. Standards, controls and samples were placed in 96-well plates in triplicate according to kit
instructions where each single well contained 200 l of total mixture solution. The plates were submitted
to a 10 minutes incubation cycle in the dark. Emitted fluorescence was read using a microplate reader
(Synergy HT, BioTek) and the data was recorded for analysis with the software (KC4 Microplate Data

Analysis Software, BioTek) (at excitation of 485/20 nm and emission of 528/20 nm).

2.3.4. Glycosaminoglycans (GAGSs) quantification

Proteoglycans amount was determined by measuring the level of sulfated glcosaminoglycans (GAGS)

using the dimethylmethylene blue metachromatic assay. GAG levels in solution can be quantified using

the basic dye, 1,9-dimethylmethylene blue (DMB) which binds to glycosaminoglycans generating a
metachromatic shift that peaks at A525-530 that can be measured spectrophotometrically.

-170 -



Chapter V. Insulin-loaded scaffolds for chondrogenic differentiation

Briefly, the constructs (n=3) were immersed in a digestion solution with papain and N-acetyl cysteine
and incubated at 60°C overnight. After the digestion was completed, the tubes were centrifuged at
13,000 rpm for 10 minutes and the supernatant was collected. Chondroitin sulfate standard solutions
were prepared with different concentrations (0, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 pg/ml) to
establish the calibration curve for unknown samples quantification. Chitosan scaffolds without cells were
used as controls. Standards, controls and samples (20 ul) were placed in triplicate in a 96 well plate and
then 250 pl of DMB solution was added to each well. The optical density was measured at 530 nm
using a microplate reader (Synergy HT, BioTek) and the data analysed with the software (KC4

Microplate Data Analysis Software, BioTek).

2.3.5. Histological analysis

Concerning the histological analysis, hematoxylin-eosin (H&E) and toluidine blue stainings were
performed on 10 pm thickness sections of cells-scaffolds constructs (n=3) collected at different periods
of culture. The samples were fixated by immersion for 30 minutes in glutaraldehyde 2.5%(v/v) at 4°C,
and washed in PBS. Histological processing was performed using Tecnhovit 7100® (Heraeus Kulzer
GmbH) according to the supplier protocol and sections were sliced using a motorized rotary microtome
(Leica RM2155, Leica Microsystems GmbH). H&E staining was performed using an automatic
processor according to in-house methodology (Leica TP1020-1, Leica MicroSystems GmbH) and
toluidine blue staining was performed as follows. Briefly, sections were hydrated in distilled water and
stained in 1% toluidine blue working solution for 2-3 minutes. Afterwards, they were washed 3 times in
distilled water and quickly dehydrated through 95% ethanol and 100% alcohol. Sections were then
cleared in Histoclear® (National Diagnostics) and mounted using Microscopy Entellan® (Merck) for

observation.

2.3.6. Evaluation of gene expression by realtime-PCR
Samples were collected at the defined time periods, quickly frozen in liquid nitrogen, and stored at

-80°C until further analysis. RNA was extracted using TRIzol® (Invitrogen, Barcelona, Spain) according
to the supplier protocol. Briefly, samples of each condition (n=2) were grinded and mechanically
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homogenized with a mostar and pestle in TRIzol® reagent. Afterwards, chloroform was added and the
samples centrifuged to establish a three-phase composition in the tube. The aqueous phase was
collected and put in a new tube where isopropanol was added. The samples were once again
centrifuged, the supernatant discarded and the pellet washed with 75% ethanol. The samples were
again centrifuged, let to air-dry, and suspended in ultrapure water for posterior analysis.

The amount of isolated RNA and A260/280 ratio was determined using Nanodrop ND-1000
Spectrophotometer (NanoDrop Technologies). After these determinations, 1 ug of RNA of each sample
was reverse transcribed into cDNA using the IScriptTM cDNA synthesis kit (Biorad, California, USA) in a
MJ MiniTM Personal Thermal Cycler (Biorad, California, USA). Cartilage related markers were chosen
to evaluate the chondrogenic phenotype of the cultured systems. These included collagen type |,
collagen type I, Sox-9 and aggrecan, using GAPDH as the housekeeping gene for normalization. The
expression of each gene was normalized to the GAPDH value in that sample. All the primer sequences
were generated using Primer3 software and acquired from MWG Biotech. More details can be found in
Table 2. Realtime-PCR was performed using SYBR Green IQTM Supermix (Biorad, California, USA) to
detect amplification variations in a MJ MiniTM Personal Thermal Cycler (Biorad, California, USA)
machine. The analysis of the results was performed with MJ Opticon Monitor 3.1 software (Biorad,
California, USA).

Table 2. Primers used for realtime-PCR evaluation of ATDC-5 gene expression.

GENE ACCESSION LEFT PRIMER RIGHT PRIMER
Collagentype |  NM_007742 GAGCGGAGAGTACTGGATCG  GCTTCTTTTCCTTGGGGTTC
Collagen type I NM_001113515 GCCAAGACCTGAAACTCTGC  GCCATAGCTGAAGTGGAAGC

Sox-9 NM_011448 AGCTCACCAGACCCTGAGAA  TCCCAGCAATCGTTACCTTC
Aggrecan NM_007424 TGGCTTCTGGAGACAGGACT  TTCTGCTGTCTGGGTCTCCT
GAPDH NM_008084 AACTTTGGCATTGTGGAAGG  ACACATTGGGGGTAGGAACA

2.4. STATISTICAL ANALYSIS

When applicable, the statistical analysis of values obtained with the several characterization techniques

was carried out using Student's two-tailed t-test with a confidence level of 99.5%. All statistical

-172 -



Chapter V. Insulin-loaded scaffolds for chondrogenic differentiation

calculations were performed with Analysis ToolPak software. p-Values below 0.05 were considered

statistically significant.

3. RESULTS

3.1. INSULIN-LOADED CHITOSAN SCAFFOLDS

3.1.1. Protein loading and encapsulation efficiency

The developed insulin-loaded scaffolds were characterized by assessing the encapsulation efficiency
and protein loading as shown in Figure 1. Insulin loadings of the scaffolds were 0.0297% + 0.0001,
0.3843% £ 0.0118, and 3.9911% =+ 0.1159, as determined by Micro-BCA™, and correlated well with the
intended and designed insulin theoretical loadings of 0.05%, 0.5%, and 5%, respectively. The obtained
encapsulation efficiencies were high with values of 70.37% % 0.80, 84.26% + 1.76 and 87.23% £ 1.58
for insulin loadings of 0.05%, 0.5%, and 5%, respectively.

100

(%)

Protein Loading (%) Encapsulation Efficiency (%)

Figure 1. Protein loading and encapsulation efficiency of chitosan particle aggregated scaffolds loaded with 0.05, 0.5 and
5% of insulin. Numbers in white represent the theoretical loading value. Data are expressed as mean + standard deviation
with n=3.
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3.1.2. IN VITRO RELEASE STUDIES

The release of insulin from chitosan particle aggregated scaffolds under physiological conditions was
investigated with total medium replacement at the same intervals of cell culture medium replacement (3
or 4 days). The assays were performed in this way in order to mimic exactly the cell culture conditions.
The obtained release profiles represented in Figure 2 were characterized by an initial rapid release
within the first 4 days with values around 80% and 60% of released insulin for 0.05% and 0.5%
formulations, respectively. This burst effect was less pronounced for the 5% insulin-loaded scaffolds
with a 40% release in the same initial immersion period. The cumulative release profile shown to be
dependent on the initial scaffolds loading, being the release rate slower for higher initial insulin
concentrations. For the 0.05% formulation, the remaining 20% insulin was almost totally released until
day 11. Furthermore, the release behaviour of the 0.5% appeared similar since more than 60% of the
insulin was released within the first 3 days and the remaining 40% insulin was almost released up within
18 days. When insulin content increased to 5%, the release rate decreased and only around 85% insulin
was released until the end of the experiment at 28 days, most likely due to its high initial concentration.
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Figure 2. Cumulative insulin release profile for the different formulations of insulin-loaded chitosan scaffolds after immersion
in PBS for periods up to 28 days (4 weeks) with total medium replacement at determined time points mimicking the cell

culture conditions. Data are expressed as mean * standard deviation with n=3.

The insulin release was also plotted considering the insulin concentrations in the release medium as
represented in Figure 3 which is an important data, considering the further cell culture studies. The

insulin concentrations released to the medium were, as expected, well correlated with the initial loading
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in the respective order of magnitude. The insulin released to the medium was below 1 pg/ml after day
11 and day 21 for 0.05% and 0.5% formulations, respectively. After these times periods and for these
formulations, lower amounts of insulin were released and were always below 0.1 pg/ml until the end of
the experiments. In contrast, for higher initial insulin loading, protein concentrations were kept always

above 80 pg/ml even at the last day of these studies (day 28).
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Figure 3. Insulin concentration in the release medium for chitosan loaded scaffolds with 0.05%, 0.5% and 5% of insulin
immersed in PBS for periods up to 28 days (4 weeks) with total medium replacement every 3 or 4 days mimicking the cell
culture conditions. Data are expressed as mean + standard deviation with n=3.

3.1.3. FTIR-ATR

The incorporation of insulin into scaffolds was also investigated by FTIR-ATR analysis before and after
the in vitro release studies of insulin-loaded scaffolds. The obtained spectra with the representative
signals assigned are represented in Figure 4 where insulin and non-loaded scaffolds were also plotted
as controls. The characteristic peaks of chitosan can be observed. The broad band at 3400-3200 cm-!
(8) is attributed to the stretching vibration of hydroxyl groups (-OH), primary (-NH2) and secondary
amide (-NH-) [34]. The peaks appearing at 1650 cm! (*) can be assigned to the primary amide NH;
bending and at 1550 cm! (+) to the secondary amide N-H bending. The bands at 1000-1200 cm? (¥)
are attributed to the saccharide structure of chitosan [35]. Concerning insulin, the main representative

signals are also observed and revealed two sharp shoulders on the absorption bands in the primary and
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secondary amide bending at 1650 cm (*) and 1550 cm (+), respectively, which are characteristic of
protein spectra [36]. In the FTIR spectra of insulin-loaded scaffolds, no band shifts could be detected
due to the overlapping of the main characteristics peaks.
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Figure 4. FTIR spectra of insulin (INS) and scaffolds loaded with 0% (C), 0.05%, 0.5% and 5% of insulin before (A) and after
4 weeks (B) of in vitro release in PBS at physiological conditions. The scale was adjusted for better observation in the most

representative regions.

3.2. BIOLOGICAL ASSESSMENT OF ATDC5 CHONDROGENIC DIFFERENTIATION BY INSULIN-LOADED SCAFFOLDS

3.2.1. Cell Morphology

In order to study the effect of insulin-loaded scaffolds on chondrogenic differentiation, the performance
of the scaffolds was investigated in a long-term cell culture with a pre-chondrogenic cell line (ATDC5) for
up to four weeks. This study allowed also to assess the bioactivity of incorporated and released insulin
from the scaffolds. The results were always compared with standard culture conditions, i.e., unloaded
scaffolds cultured with standard chondrogenic medium. Cells morphology was qualitatively evaluated by
SEM after 2 and 4 weeks of culture as shown in Figure 5. After 2 weeks of culture, cells had adhered to
the chitosan particle aggregated scaffolds. Chondrocyte cells seeded on insulin-loaded chitosan
scaffolds proliferated, possessing a rounded typical chondrocytic morphology which is an indication of
chondrocytes differentiation (Figures 5.C, 5.E and 5.G). Cell condensation and formation of extracellular
matrix (ECM) was detected as well, since it is also possible to observe the formation of collagen fibrils
[37]. In contrast, for the control group, cells presented a flattened and spread morphology still showing a
fibroblast like phenotype with some cytoplasmic extensions (Figure 5.A). However, for 4 weeks of
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culture, in all the studied formulations, the cells maintained a rounded shape morphology and remained
aggregated, being this more clear for the 5% formulation (Figures 5.B, 5.D, 5.F and 5.H). Nevertheless,
it was noticeable that, for 0.05% and 0.5% insulin loading, the cell distribution over the scaffolds was
lower. The formation of extracellular matrix (ECM) including collagen fibrils was also detected being
more evident for the control and for the 5% insulin formulation where the cells clustering is also visible
(Figure 5.B and 5.H).

Bar scale: 20 ym

Figure 5. Scanning electron microscopy microphotographs of chitosan scaffolds loaded with 0% (A, B), 0.05% (C, D), 0.5%
(E, F) and 5% (G, H) of insulin seeded with ATDCS5 cells and cultured for 2 weeks (A, C, E, G) and 4 weeks (A, D, F, H).
Magnification: 2000x.
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3.2.2. Cell Proliferation

For all the developed formulations, cell proliferation was investigated by DNA quantification after 2 and 4
weeks and the obtained results are plotted in Figure 6. After 2 weeks in culture, the total amount of DNA
in each group was 0.042 + 0.029 pg/sample in the control group, 0.026 + 0.002 pg/sample in the 0.05%
group, 0.063 + 0.002 ug/sample in the 0.5% group, and 0.091 + 0.008 ug/sample in the 5% group. The
amount of DNA presented a clear increase trend for higher insulin loadings with the higher insulin-
loading scaffolds (5%) being significantly higher than that in the other formulations and the control. This
increasing tendency for higher values of insulin loading was maintained after 4 weeks with all DNA
values statistically different, except between 0.5% and 0.05% formulation. At 4 weeks, the obtained
values were 0.533 + 0.033 ug/sample for the control, 0.029 £ 0.007 ug/sample for 0.05%, 0.040 +
0.011 pg/sample for 0.5% and 0.084 + 0.002 ug/sample for the 5%insulin loading group. At this time

period, there was a clear significant increase of the DNA content for the control condition.
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Figure 6. DNA guantification for chitosan scaffolds (C) loaded with 0.05%, 0.5% and 5% of insulin cultured with ATDC5 cells
for 2 and 4 weeks. The indicated conditions (x) were found to be not statistically significant different. Statistically significant

difference was found between the other conditions (p<0.05). Scale was adjusted for better observation of tendencies.
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3.2.3. GAGs quantification

Glycosaminoglycans (GAGSs) are important components of proteoglycans and are typically present in
the cartilaginous extracellular matrix (ECM) being aggrecan the most relevant in terms of mechanical
functionality. GAGs content was determined to assess the formation of newly formed ECM and thus if
occur the differentiation of ATDCS into chondrocytes in these insulin-loaded cell-scaffold constructs, at
weeks 2 and 4 (Figure 7). The GAGs content was calculated per DNA content of each formulation. The
biochemical analysis demonstrated that the content of GAGs per DNA increased from week 2 to 4 for
the higher insulin initial loadings (0.5% and 5%). Comparing the results for 2 weeks of culture, one can
say that there is a decreasing tendency with increasing insulin concentrations, in spite of no statistically
difference found when compared to that of the control. In contrast, for 4 weeks this tendency is inverted
with higher GAGs contents for higher insulin concentrations. The values for GAGs contents were 54.22
+ 5.62 ug/lug DNA for control group, 37.08 + 25.08 pg/ug DNA for 0.05%, 287.57 + 86.04 ug/pg DNA
for 0.5% and 188.99 * 22.55 pg/ug DNA for the 5% formulation after 4 weeks of culture with ATDC5

cells.
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Figure 7. GAGs quantification for chitosan scaffolds (C) loaded with 0.05%, 0.5% and 5% of insulin cultured with ATDC5
cells for 2 and 4 weeks. The indicated conditions (x) were found to be not statistically significant different. Statistically

significant difference was found between the other conditions (p<0.05).
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3.2.4. Histological examination

Chondrocytes were seeded onto loaded and unloaded chitosan scaffolds and the morphologies were
observed histologically upon hematoxylin-eosin (H&E) and toluidine blue staining of sections from the
bulk of the scaffolds. Representative sections obtained after 2 and 4 weeks of culture are shown in
Figure 8 and 9 for the standard condition and higher insulin-loading formulation (5%). Histological
examination of the sections indicated that the chondrocytes were evenly distributed throughout the
scaffold and that the chondrocytes were able to infiltrate, adhere and proliferate into the inner pores of
the scaffolds. Analysing the sections stained with H&E (Figure 8), one can say that cells seeded in the
insulin-loaded scaffolds have similar morphology when compared to the control condition after 2 and 4
weeks. The cell-constructs were composed of viable chondrocytes as detected by the H&E-positive
staining. The clustering of chondrocytes was evident after 4 weeks, being more clear for 5% insulin

loading.

Week 4

Scale Bar: 50 pm

Figure 8. Representative histological sections stained with H&E of chitosan-based scaffolds (A, B) and chitosan-based
scaffolds loaded with 5% insulin (C, D) after 2 (A, C) and 4 weeks (B, D) of culture with ATDCS5 cells. Magnification: 400x.
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Toluidine blue staining showed evidence of viable chondrocytes embedded in a newly synthesized ECM
as shown in Figure 9. The histological sections stained mainly metachromatic (purple) indicative of
sulphated proteoglycan deposition at 4 weeks of culture. Some orthochromatic areas (blue) were also
identified, but these were found primarily at 2 weeks of culture [31]. The central matrix stained positively
with toluidine blue, thereby indicating the presence of a cartilaginous matrix composed of proteoglycans.
The formation of cell aggregates is once more evident with characteristic lacunae of differentiated
chondrocytes that were invested with intense metachromatic matrix as shown in Figure 9.B and 9.D,
suggesting the active deposition of proteoglycan after 4 weeks.

Scale bar: 50 um

Figure 9. Representative histological sections stained with toluidine blue of chitosan-based scaffolds (A,B) and chitosan-
based scaffolds loaded with 5% insulin (C,D) after 2 (A,C) and 4 weeks (B,D) of culture with ATDC5 cells. Magnification:
400x.
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3.2.5. Gene expression

The gene expression of type | collagen, type Il collagen, Sox-9 and aggrecan in the loaded constructs
after 4 weeks of culture with ATDCS cells was examined by realtime-PCR and normalized for the control
condition (ratio=1). The obtained normalized expression ratios for each gene are shown in Figure 10.
The cells in the constructs expressed genes encoding collagen type I, Sox-9 and aggrecan after 4
weeks of culture, except for Sox-9 that was not detected for the 0.05% insulin-loaded formulation. No
expression of collagen type Il was identified in all the groups, including the standard condition. The
normalized ratio of Sox-9 gene expression of the insulin loaded scaffolds with 5% group significantly
increased, as compared to the standard condition. The same tendency is observed for aggrecan
expression that is also increasing for the higher insulin loading constructs with a 9.6-fold higher ratio.
Concerning the values for type | collagen expression, there is no statistically significant difference

between the control and the 5% formulation.
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Figure 10. Normalized gene expression ratio of collagen type | (col 1), Sox-9 (sox9) and aggrecan (agg) assessed by
realtime-PCR of chitosan-based scaffolds loaded with 0% (C), 0.05% and 5% of insulin cultured with ATDC5 cells for a 4
weeks period. The ratios were normalized relative to the control (ratio=1, non-loaded scaffolds cultured with chondrogenic
medium). The indicated conditions (x) were not statistically significant different. Statistically significant difference was found
between the other conditions (p<0.05).
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4. DISCUSSION

4.1. INSULIN-CHITOSAN SYSTEMS CHARACTERIZATION AND IN VITRO RELEASE STUDIES

Chondrocytes experience biochemical and mechanical stimulation in vivo that are integral to the
development and maintenance of cartilage. Growth factors aid in signalling and regulating cartilage
development and ECM maintenance. Growth factors are present in serum, synovial fluid or may be
stored in the cartilage matrix for immediate release when needed. Among these, IGF-1 is considered to
be the main anabolic growth factor of normal cartilage [12,16]. In addition, it is known that insulin has a
great structural and functional similarity to IGF-1 and can bind to IGF-1 and insulin receptors with a
marked response in cartilage [13,16]. Furthermore, local delivery of biochemical active substances is
ideal, since these proteins often have short half-lives and multiple biological effects with potential

systemic toxicity.

Investigation of novel experimental application systems for growth factors or other bioactive substances
in tissue engineering is often limited by high costs of substances and would benefit from a defined and
easily controllable model system, namely using insulin as a differentiation biomolecule since it is a
readily available protein. In addition, release technology approaches can further improve the function of
active biomolecules, namely in an in vivo situation where a single dose application cannot guarantee a
prolonged local protein concentration. Furthermore, when aiming at osteochondral applications, systems
loaded with different adequate differentiation agents can be assembled in a biphasic construct, allowing
for selective but simultaneous differentiation of a single source of stem cells into both chondrogenic and

osteogenic pathways.

Having this in mind, the purpose of this work was to incorporate insulin in a chitosan particle aggregated
scaffold to aid in cartilage tissue engineering. The future final goal will involve the incorporation of these
insulin-systems in osteochondral biphasic constructs in order to selectively but simultaneously
differentiate the same cell source into the chondrogenic and osteogenic lineages. For that purpose,
insulin was successfully incorporated at different concentrations in chitosan matrices as shown by the

obtained high encapsulation efficiencies and protein loadings.
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It is known that chitosan is positively charged due to the protonation of the amino groups, and insulin is
negatively charged at pH above its isoelectric point. Consequently, electrostatic interactions between
both materials can be used as a driving force for insulin incorporation into chitosan matrices [38]. This is
one key issue that explains why chitosan has been widely investigated as carrier for insulin delivery for
other than tissue engineering applications, such as oral insulin delivery [39,40] or self-assembled

polyelectrolyte nanocomplexes for intranasal absorption [38] or oral delivery [41].

The obtained real protein loading values correlated well with the intended insulin theoretical loadings, in
spite of the slight insulin loss that can be attributed to the washing procedure required for the particle
aggregated scaffolds production. In the same way, the encapsulation efficiencies were also high. These
values shown to be dependent on the insulin content, increasing for higher initial insulin concentrations
in the scaffolds. The same dependence was observed for the release profiles that correlated well in

terms of order of magnitude with the initial insulin loading.

For lower initial insulin contents, there was a burst release on the first days of immersion. Nevertheless,
insulin levels in the release medium were above 1 pg/ml until day 11 for 0.05% formulation and day 21
for 0.5%. This burst effect was less evident for the higher insulin-loaded scaffolds that, in general,
presented best performance in the biological tests. For the higher initial loading, insulin concentration in
the medium was above 80 pg/ml until the end of the experiment. The insulin monomer contains many
ionizable groups, due to six amino acid residues capable of attaining a positive charge and 10 amino
acid residues capable of attaching a negative charge [42]. These properties are, therefore, possibly
responsible for the entrapment of insulin into chitosan matrices due to the electrostatic interaction
between the protein and the polyanion that might also favour the retention of insulin within the chitosan
matrix [43].

Concerning the FTIR analysis, in the insulin-loaded scaffolds no band shifts could be detected due to
the overlapping of the main characteristic peaks of both chitosan and insulin. Nevertheless, it seems
that this overlapping resulted in a widening of the primary and secondary amide bending at 1650 cm-!
(*) and 1550 cm (+) more evident for higher insulin concentrations (5%). This band widening is in
agreement with other reported works [44]. In addition, the change of the three small bands at
wavenumbers about 1400-1500 cm (#) to two bands of insulin was observed. These observations
show the possibility of a weak interaction between insulin and chitosan and clear influence of the protein
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on final formulation as an entrapped biomolecule. After the 4 weeks in vitro release in PBS at
physiological conditions, only for the higher insulin loading concentration (5%) it was possible to detect
this band widening which is in agreement with the obtained release profiles. At this immersion period,
the total release has been already achieved for the 0.05% and 0.5% formulations.

4.2. BIOLOGICAL ASSESSMENT OF ATDC5 CHONDROGENIC DIFFERENTIATION BY INSULIN-LOADED SCAFFOLDS

4.2.1. Cell Morphology

There are several studies [7,19] reporting the use of insulin for cartilage tissue engineering. The most
typical approach is obviously the use of insulin as a differentiating agent in the cell culture medium and it
is used nowadays as a standard condition in chondrogenic differentiation medium. The group of
Gopferich [19,45,46] has been working in different strategies including this standard approach [19], but
also going from the incorporation of insulin-loaded microspheres into fibrin hydrogels with encapsulated
chondrocytes [46] to the development of lipidic cylinders that are placed together with the seeded
scaffolds for insulin controlled release [45]. The reported studies show, in a general way, that insulin is
able to promote cartilage formation improving the quality of the cartilaginous constructs, since it
increases the collagen content and promotes glycosaminoglycan deposition [45,46]. Nevertheless, to
the best of our knowledge this is the first study with direct insulin encapsulation into tissue engineering

scaffolds.

In the present study, the bioactivity of the released insulin as well as its influence on chondrogenic
differentiation was studied with long term culture of ATDC5 cells for a period up to 28 days. ATDC5 cells
are an example of a prechondrogenic stem cell line and reproduce the differentiation stages of
chondrocytes [10]. In monolayer culture and only in presence of insulin (or other chondrogenic
differentiation agent), ATDC5 cells retain the properties of chondroprogenitor cells that are at the early
phase of differentiation and form cartilage nodules when cells reach condensation [18]. The cartilage
nodules enlarge while chondrocytes proliferate, for about 2 weeks in culture. The ATDC5 cell line is the

first example to display the entire spectrum of chondrocyte differentiation [10].
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Our results showed that ATDC5 cells were able to attach and were dispersed throughout the scaffolds
after 2 weeks of culture. Cellular condensation was observed for the insulin-loaded scaffolds, which is
one of the key events in chondrogenesis [47]. The capability of chondrocytes to synthesize and retain
their matrix in close cell proximity is the basis of the chondrocyte phenotype and is vitally important in
maintaining their rounded cell shape [3]. After 2 weeks of culture in the insulin-loaded scaffolds, the
majority of cells presented a rounded morphology while in the control condition some flattened
elongated cells could be detected. After 4 weeks of culture, the cells were already with the typical round
chondrocytic morphology in all the studied groups. The deposition of newly formed ECM was possible to

be observed microscopically and collagen fibrils were also detected [37].

4.2.2. Cell Proliferation

Concerning cell proliferation after 2 weeks, insulin highest concentration (5%) showed to have a positive
effect on DNA content. This effect was not maintained for longer culture periods which can be related
with the differentiation stage, since chondrogenesis results from a complex equilibrium between
chondrocyte proliferation and differentiation [48]. This may also be related with the higher concentration
of insulin present in the medium. In the standard condition, cell-scaffolds constructs are exposed to 10
pg/ml of insulin, while in the higher concentration of insulin-loaded scaffolds (5%), the concentration is
always above 80 pg/ml. It is know that insulin is a potent differentiating agent, but not a potent mitogen
for chondrocytes [13] and this higher concentration may be inhibiting its proliferative capacity.

4.2.3. GAGs quantification

The biochemical analysis demonstrated that the content of GAGs increased from week 2 to 4 for higher
insulin-loading scaffolds, indicating that typical ECM components were being deposited occur
biosynthesis thereby confirming the differentiation of the ATDC5 cells towards the chondrogenic lineage.
The GAGs production is higher for control condition at 2 weeks and 0.5% at 4 weeks when compared to
the 5% formulation, due to the lower DNA content at the respective time periods. On the other hand, in
the control condition, GAGs content decreased substantially from 2 to 4 weeks of culture due to the
substantial increase in cell proliferation in unloaded scaffolds.
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4.2.4. Histological examination

Histologically, it was also possible to observe that the chondrocytes were able to infiltrate, adhere and
proliferate into the inner pores of the scaffolds. This reflects the advantageous structural design of these
scaffolds which present a high interconnectivity degree as characterized in previous works [49,50].
Furthermore, toluidine blue staining demonstrated the typical metachromasia of the articular cartilage
matrix both to the control condition and 5% insulin-loaded scaffolds after 4 weeks of culture. Toluidine
blue dyes form complexes with anionic glycoconjugates such as proteoglycans and glycosaminoglycans
(GAGs) and its positive staining is therefore an evidence of proteoglycan deposition for extracellular
matrix production [51]. Furthermore, the observed morphology is consistent to that observed with

mature chondrocytes which are predominantly round cells located in matrix cavities called lacunae [10].

4.2.5. Gene expression

The results of the realtime-PCR confirmed the mRNA expression of genes encoding the specific
extracellular matrix (ECM) markers for cartilaginous tissue, such as Sox-9 and aggrecan. The
transcription factor Sox-9 is considered to be a crucial factor in chondrocyte differentiation and cartilage
formation and is required to maintain the chondrocytes phenotype [10]. Aggrecan is a large chondroitin
sulphate proteoglycan and one of the main macromolecules constituting the cartilaginous ECM being
responsible for the tissues compressive resistance [10]. The cells seeded in high insulin content
scaffolds revealed a higher expression of these genes suggesting the development of phenotypic
characteristics consistent with chondrocytes. The insulin-loaded scaffolds with 5% showed a 1.7-fold
change significantly higher up-regulation for Sox-9 and 9.6-fold higher for aggrecan when compared

with the standard condition after 4 weeks of culture.

Sox-9 is known to promote chondrocyte differentiation in part by activating chondrocyte-specific
enhancer elements in aggrecan [52]. This finding is supported by our results which showed that insulin-
loaded scaffolds induced an increase in Sox-9 in association with a substantial up-regulation of
aggrecan mRNA. However, Sox-9 is also known to regulate the expression of collagen type Il [10, 52].
In the present study, no expression of collagen type Il was detected for any group. It is known that
chondrocytes can dedifferentiate with change in shape, production of collagen type I, and changes in
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the metabolic pattern of their proteoglycan synthesis [37, 48]. Nevertheless, in the higher insulin content
scaffolds, the typical round chondrocytic morphology was maintained after 4 weeks, the proteoglycan
synthesis was increasing as detected by toluidine blue and GAGs quantification and the gene
expression of Sox-9 and aggrecan was also higher. Moreover, no significant up-regulation in collagen
type | was measured. Further studies would be necessary to identify the causes for the absence of

collagen type Il expression in all the studied groups.

Cell culture and tissue culture systems have long been known to display insulinase activity, which can
rapidly and markedly reduce the effective insulin concentration [13]. This is particularly relevant to the
studies in which the long-term effects on ATDC5 cell differentiation are investigated, such as the one
describe herein. This is a possible explanation why, from the overall results, the higher insulin
concentration was more effective on promoting chondrogenic differentiation. Nevertheless, there are
studies that report that the insulin receptor can initiate and sustain a differentiation promoting signal in
chondrocytes [13] explaining the slight biochemical effects of lower insulin content formulations (0.05%
and 0.5%) after 4 weeks, even though the release was complete.

As an overall remark, one can mention that the most promising results were obtained with ATDC5 cells
seeded in the higher insulin-loaded scaffolds (5%) that showed a typical chondrocytic round morphology
with visible cell condensation. Cells were positively stained by toluidine blue, presented a high GAGs
production, and expressed genes encoding cartilaginous markers such as Sox-9 and aggrecan which
suggests the formation of cartilaginous tissue. Furthermore, in the developed insulin-release systems,
the insulin retained its bioactivity for at least 28 days which is in agreement with other reported studies
[45, 53].

5. CONCLUSIONS

The present work reports the possibility to incorporate insulin as a potent substance for cartilage tissue
engineering in a chitosan particle aggregated scaffold. It is an easily controllable in vitro release system
using insulin as a model protein, since its potent differentiating capacity in chondrocytes is well known.
In addition, this approach opens the possibility to assemble the developed systems in bilayered
constructs in order to promote selective differentiation of cartilage and bone in osteochondral
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applications. The results showed high encapsulation efficiencies, well correlated protein loadings as well
as adequate release profiles. The chondro-inductive effect of the insulin-loaded scaffolds was further
investigated with long term ATDC5 cell culture. The cells seeded in the higher insulin-loaded scaffolds
(5%) showed a round morphology and were able to synthesize GAGs. ATDC5 stained positively stained
for proteoglycans and evidenced an up-regulation of the expression profiles of cartilaginous genes Sox-
9 and aggrecan when compared with the standard condition. Therefore, the results of this study
demonstrate the ability of insulin-loaded chitosan scaffolds to support chondrocyte attachment and
differentiation as well as cartilaginous matrix biosynthesis in a dose-dependent manner, opening

interesting prospects for their use in therapeutical approaches to treat osteochondral lesions.
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CHAPTER VI.

Morphometric, mechanical characterization and in vivo neo-vascularization of

novel chitosan particle aggregated tissue engineering scaffolding architectures *

ABSTRACT

In tissue engineering, scaffolds development presents, in our opinion, three major key requirements, for
an ideal design: (i) the need for a porous structure with adequate morphological characteristics, (ii) a
suitable mechanical behaviour, and (iii) an indisputable in vivo functional biocompatibility. The aim of the
present study was to evaluate the performance of chitosan-based scaffolds produced by an innovative
particle aggregation method that are aimed to be used in tissue engineering applications addressing all
those key issues. It is claimed that the particle aggregation methodology may present several
advantages, such to combine simultaneously a high interconnectivity with high mechanical properties

that are both critical for an in vivo successful application.

In order to evaluate these properties, micro-Computed Tomography (micro-CT) was applied, allowing
for an accurate morphometric characterization and Dynamical Mechanical Analysis (DMA) was
performed, in order to study the scaffolds behaviour while in wet state under dynamic compression
solicitation. Micro-CT provides valuable knowledge for scaffold design allowing for the quantification of
scaffolds porosity, interconnectivity, particles and pores size. The herein proposed scaffolds present an
interesting morphology that generally seems to be adequate for the proposed applications. At a
mechanical level, DMA has shown that chitosan scaffolds have an elastic behaviour, being
simultaneously mechanically stable in the wet state and exhibiting a storage modulus of 4.21 + 1.04

MPa at 1Hz frequency.
Furthermore, chitosan scaffolds were evaluated in vivo using a rat muscle-pockets model for different

implantation periods (1, 2 and 12 weeks). The histological and immunohistochemistry results have
demonstrated that chitosan scaffolds are clearly biocompatible, and can provide the required in vivo
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functionality. In addition, the scaffolds interconnectivity shown to be favourable to the connective tissues

ingrowth into the scaffolds and to promote the neo-vascularization even in early stages of implantation.

It is concluded that chitosan scaffolds produced by this particle aggregation method are suitable
alternatives, being simultaneously mechanical stable and functional biocompatible scaffolds that might

be used in load-bearing tissue engineering applications, including bone and cartilage regeneration.

* This chapter is based in the following publication:

PB Malafaya, TC Santos, M van Griensven, RL Reis. Morphometric, mechanical characterization and in vivo neo-
vascularization of novel chitosan particle aggregated tissue engineering scaffolding architectures. Tissue Engineering: Part A
(2008) submitted
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1. INTRODUCTION

In tissue engineering, scaffolds are typically needed, both as carriers for cells or biochemical factors, or
as constructs providing appropriate mechanical conditions. In general, the term scaffold is used to
describe all structures that are used to restore functionality of an organ either permanently or
temporarily [1]. An ideal scaffold should have several characteristics as it has been comprehensively
reviewed in several papers [1-4]: (i) three-dimensional (3D) and porous supports with an interconnected
pore network for cell growth and flow transport of nutrients and metabolic waste; (ii) biocompatibility and
biodegradability with a controllable degradation and resorption rate to match cell/tissue growth in vitro
and in vivo; (iii) suitable surface chemistry for cell attachment, proliferation, and differentiation and (iv)
mechanical properties adequate to the tissues at the site of implantation.

When considering the main aimed applications, it is not surprising that there is a wide range of
scaffolds, including porous scaffolds that allow for cell adhesion, and provide biological functions [5-9].
In fact, from a mechanical point of view, scaffolds vary widely from soft gels, mainly serving as carriers
for cells [10-12] to stiff biodegradable calcium phosphate scaffolds [13-15]. Another criterion to be
fulfilled is the biocompatibility or in vivo biofunctionality. All implant materials must be non-toxic to the

body and prove to interact properly with the host tissue.

Another quite important requirement is that the scaffold must act as a three-dimensional (3D) template
for in vitro and in vivo tissue growth, i.e. the scaffold must consist of an interconnected macroporous
network allowing for cell/tissue growth and flow transport of nutrients. In the case of bone tissue
engineering, it was shown [16,17] that the interconnections for bone ingrowth larger than 50 um were
favourable for mineralized bone formation. The interconnectivity of the pores dominates the flow
properties, which are important to ensure adequate delivery of cells during seeding and nutrients during
subsequent culture/implantation. Several investigators [14,16,18-20] have also studied bone ingrowth
into porous material with different pore sizes and the consensus seems to be that the optimal pore size
for bone ingrowth is 100-400 pum [14-17,21-23]. Therefore, an ideal scaffold would have interconnects of
at least 50 pum in diameter between its macropores of 100-400 pm pore size range. It is thus important
to be able to quantify both the pores and interconnects to optimize tissue scaffolds.
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Effective scaffold assessment techniques are then required right at the initial stages of research and
development to select or design scaffolds with suitable properties. Reliable methods to quantify the
morphology and properties of tissue scaffold are required to enable standards for their regulatory
approval to be developed. Furthermore, the measurements should also be quantitative since
quantitative results have become an important factor for success in basic research and the development
of novel tissue engineering approaches. Micro-Computed Tomography (micro-CT) appears to be such a

measurement technique.

Micro-CT was identified as having various key advantages over other techniques, such as its non-
destructiveness and the possibility to assess many different morphometric parameters [15,22,24-26].
Micro-CT was first proposed to analyze trabecular samples [27] and, since then, has been used
extensively in the study of trabecular architecture [28] and their applications in other areas are clearly
increasing, namely in the tissue engineering field. The morphometric parameters for architectural
analyses of scaffolds can be easily extrapolated based on the histomorphometric/structural indices
usually measured for bone samples, such as bone surface (BS) and volume (BV), trabecular thickness
(Tb.Th) and trabecular separation (Th. Sp), structural degree of anisotropy (DA) or bone surface-to-
volume ratio (BS/BV) [29].

The increasing use of this technique in tissue engineering [15,22,24-26] can be attributed to micro-CT
capacity to provide for accurate quantitative and qualitative information on the 3D morphology of the
sample. Another main advantage is that the interior of the object can be studied with great detail without
physical sectioning or use of toxic chemicals. Moreover, after scanning, the integral samples can be
subjected to other tests due to its non-destructive nature, thereby resolving the problem of sample
scarcity. This is a very important characteristic allowing, for instance, to the accurate study of bone

ingrowth which has being widely used by the group of Cancedda [14,20].

The recent use of micro-CT in scaffolds research allowed for significant morphological and
morphometric studies to be carried out, yielding comprehensive data sets on scaffolding strategies
[15,26,29,30]. For example, in a study by Peyrin et al [15], 3D synchrotron radiation micro-CT was used
to have information on the geometry of two hydroxyapatite bioceramics with identical chemical
composition obtained with two different procedures (sponge matrix embedding and foaming) with
different micro-porosity, pore size distribution, and pore interconnection pathway. The results allowed to
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conclude that foaming methodology produced scaffolds that appeared to be superior regarding the
interconnection of pores, surface on which the new bone could be deposited, and percentage of volume
available to bone deposition. In conclusion, the aforementioned advantages of micro-CT for the
characterization of scaffolds architecture makes it a useful tool to characterize, compare and optimize
scaffold production techniques [15,26,31].

Different materials have been proposed to be used as both 3D porous scaffolds and hydrogel matrices
for distinct tissue engineering strategies. It is often beneficial for the scaffolds to mimic certain
advantageous characteristics of the natural extracellular matrix, or developmental or wound healing
programs [32]. Ideally, scaffolds would be made of biodegradable polymers whose properties closely
resemble those of the extracellular matrix (ECM), a soft, tough, and elastomeric protein-rich network,
that provides mechanical stability and structural integrity to tissues and organs [33]. Polymers of natural
origin are one of the most attractive options, mainly due to their similarities with the extracellular matrix,

chemical versatility, as well as typically good biological performance [6,8,9,33,34].

Among them, chitosan appears to be an excellent alternative due its interesting and versatile properties
[6,35,36]. Studies on chitosan as a potential candidate for tissue engineering scaffolding demonstrate
this, as those have been clearly intensified as during the past years [30,35-37]. Chitosan is a natural
polymer obtained from renewable resources, obtained from the shell of shellfish, and the wastes of
seafood industry. It has attractive properties such as biocompatibility, biodegradability, antibacterial, and
wound-healing activity [36]. Furthermore, recent studies suggested that chitosan and its derivatives are
promising candidates to be used as supporting materials for tissue engineering applications, owing to
their porous structure, gel forming properties, ease of chemical modification, high affinity to in vivo

macromolecules, and so on [5,6,35,36,38,39].

Bearing all these considerations in mind, the aim of the present study was to evaluate the performance
of chitosan-based scaffolds produced by a particle aggregation method that has been proposed for
tissue engineering applications [30,40,41]. Those systems should try to meet the three key requirements
for an ideal design: a porous structure with adequate morphological characteristics, adequate
mechanical behaviour and an in vivo biocompatibility. To evaluate these properties, micro-computed
tomography (micro-CT) was carried out for accurate morphometric characterization and dynamical
mechanical analysis (DMA) was performed to study the scaffolds behaviour in wet state under
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compression solicitation. Chitosan scaffolds were also evaluated in vivo using a rat muscle-pockets
model for different implantation periods (1, 2 and 12 weeks) with subsequent characterization, including

histological and immunohistochemical evaluation.

2. MATERIALS AND METHODS

2.1. SCAFFOLDS PRODUCTION

The chitosan particle aggregated scaffolds were produced as described elsewhere [30]. Briefly, chitosan
(medium molecular weight and deacetylation degree =85%) was grinded and dissolved overnight in
acetic acid (1%wv) to obtain a chitosan solution (2%wt). Unless otherwise stated, all chemicals were
bought from Sigma-Aldrich and used as received. After complete dissolution and filtration, the prepared
solutions were extruded through a syringe at a constant rate (10 ml/h) to form chitosan droplets into a
NaOH (1M) precipitation bath where particles with regular diameter were formed. The chitosan particles
were collected and washed repeatedly with distilled water until neutral pH was reached. The particles
were subsequently placed into cylindrical moulds and left to dry at 60°C for 3 days. Cylindrical shaped
scaffolds with 8 mm height and 5 mm diameter were obtained. For the in vivo studies, cylindrical shaped
scaffolds with 3 mm height and 5 mm diameter were used. Cross-sections of 10 um were also obtained
from the scaffolds’ bulk and stained with eosin for visual evaluation of the interface between the

particles.

2.2. MICRO-COMPUTED TOMOGRAPHY (MICRO-CT)

Chitosan particle aggregated scaffolds (n=3) were scanned using micro-Computed Tomography (micro-
CT) for morphological and morphometric characterization. Micro-CT was carried out with a high-
resolution micro-CT Skyscan 1072 scanner (Skyscan, Kontich, Belgium) using a resolution of pixel size
of 8.79 um and integration time of 1.9 ms. The X-ray source was set at 70 keV of energy and 145 YA of
current. Approximately 400 projections were acquired over a rotation range of 180° with a rotation step
of 0.45°. Data sets were reconstructed using standardized cone-beam reconstruction software (NRecon
v1.4.3, SkyScan). The output format for each sample was 850 serial 1024x1024 bitmap images.
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Representative data sets of 200 slices were segmented into binary images with a dynamic threshold of
60-255 (grey values). This data was used for morphometric analysis (CT Analyser v1.5.1.5, SkyScan)
and to build 3D virtual models (ANT 3D creator v2.4, SkyScan). The morphometric analysis included
porosity, scaffolds interconnectivity, mean pore and particles size and respective distribution. 3D virtual
models of representative regions in the bulk of the scaffolds were created, visualized and registered
using both image processing softwares (CT Analyser and ANT 3D creator). In order to characterize the

porosity morphology of the scaffold, threshold inversion was used to create a 3D model.

2.3. DYNAMIC MECHANICAL ANALYSIS (DMA)

Dynamic Mechanical Analysis (DMA) was conducted in order to characterize the dynamic mechanical
behaviour of chitosan particle aggregated scaffolds in wet state under dynamic compression solicitation.
Chitosan cylindrical scaffolds were immersed in phosphate buffer solution (PBS) at physiological pH for
3 days for complete hydration. The scaffolds were then were subjected to compression cycles of
increasing frequencies ranging from 0.1-40 Hz with constant amplitude displacements of 0.03 mm using
a Tritec2000 DMA (Triton Technology, UK). Experiments were conducted at room temperature and five
points were measured within each decade. For each individual scaffold, the data is averaged over three
consecutive runs. Five samples were measured for each type of scaffolds. The real (storage modulus),
E’, and the imaginary component (loss modulus), E”, of the complex modulus, E*=E'+E" (with i=(-1)2),
were recorded against frequency. Reference values for the compression modulus were collected at a

frequency of 1Hz.

2.4. N VIVO BIOCOMPATIBILITY STUDY

2.4.1. Surgical Procedure

Four male Sprague Dawley rats, weighing 350-380 g were used for intramuscular implantation of the

chitosan aggregated scaffolds. Each animal was anaesthetized (induction with 3-3.5% isofluorane and 7

L/minute of air for 2-3 minutes; maintenance with intramuscular injection of 90 mg/kg of ketamin

combined with 5 mg/kg xylazine) and subjected to local tricotomy for adequate surgical procedure. The

-201-



CHAPTER VI. In vivo characterization of novel chitosan particle aggregated scaffolds

skin was disinfected and under surgical sterile conditions, four lumbar paravertebral incisions of
approximately 2 cm length were performed through the cutis, subcutis and the panniculus carnosus
(smooth skin muscle). After incising the fascia of the latissimus dorsi muscle, craniolateral oriented
muscle-pockets were created by blunt dissection. Into these pockets, the scaffolds were inserted and
the fascia carefully sutured, as well as the panniculus carnosus and finally the skin. As an analgesic
treatment, animals received Metamizol (200 pg/g of body weight per day in drinking water ad libitum). At
1, 2 and 12 weeks post-implantation, the animals were anaesthetized (see above) and sacrificed by an
intracardial overdose of pentobarbital. The scaffolds and surrounding tissue were explanted for further
evaluation. The animal experiment was approved by the local ethical authorities responsible for animal

experimentation.

2.4.2. Explants Morphological Characterization

At 1, 2 and 12 weeks post-implantation, explants were registered using stereolight microscopy.
Furthermore, micro-computed tomography (micro-CT) of the explants was carried out as described
previously. Two-dimensional X-ray photographs were registered from the bulk of the explants.

2.4.3. Histological Evaluation

After explantation at 1, 2 and 12 weeks, samples were fixed in 4.7% formalin for 24 hours and then kept
in 70% ethanol. After fixation, samples were dehydrated in graded ethanol (50, 70, 95 and 100%),
embedded in xylene and then, in paraffin. Afterwards, samples were sectioned in 2-4 yum sections and
stained with haematoxylin/eosin (H&E). The stained microscope slides were observed by, at least, two

independent observers.
2.4.3.1. Immunohistochemistry
In order to perform immunohistochemistry, paraffin was removed from the samples slides upon heating.

They were hydrated in descending ethanol concentrations (100, 95, 70 and 50%) and incubated in

phosphate buffer saline (PBS). The antigen retrieval was performed with microwave incubation in citrate
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buffer (pH=6) at 800 W for 20 minutes and the slides were washed with PBS. The endogenous
peroxidase was blocked with 1% hydrogen peroxide (H20) in methanol, at room temperature (RT) for
15 minutes. After washing, the slides were incubated with the primary antibodies at RT for 1 hour (see
Table 1) and washed at the end of the incubation period. Subsequently, the samples were incubated
with the secondary antibody (Polyclonal Swine Anti-Goat, Mouse, Rabbit Immunoglobulins/Biotinylated -
DakoCytomation, Denmark; dilution 1:100) at RT, for 30 minutes. After washing with PBS, the samples
were incubated with the ABComplex (StreptABComplex/HRP, DakoCytomation, Denmark) at RT for 30

minutes and washed again after the incubation period.

Visualisation of the bound antibodies in the samples was revealed by incubation with AEC substrate
(Dako RealTM EnVisionTM Detection System, Peroxidase/DAB+, Rabbit/Mouse; DakoCytomation,
Denmark) until the colour could be detected. The revelation of the labelling was stopped with PBS and
the samples were stained with Mayer's Haematoxylin for nuclear contrast, at RT for 2 minutes. After
this, the samples were washed with distilled water, dehydrated in graded ethanol (50, 70, 95 and 100%),
cleared with xylene substitute, permanently mounted with Clarion™ Mounting Medium, and observed in

the light microscope by, at least, two independent observers.

Table 1. Primary antibodies used in the immunohistochemistry evaluation of the explants.

ANTIBODY  RECOGNIZES DILUTION  INCUBATION/TEMPERATURE ~ COMPANY COUNTRY
CD18 Rat 2 integrins (Bchain of LFA-1)  1:100 1 hour/RT Serotec UK
CD3 T lymphocytes 1:30 1 hour/RT DakoCytomation ~ Denmark
VWF  von Willebrand Factor 1:200 1 hour/RT DakoCytomation ~ Denmark
SMA  Smooth Muscle Actin 1:5000 1 hour/RT Sigma USA
3. RESULTS

3.1. MORPHOMETRIC ANALYSIS

With the emerging of the advances on computer technology, micro-CT has become a powerful tool for
analyzing porous materials based on 3D geometrical considerations. Micro-CT can provide virtual
representations and accurate morphometric parameters of structural characteristics in a non-destructive

and reproducible way that generates precise three-dimensional (3D) measurements of scaffold
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architecture [15,26]. One of the key parameters of micro-CT that one as to define is the threshold that is
the basis for an adequate morphometric analysis. In Figure 1, we represent a characteristic histogram
for chitosan particle aggregated scaffolds that allows us to define the dynamic threshold used for further

morphometric analysis and 3D models generation.
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Figure 1. Representative histogram obtained for chitosan particle aggregated scaffolds used to define the dynamic threshold

(greyvalues).

Quantitative analysis of the scaffolds architecture such as porosity or pore size distribution can be
obtained by micro-CT based on the structural indexes usually measured for bone samples [28]. Scaffold
(bone) volume (BV) is calculated using tetrahedrons corresponding to the enclosed volume of the
triangulated surface [29]. Total volume (TV) is the overall volume of the scanned scaffold. Scaffolds
porosity (%) can therefore be calculated as (1-BV/TV). Particle size (trabecular thickness) or pore
diameter (trabecular separation) as well as their distribution can also be computed. Furthermore,
interconnectivity can also be calculated using an appropriate pore size limit. The referred values can be
computed as an average of all the 2D measurements giving information of the parameters behaviour

along the scaffolds (such as porosity distribution) or more accurately in 3D analysis.

Porosity and interconnectivity of the chitosan particle aggregated scaffolds were computed and are
shown in Figure 2. Percentages values of 27.78 + 2.80% and 94.99 + 1.41% were found for both
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parameters, respectively. It is important to stress out that interconnectivity was calculated with a limit in
pore size of 53 um as minimum value for interconnected pores, meaning that interconnection diameters

lower that this value were consider as closed pores.

The average particle size was 430.72 + 54.42 um and the average pore diameter was 265.46 + 24.27
pum and their distribution is disclosed in Figure 3. By analysing the pore size distribution, one can
observe that the chitosan based scaffolds present a heterogeneous range of pore size covering the

optimal pore size reported as consensus for tissue engineering applications [14-17, 21-23].
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Figure 2. Porosity and interconnectivity of chitosan particle aggregated scaffolds measured by micro-CT.
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Figure 3. Particle (A) and pore (B) size distribution of chitosan particle aggregated scaffolds accessed by p-CT.

3.2. DYNAMIC MECHANICAL ANALYSIS (DMA)

As previously discussed, one of the key issues of scaffolds design for tissue engineering is their
mechanical performance. Therefore, the assessment of scaffolds mechanical behaviour is essential to
ensure the mechanical stability, namely in hydrated state approaching the in vivo condition where

physiological fluids are present. In the present paper, chitosan particle aggregated scaffolds were

characterized in the
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applications, such as articular cartilage or bone [42,43]. The reference values at a frequency of 1Hz for
elastic (storage) and viscous (loss) components of the complex modulus are shown in Figure 4. At this
frequency, the elastic and viscous moduli of the scaffolds were 4.21 + 1.04 MPa and 0.36 £+ 0.07 MPa

respectively.

The storage (E’) and loss (E”) modulus behaviour for increasing frequencies is presented in Figure 5
and the frequency dependence of the loss factor (tand) is shown in the inset graph. As it is possible to
observe, the elastic modulus (E’) increases with increasing frequency, being typically above 4 MPa,
while the viscous modulus (E”) shows the inverse trend with a slight increasing for higher frequencies.
As a consequence, there is an obvious decrease of the loss factor, (tand=E"/E’) with increasing

frequency with a slight increase for higher frequencies as shown in the inset graph.

Modulus (MPa)
w

E' (storage) E" (loss)

Figure 4. Storage (E') and loss (E") modulus under dynamic compression solicitation at 1Hz frequency

of chitosan particle aggregated scaffolds in wet state.
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Figure 5. Dynamic mechanical analysis of chitosan particle aggregated scaffolds in wet state showing the storage (E’) and
loss (E") modulus behaviour for increasing frequencies under dynamic compression solicitation. The inset graph shows the
frequency dependence of the loss factor.

3.3. IN VIVO BIOCOMPATIBILITY

No systemic or regional surgical complications were seen for any of the rats in the post-operative
period. A morphological characterization of the explants, after the different implantation periods, showed
connective tissue ingrowth into the chitosan-scaffolds even after 1 week of implantation (Figure 6). This
tissue ingrowth becomes more pronounced with increasing time periods of implantation. This was
further confirmed by micro-CT. The 2D X-Ray evaluation of the cross-sections in the explants’ bulk is
presented in Figure 7 where it is possible to identify the increase of the host tissue inside the scaffolds
pores with the implantation time. Furthermore, there is a macroscopic indication of vascularization of the

implants after 12 weeks of implantation (Figure 6.E and 6.F).
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Figure 6. Chitosan particle aggregated explants after 1, 2 and 12 weeks after implantation

using stereolight microscopy at different magnifications.

Figure 7. Representative 2D X-ray microphotographs obtained by micro-CT of the bulk chitosan particle aggregated

explants after 1 (A) and 12 (B) weeks after implantation clearly showing the tissue ingrowth.

Histological, including immunohistochemistry analysis, was performed after the different implantation
periods, and the obtained results are disclosed in the following Figures 8 to 12. After 1 week
implantation of the chitosan particle aggregated scaffolds, the predominant inflammatory cell type found
was the polymorphonuclear neutrophil (PMNSs) recruited from the circulation in response to the
implanted material (Figures 8.A and 8.B). Some other inflammatory cells, such as lymphocytes and
macrophages can also be observed, but in a less extent compared with the PMNs. In addition, the
recruited PMNs were labelled by anti-CD18, which has affinity with the integrins, binding to the surface
of recruited leukocytes (Figures 9.C and 9.D). The lymphocytes present in the histological samples were

labelled by anti-CD3 (specific for the T lymphocytes subset) and shown to be residual when compared
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to PMNs (Figures 10.C and 10.D). Few new blood vessels could be found at this stage (Figure 11.C,
11.D, 12.C and 12.D), in spite of the expression of vVWF at this time of implantation which is a common
endothelial marker during the angiogenic process [44]. In addition, it is possible to identify a rudimentary
extracellular matrix produced in the pores of the chitosan particle aggregated scaffolds, although it is still
much disorganized (Figures 8.A, 8.B, 12.C and 12.D).

H&E

1w

2W

12w

bar scale: 100 pm bar scale: 20 pum

Figure 8. Representative H&E stained histological sections of tissues surrounding chitosan-based implants after 1 week (A)
and (B), 2 weeks (C) and (D), and 12 weeks (E) and (F) of intramuscular implantation. Magnification: (A) (C) and (E) 100x;
(B), (D), and (F) 400x.
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CD18
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Figure 9. Representative CD18 immunostained sections of tissues surrounding chitosan-based implants after 1 week (C)
and (D), 2 weeks (E) and (F), and 12 weeks (G) and (H) of intramuscular implantation. Negative control (A) and (B).
Magnification: (A) (C) (E) and (G) 100x; (B), (D), (F) and (H) 400x.
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Figure 10. Representative CD3 immunostained sections of tissues surrounding chitosan-based implants after 1 week (C)
and (D), 2 weeks (E) and (F), and 12 weeks (G) and (H) of intramuscular implantation. Negative control (A) and (B).
Magnification: (A) (C) (E) and (G) 100x; (B), (D), (F) and (H) 400x.
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Figure 11. Representative VWF immunostained sections of tissues surrounding chitosan-based implants after 1 week (C)
and (D), 2 weeks (E) and (F), and 12 weeks (G) and (H) of intramuscular implantation. Negative control (A) and (B).
Magnification: (A) (C) (E) and (G) 100x; (B), (D), (F) and (H) 400x.
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Figure 12. Representative SMA immunostained sections of tissues surrounding chitosan-based implants after 1 week (C)
and (D), 2 weeks (E) and (F), and 12 weeks (G) and (H) of intramuscular implantation. Negative control (A) and (B).
Magnification: (A) (C) (E) and (G) 100x; (B), (D), (F) and (H) 400x.
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After 2 weeks of implantation, the main inflammatory cells present were shown to be lymphocytes
(Figures 8.C and 8.D), which was confirmed with their specific labelling (Figures 10.E and 10.F). Some
remaining PMNs could still be observed (Figures 9.E and 9.F), as well as some foreign body giant cells,
resulting from the fusion of macrophages trying to phagocyte the implant (Figures 8.C and 8.D).
Although some necrosis can be observed in the periphery of the implant (Figures 8.C and 8.D), it can be
neglected if compared with the amount of extracellular matrix formed around the particles of the scaffold
(Figures 8.C, 8.D, 12.E and 12.F), which shows a more organized structure compared with 1 week of

implantation.

Furthermore, the presence of smooth muscle actin is more evident (Figures 12.E and 12.F), and allows
to say that, both the connective tissue is growing and the neo-vascularization is also increasing between
the particles of the scaffold. This fact is further supported by the expression of VWF at this implantation
period (Figures 11.E and 11.F).

Three months after the implantation of the chitosan particle aggregated scaffolds, some of the remaining
PMNs showed to be apoptotic (Figures 8.E and 8.F) and the spaces between the particle of the
scaffolds are, in this stage, filled with connective tissue cells (Figures 8.E and 8.F). It was possible to
observe that the PMNs appeared in much less amount compared with the other implantation times
(Figures 9.G and 9.H). Some lymphocytes are, as well, still present in the infiltrate (Figures 10.G and
10.H). Furthermore, the general expression of VWF observed at 1 week of implantation due to the
initially formed clot is now less evident, being much more restricted to the vascularized tissue (Figures
11.E and 11.F).

At this stage of implantation it is clear that the extracellular matrix shows to be much more organized
along and between the particles of the scaffold (Figures 8.E, 8.F, 12.E and 12.F). Furthermore, the neo-
vascularization already observed in earlier times of implantation increased as the SMA labelling shows
in the newly formed blood vessels (Figures 12.E and 12.F). These features demonstrate that the
scaffolds were well tolerated by the host and the ingrowth of host connective tissue into the scaffolds

structure is an evidence of good integration.
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4. DISCUSSION

4.1. MORPHOMETRIC ANALYSIS

For tissue engineering applications, it is important to ensure that the scaffold has an adequate
architecture in order to allow for optimal cell migration and nutrients supply to assure optimal tissue
growth in an in vivo situation. In order to be able to assess these morphometric requirements, micro-CT
has becoming a powerful tool to compare scaffold production techniques [25,26,45]. Direct micro-CT
based imaging analysis is non-destructive and non-invasive and allows precise 3D measurements of
scaffold architecture quantifying scaffold porosity, surface area, and 3D measures such as
interconnectivity, pore size and distribution, and pore wall thickness providing valuable knowledge to
optimize scaffold design. These combined advantages over other morphological characterization
techniques are well discussed in a review by Ho and Hutmacher [24] and, in our opinion, clearly justify
why micro-CT has become a very popular technique for characterizing porous scaffolds [25,26,45] or
bone ingrowth [21,22,46]. As a result, this methodology is very useful for quality control of scaffold
fabrication processes and all data obtained for computational models will be helpful in further analyses,

in order to improve our understanding of mechanical and biochemical stimuli on tissue formation.

In the present work, due to the above mentioned advantages, micro-CT was used to assess the
morphometric relevant parameters and 3D reconstructions of porous structures allowing to visualize the
internal cellular structure. Particle aggregation methodology allows for the production of suitable
scaffolds for load-bearing bone applications. Trabecular bone typically consists of 30% bone tissue and
70% void volume [28,47]. Our effort was to fabricate scaffolds by the particle aggregation that should
have a total pore volume similar to the percent bone, as previously reported [30,47]. It is expected that
as an in vivo bone defect heals, bone tissue grows into the porous system of the scaffold, and the
scaffold itself degrades completely (allowing for 30% ingrowth) to obtain healing of the bone defect. The
chitosan scaffolds produced by this methodology have pores volume of approximate 30% as shown
before in Figure 2. Furthermore, and using threshold inversion, micro-CT allows to visualize the pores
network giving a clear image of scaffolds’ porosity morphology which resemble the bone trabecular

structure, as shown in Figure 13.
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scaffold

porosity

Figure 13. 3D virtual models of chitosan particle aggregated scaffolds (A) showing the

gradual transition (B, C) till the inverse 3D model (D) evidencing the porosity morphology.

One can still consider that the porosity value is low for the typical reported requirements for tissue
engineering scaffolding [1,3]. But we have to consider that there is also the compromise between
porosity and mechanical behaviour. Since the scaffolds present a high interconnectivity degree, the
mechanical performance appears as more critical when aiming at load bearing tissue engineering
applications, such as bone and cartilage. Furthermore, pore size is another important factor for tissue
ingrowth. Several researchers have studied bone ingrowth into porous material with different pore sizes
[16,18,19] and the consensus seems to be that the optimal pore size for bone ingrowth is 100-400 pum
[14-17,21-23]. The proposed scaffolds have shown to present a pore size distribution in the range of the
optimal pore size (Figure 3). The 3D structures present pores with irregular shape and heterogeneous
sizes (Figure 13) because pores are created by the interstices between the particles after aggregation.
Again, the pore morphology resembles those in trabecular bone where pores are irregular in shape and

size.
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Another key issue on tissue engineering scaffolding is the interconnectivity which has direct implications
for cell growth, cell migration, flow of nutrients and tissue growth into scaffolds. The proposed scaffolds
are highly interconnected (Figure 2 and 13) to assure these biological requirements. For instances, Lu
et al [17] reported the importance of interconnections for bone ingrowth and showed that
interconnections larger than 50 pm were favourable for mineralized bone formation. This value was
thought to be the minimum size of pore size for good tissue ingrowth as being also considered in the
study by Otsuki et al [21,26] and, for that reason, was used to calculate the interconnectivity values in
the present study, meaning that the interconnectivity only considers pore interconnections higher that 53
pm. If the pore interconnection is lower than 53 um it is considered as a close pore. In general, this limit
is not considered or at least is not reported in the majority of published morphometric studies and it is of
major importance since it can change significantly the values of interconnectivity as shown in Table 2. If
we used a lower value in the limit of pore size, the interconnectivity clearly increase as disclosed in
Table 2. Nevertheless, the interconnectivity with low pore interconnection values will show no relevance
when translated to in vivo situations, because the minimum pore size considered will not promote
adequate tissue ingrowth. The results of the micro-CT analysis implied that the scaffolds have a suitable
architecture for tissue engineering applications.

Table 2. Interconnectivity calculated with different voxels size.

LIMIT VOXELS ~ LIMIT VOXEL SIZE (um) = PORE SIZE  INTERCONNECTIVITY (%)

2 17.58 99.27 +0.89
4 35.16 96.52 + 1.55
6 52.74 94,99 +1.41

4.2. DYNAMIC MECHANICAL ANALYSIS (DMA)

The maintenance of sufficient structural integrity of scaffolds is critical in tissue engineering applications,
more so since the cell and tissue remodelling is important for achieving stable biomechanical conditions
at the host site. Additionally, in the case of load-bearing tissue such as articular cartilage and bone, the
scaffold matrix must provide sufficient temporary mechanical support to withstand in vivo stresses and
loading [3,48]. Previous work [30] has shown that chitosan scaffolds produced under the same
conditions, with the same percentage porosity as the scaffolds used in this study had a compressive
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modulus of 132 £ 7 MPa in dry state under static compression solicitation. The scaffolds showed a very
good mechanical behaviour when compared to the typical mechanical properties obtained for chitosan
based porous materials [5,6,49] normally presented as a combination of several polymers [5,6] or in a
composite form [49] to improve their performance. The relatively high mechanical properties obtained
by the particle aggregation methodology was further supported by other works, namely the work by
Jiang et al [47] when using chitosan microspheres in this case with poly(lactic acid-glycolic acid)

sintered together to obtain the final 3D structure.

Nevertheless, it is common to study the scaffolds mechanical performance in dry state and static
conditions. In the present study, we have evaluated the mechanical performance of the chitosan particle
aggregated scaffolds in hydrated state under dynamic solicitation, mimicking in this way the in vivo
physiological condition in a post-implantation scenario. The dynamic mechanical behaviour of the
scaffolds was characterized by DMA. Both storage and loss modulus (E’ and E”) were measured in the
frequency range 0.5-40 Hz, which are typical frequencies found in physiological situations in load
bearing applications [42, 43]. The storage modulus (E’) is about one order of magnitude higher than the
loss modulus (E”) indicating an elastic nature of the chitosan scaffolds in the hydrated state.

The storage modulus increases with increasing frequency, E’ while the loss modulus shows the inverse
tendency except for high frequencies. This results in a decrease of the tan  (loss factor) with increasing
frequency with a small increase for high frequencies (inset graphic in Figure 5). This factor measures
the proportion of the imposed mechanical stress that is dissipated in the form of heat. As tan d is
typically above 0.08 for f<1 Hz, one may conclude that the scaffolds possesses significant damping
capability that may be useful to dissipate some cyclic mechanical energy that is imposed in an
implantation scenario. Nevertheless, there is an increase in E” for high frequencies, which suggests that
the material exhibits some dissipation capability for high frequencies. The developed scaffolds present

elastic and viscous modulus of 4.21+1.04 MPa and 0.36+0.07 MPa respectively at a frequency of 1Hz.

The obtained compression modulus in wet state of the scaffolds produced by the particle aggregation
method presents considerable higher values when compared to other chitosan based scaffolds with
fibre-based architectures produced by fibre bonding which present a higher porosity [50]. Furthermore, it
is important to keep in mind that the mechanical properties may be further improved if desired with
crosslinking or by incorporating a ceramic filler.
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The relatively good mechanical performance of the chitosan particle aggregated scaffolds is attributed to
the stable interface between the chitosan particles as shown in the 3D virtual model obtained by micro-
CT (Figure 14). The 3D virtual model shows the bonding between the adjoining chitosan particles
achieved by particle aggregation method process. This was achieved due to the bioadhesive character
of the chitosan polymer that resulted in the merging of adjacent particles at their contact points to form
the chitosan porous 3D matrices. The cross sections from the scaffolds’ bulk stained with eosin (Figure
15) showed clearly the bonding areas on the particle surfaces. This chitosan-particles bonding leads to
a very stable interface between the particles which assures the mechanical integrity and stability of the

developed scaffolds.

Figure 14. 3D virtual models of chitosan particle aggregated scaffolds evidencing the interface between the particles.
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Figure 15. Cross-sections of chitosan particle aggregated scaffolds stained with eosin showing the particles’ interface.
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4.3. IN VIVO BIOCOMPATIBILITY

The non-cytotoxic behaviour of the chitosan particle aggregated scaffolds was evaluated in previous
studies [30]. In vitro tests showed that the chitosan particle aggregated scaffolds were not cytotoxic to
L929 fibroblast cell line and to human adipose stem cells [30]. However, it is critical to evaluate the
scaffolds’ performance in an in vivo environment when proposing scaffolds to be used in biomedical
applications, namely tissue engineering. In vivo parameters such as inflammatory response, tissue
ingrowth, vascularization potential and overall host response give the correct evidence to consider the
biofunctionality of scaffolds. This is one of the obvious key requirements for tissue engineering

applications.

After intramuscular implantation of the developed scaffolds, no systemic or regional surgical
complications were seen in any of the rats. Under optical microscopy it is clear that the chitosan
scaffolds architecture allowed for tissue ingrowth, being the feature more evident for longer periods of
implantation (as shown previously in Figure 6). Micro-CT allowed also assessing the increase of spatial
and temporal tissue ingrowth into the scaffolds, as shown in the 2D X-Ray cross-sections from the bulk
of the implant (Figure 7). The increase in the connective tissue ingrowth provides a clear evidence that
the interconnectivity of the developed scaffolds plays a key role in this process. The influence of
interconnectivity on the tissue ingrowth was already demonstrated by Otsuki et al [21,26] by studying
the effect of narrow pore throats on bone and tissue differentiation using bioactive porous titanium
implants and micro-CT. The study revealed that narrow pore throats (e.g. low interconnectivity with low

pore size limitation for its calculation) were inhibiting tissue differentiation in pores [21].

There is also a clear macroscopic indication of the presence of a vascularized tissue after 12 weeks of
implantation that was further confirmed by the immunohistochemistry analyses. Again, scaffolds
interconnectivity seems to be favourable for a good integration of the scaffolds in the host tissue,
promoting the vascularization of the scaffolds which is critical in tissue engineering applications for cell
growth, tissue ingrowth and nutrients flow. For tissue differentiation, vascularization is an important

factor, and narrow pore interconnectivity may inhibit adequate vascularization [21,26].

After implantation of a medical device such as a biomaterial, the host tissue will inevitably be
traumatized by the implantation procedure [51-54] triggering an inflammatory response. The recruitment
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of cells after implantation of biomaterials mimics the one observed in a local inflammation [55] and this
inflammatory response to biomaterials, together with the response to the trauma of implantation is,
therefore, considered important in the overall biocompatibility [52]. Essentially, the purpose of
inflammation is to destroy (or contain) the damaging agent, initiate the repair process and return the
damaged tissue to useful function. It is subjectively divided into acute and chronic inflammation, but
actually they form a continuum. Many causes of tissue damage provoke an acute inflammatory
response but some types of injuries may elicit a typical chronic inflammatory reaction from the

beginning, such as the viral infections, the foreign body reactions and the fungal infections [53].

An inflammatory response triggered by chitosan particle aggregated scaffolds was observed after 1, 2
and 12 weeks of intramuscular implantation in rats. One week after the implantation of the chitosan
particle aggregated scaffolds, PMNs were the predominant inflammatory cell type (previous Figures 8.A,
8.B, 9.C and 9.D). These cells are normally recruited from blood circulation whenever there is tissue
damage and the initiation of the process of wound healing [52-54]. In less extent, lymphocytes (Figures
10.C and 10.D) and macrophages (Figures 8.A and 8.B) were observed, following again the typical
features of the implantation of foreign bodies [53,54,56]. The type of inflammatory infiltrate found in the
surrounding tissue of the implanted chitosan particle aggregated scaffolds is the type of infilirate
expected when a foreign body is implanted in a host [52,54], showing a normal and mild inflammatory
reaction towards the implants. Few new blood vessels can be found at this stage (Figures 11.C, 11.D,
12.C and 12.D). The neo-vascularization observed at this stage identified by the VWF expression
(Figures 11.C and 11.D) is due to the initially formed clot in part to the inflammatory process that brings
the leukocytes in circulation to the site of implantation after the surgical procedure. Even though, it is
considered very important for the nutrition of the new tissue that is expected to grow in the spaces

between the particles forming the scaffold.

In contrast with the 1 week of implantation, after 2 weeks, the principal cell type in the scaffold and
surrounding tissue were without any doubt lymphocytes. These cells start to appear when the acute
inflammation progresses to chronic inflammation, around the 2nd week after the tissue injury and if the
damaging agent persists in the site [52-54,57]. When the implant has dimensions which the phagocytic
cells are not able to phagocytose and the macrophages may fuse, forming foreign body giant cells

[54,58]. Therefore, the observed reaction coincides with the patterns of a mild foreign body reaction [58].
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The initially formed clot (resulting from the implantation procedure and consequent cascades of events
for wound healing) is now less evident (Figure 11.E and 11.F).

After 12 weeks in the intramuscular environment, some foreign body giant cells were observed near the
implanted particle aggregated chitosan scaffolds. Although some PMNs and lymphocytes were
observed, the type of reaction showed to be non-granulomatous [53]. This type of inflammatory infiltrate,
where mononuclear cells clearly predominate, is quite typical for foreign body reactions [56,58] and

shows a normal response from the host to the chitosan particle aggregated scaffolds [58].

The neo-vascularization of the spaces between the particle forming the chitosan-based scaffolds was
also achieved (Figure 12). One week after implantation, few new blood vessels were observed,
responsible for the recruitment of leukocytes to the site of implantation. In early stages of inflammation
and wound healing process, neo-vascularization is an important feature, since it allows the adequate
nutrition of the new connective tissue that will grow around and between the scaffold structure
[54,56,59]. With the increasing need of nutrition, justified by the increase of extracellular matrix
formation, the density of vascularization increased as well after 2 and 12 weeks of implantation. After
these periods of implantation, it was possible to observe that the scaffolds induced a marked angiogenic
response promoted also by the high scaffolds interconnectivity (Figures 11.E-11.H, 12.E-12.H).

The neo-vascularization of the implants created by new blood vessels formation was clear even after
only 2 weeks of implantation, becoming more significant as the implant remained for a longer period of
time, showing that the scaffolds characteristics were favourable to the integration in the host tissue.
These blood vessels established and developed as seen for 12 weeks after scaffolds implantation. In
fact, the vascularization is another critical factor for a successful approach in tissue engineering. The
chitosan scaffold architecture has shown its ability to allow for cells ingrowth, and subsequent migration
into and through the matrix. This was accomplished given that the 3D materials enabled the mass
transfer of nutrients and metabolites, and provided sufficient space for development and later

remodelling of the organized tissue.
The formation of blood vessels developing inside the scaffold was a remarkable result since no

angiogenic growth factor or previously seeded angiogenic cells were used in this study. This kind of
evidence leads one to speculate that the good in vivo performance of the chitosan based scaffolds
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produced by particle aggregation can be still further improved if using any angiogenic growth factor or
cells important in vasculature. These results was also observed by Ehrenfreund-Kleinman et al [60] for
chitosan/arabinogalactan-based sponges where the vascularization became clearer for 11 weeks of
implantation period as detected by light microscopy and magnetic resonance imaging. The generation of
extracellular matrix by the connective tissue cells between the spaces of the particle aggregated
chitosan scaffolds was also identified (Figures 8.A and 8.B). Furthermore, the immunolabelling of
smooth muscle actin (SMA) allowed, at the same time, for the observation of vessels’ ingrowth, since it

is one of the constituents of the vessel's walls.

At 1 week of implantation, it was possible to observe some extracellular matrix formed a still
disorganized network between the particles of the scaffold (Figures 8.A, 8.B, 12.B and 12.C). This
network increased in amount of extracellular matrix and organization along the time of implantation.
These overall features show that the implanted particle aggregated chitosan scaffolds are well tolerated
by the host. Furthermore, it was shown that the scaffolds architecture, namely pore interconnectivity, is
favourable for cell ingrowth and subsequent production of extracellular matrix by the connective tissue
cells.

The overall host response elicited by the intramuscular implantation of chitosan particle aggregated
scaffolds was a mild and expected inflammatory response. It started with the normal acute inflammation
initiated by the surgical procedure of implantation, noticed at the first week progressing to the normal
chronic inflammation usually observed in the implantation of foreign bodies [57,58,61]. The increasing of
neo-vascularization, as well as the presence of smooth muscle actin and the enhanced organization of
the extracellular matrix with the time of implantation, demonstrates the good integration and scaffolds’
biofunctionality. The high interconnectivity of the developed chitosan particle aggregated scaffolds might

also play a key role in the scaffold integration with vascularization from the host tissue.

5. CONCLUSIONS

In this study, we manage to fabricate novel chitosan scaffolds based on a particle aggregation
technique. These scaffolds have shown to fulfil three main key requirements for tissue engineering
scaffolding: morphological adequacy, mechanical stability and in vivo functional biocompatibility. Micro-
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CT allowed for an accurate morphometric characterization showing that the developed scaffolds had an
adequate pore size range and an interconnected porous structure assuming a relevant interconnection
limit. Furthermore, porosity morphology will allow for tissue ingrowth resembling those of trabecular
bone, if this application is considered. In addition to all this, the mechanical properties demonstrated the
scaffolds stability and suitability for load-bearing bone tissue engineering applications. From a biological
point of view, it is possible to conclude that the chitosan particle aggregated scaffolds are suitable
structures to allow tissue ingrowth with an induced minimal inflammatory response by the host in an
intramuscular site. Furthermore, neo-vascularization as well as the enhanced organization of the
extracellular matrix with the implantation time demonstrates scaffolds’ biofunctionality. It is concluded
that chitosan scaffolds produced by an innovative particle aggregation methodology are morphological
and mechanically adequate for their aimed applications, presenting an in vivo biocompatible behaviour.
Consequently they are without doubts potential candidates for being used in load-bearing tissue

engineering applications.
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General conclusions and final remarks

1. GENERAL CONCLUSIONS AND FINAL REMARKS

The main goal of this thesis was to develop and assess the potential of several possible strategies for
osteochondral tissue engineering. This includes: (1) the development of the cell culturing to be
performed independently in the two components that are integrated before implantation; (2) the biphasic
scaffold with adequate properties for both cartilage and bone parts to be used in a special bioreactor
with two separate chambers where two different cell types can be seeded, and (3) the biphasic scaffold
loaded with distinct differentiation agents able to provide the adequate biochemical cues to common
progenitor cells. Furthermore, and as a key requisite for biomedical applications including tissue
engineering, the presented work also tried to keep present the needs for (4) the in vivo biofunctionality
of the new materials. The work described in this thesis intends mainly to be yet another positive

contribute for the design of a successful approach for osteochondral tissue engineering.

Among the key requirements in tissue engineering scaffolding, in our opinion, three are a must for an
ideal design: (i) a porous structure with adequate morphological characteristics, (i) a suitable
mechanical behaviour and (iii) a clear and undoubtable in vivo biocompatibility. Having this in mind, an
innovative thodology for scaffolds production was herein proposed based in the agglomeration of pre-
fabricated degradable particles. The main advantage of this methodology is that it allows to fabricate
scaffolds with high interconnectivity and good mechanical performance. The particle aggregated
polymeric scaffolds also demonstrated to be biocompatible not only in vitro but also in vivo. Specifically
aiming at osteochondral applications, the particle aggregation methodology also enabled for the
successful production of adequate bilayered structures.

The materials used for the scaffolds production were chitosan and hydroxylapatite. Chitosan was
selected due to its interesting properties such as the structural similarity to glycosaminoglycans found in

-233-



CHAPTER VII. General conclusions and final remarks

extracellular matrices including native cartilage. On the other hand, hydroxylapatite was apply as
bioactive ceramic filler, since it is the major mineral present in bone composition, approaching in this

way the developed composite scaffolds to the bone composite structure.

The main relevant conclusions and final remarks for the experimental section, which includes Chapters

1l to VII, are summarized as following.

1.1. CELL CULTURING PERFORMED INDEPENDENTLY IN THE TWO COMPONENTS THAT ARE INTEGRATED BEFORE

IMPLANTATION

In order to properly address this strategy, chitosan-based scaffolds were developed as described in
Chapter 1ll. SEM and micro-CT, showed that the developed scaffolds present an adequate morphology
with pores ranging from 100 to 400 pum well distributed throughout the scaffolds and clearly
interconnected. In addition, there was no compromise of the mechanical properties of the particle-based
scaffolds. The developed polymeric scaffolds were non-cytotoxic in vitro, as evaluated by the MTS
assay. To investigate the possibility of inducing osteogenic and chondrogenic differentiation using the
developed polymeric scaffolds, preliminary cell seeding tests with mesenchymal stem cells isolated from
human adipose tissue were carried out using osteogenic and chondrogenic inducing mediums. The
results corroborated this hypothesis since the presence of cells with osteogenic and chondrogenic
morphology in the 3D particle agglomerated scaffolds was observed. A simple strategy for the
integration of the scaffolds to be applied prior to an in vivo implantation was developed, by means of

using an adhesive material for obtaining the bilayered constructs.

1.2. BIPHASIC SCAFFOLD WITH ADEQUATE PROPERTIES FOR BOTH CARTILAGE AND BONE PARTS USED IN A

SPECIAL BIOREACTOR WITH TWO SEPARATE CHAMBERS WHERE TWO DIFFERENT CELL TYPES CAN BE SEEDED

In tissue engineering, it has been better increasingly accepted that a bilayered structure would be more

adequate to regenerate an osteochondral defect. Considering this, bilayered structures were
successfully developed by means of assembling polymeric and composite particles, as reflected in
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Chapter IV. A detailed morphometric analysis was carried out using micro-CT, from which the relevant
parameters were retrieved, namely X-ray absorption histogram, scaffolds’ porosity and interconnectivity,
mean pore and particle size, pore size and ceramic phase distribution. This technique allowed also to
confirm that the bilayered scaffolds presented a very good integration between both components
avoiding any risk of possible delamination. The mechanical stability of the scaffolds was demonstrated
by performing dynamic tests in wet state under compression dynamic solicitation, approaching the in
vivo scenario. As proof of concept, dynamic bioactivity tests were also performed using a specific
double-chamber bioreactor. This bioreactor was designed to allow, as an ultimate goal, for the
simultaneous culturing of chondrocytes and osteoblasts or the same source of progenitor cells with

distinct differentiation mediums.

1.3. BIPHASIC SCAFFOLD LOADED WITH DISTINCT DIFFERENTIATION AGENTS ABLE TO PROVIDE THE ADEQUATE

BIOCHEMICAL CUES TO COMMON PROGENITOR CELLS

Another possible strategy for osteochondral tissue engineering would be to engineer in vitro a hybrid
material able to provide the adequate biochemical cues to a single cell source, in order to promote the
selective, but simultaneous, differentiation of both cartilage and bone tissues. This is the ideal and most
challenging strategy for the regeneration of an osteochondral defect using tissue engineering principles.
In this thesis, attention was paid primarily to the cartilage component by focusing on the development of
insulin-loaded systems to induce chondrogenic differentiation. Insulin was selected as a bioactive
substance, since its differentiating capacity in chondrocytes is well known. The novel systems could be
successfully developed and characterized as demonstrated in Chapter V. The most promising results
were obtained for pre-chondrogenic cells seeded in the higher insulin-loaded scaffolds that showed a
round morphology typical of chondrocytes. The biological evaluation confirmed also that these cells
were positively stained for toluidine blue, presented a high GAGs production, and expressed genes
encoding cartilaginous markers, corroborating the chondro-inductive effect of the insulin-loaded

scaffolds.
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1.4. IN VIVO BIOFUNCTIONALITY

The scaffolds in vivo performance is an obvious requirement when designing a biomaterial for tissue
engineering applications, since the implant materials must be non-toxic to the human body and should
interact properly with the host tissue. Animal models are widely studied to preliminary assess this in vivo
behaviour. In this thesis as described in Chapter VII, a well-established rat muscle pocket model was
used to investigate the in vivo behaviour of polymeric chitosan scaffolds. The scaffolds properties shown
to be favourable to the connective tissues ingrowth into the scaffolds, demonstrating a good integration
with the host tissue. Furthermore, the scaffolds were able to promote an organization of the extracellular

matrix and an increasing neo-vascularization with the time of implantation.

As a final remark, one can say that the work described in the present thesis intends to give yet another
positive contribute for the development of a clinically needed successful approach for osteochondral
tissue engineering, by means of addressing some of the possible strategies that are being currently
applied in this research field. Each of the individual performed work opens the possibility to better
accomplish an osteochondral hybrid strategy following the different discussed options. Chitosan-based
scaffolds produced by particle aggregation were developed and optimized for a potential use in this
field. The results obtained so far clearly indicate their suitability for pursuing osteochondral regeneration.
The cumulative data generated from the work described in this thesis presents, and scientifically
demonstrates, that chitosan-based particle aggregated scaffolds can be a valid alternative for the
treatment of osteochondral defects and may have a distinct important role in the biomedical field. This is

the main innovation coming from this thesis.
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