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Development of new chitosan based biodegradable blends for bone and cartilage tissue

engineering

ABSTRACT.

A number of natural origin polymers are being employed in tissue engineering strategies. Natural origin
polymers offer the advantage of being similar to macromolecular substances, which the biological
environment is prepared to recognize and to deal with metabolically. Another attractive characteristic of
natural polymers is their ability to be degraded by naturally occurring enzymes, implying that the implant
will be degraded and eventually metabolized by physiological mechanisms. Chitosan, a
mucopolysaccharide, is the alkaline deactylated product of chitin and has structural similarities to
glycosaminoglycans, thus, mimicking their functional behaviour. Moreover, it is reported to be typically
non-toxic, biodegradable, and biocompatible. Chitosan exhibit a range of properties that make it suitable
for use as alternatives to currently used biomaterials, but its mechanical properties and processability
are less than ideal which precludes its use as material in load bearing applications. The development of
hybrid materials that combine naturally occurring polymers with biocompatible synthetic polymers is
expected to be able to minimize the mismatch of mechanical properties and to preserve the functional
biocompatibility. However, little research has been conducted in the melt blending of synthetic polyester
and chitosan. The main objectives of this thesis were to: i) compound and evaluate the properties of
chitosan and biodegradable aliphatic polyesters blends and composites processed using melt based
technologies; ii) study the water absorption and degradation characteristics of the produced blends and
composites; i) produce chitosan-based scaffolds with different architectures by melt based
technologies.; iv) evaluate their potential cytotoxic behaviour and to conduct direct contact assays

aiming to validate their potential use in bone or cartilage tissue engineering applications.

The first step of this thesis experimental work was to melt blend chitosan with poly-¢-caprolactone
(PCL), poly(butylene succinate) (PBS), poly(lactic acid) (PLA), poly(butylene terephthalate adipate)
(PBTA), and poly(butylene succinate adipate) (PBSA). For the chitosan/PBS blend, the amount of
chitosan was varied from 25% to 70% by weight. The remaining polyesters had 50% of chitosan by

weight. The morphology, tensile and thermal properties of the produced blends were evaluated.

Composites consisting of hydroxyapatite, chitosan, and aliphatic polyester were also compounded using
a twin-screw extruder. The polyesters used were the same applied in blends preparation. The mass

fraction of chitosan ranged from 17.5 to 45%, while that of HA ranged from 10 to 30%. The tensile



properties (tensile strength and tensile modulus), thermal properties, and morphological properties of

the composites were evaluated. Ternary blends often lead to complex morphology and poor properties.

The water absorption and degradation of the developed chitosan-based blends and composites were
also evaluated, since these properties are critical for their possible applications as biomaterials. These
studies revealed that chitosan content significantly affects the water uptake, weight loss and mechanical
properties of the developed blends. The weight loss also directly correlates with the HA content being

higher for higher HA amount present in the composite.

Novel scaffolds made from chitosan-based blends and composites were produced by the melt-based
routine involving compression molding and salt leaching. The scaffolds were made with different pore
sizes and porosity, aiming at applications in bone and cartilage tissue engineering. Cytotoxicity
evaluation were carried out using standard tests, revealing that L929 cells had comparable metabolic

activities to that obtained for the negative control.

Chitosan based fibers and chitosan fiber mesh scaffolds could also be prepared by melt processing
(solvent-free) to be used as tissue engineering templates. Biological assessment was performed in
direct contact assays, using a human osteosarcoma cell line (SaOs-2). Cells showed remarkable cell
colonization, not only at the surface but also in the inner porous structure of the different scaffolds.

Furthermore, the cells showed high indexes of viability in all the scaffold types.

The motivation for this thesis was to develop and to produce a new range of chitosan based scaffolds
using novel polymeric blends and composites in an established and reproducible melt processing
technology. Most of the approaches reported in the literature to produce scaffolds from chitosan-based
blends or composites involve the use of solvents, being this work the first that reports the successful use
of a melt-based route. Moreover, the methodologies used are very versatile and avoid the drawbacks
associated with solvents and allows for producing a large variety of scaffolds with a wide range of

porosities and pore morphologies using different polymers.
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Desenvolvimento de novas misturas biodegradaveis a base de quitosano para ser usadas em

engenharia de tecidos do osso e cartilagem
RESUMO.

Um ndmero cada vez maior de polimeros de origem natural tem sido utilizado em estratégias de
engenharia de tecidos. Estes oferecem a vantagem de serem similares a substancias
macromoleculares, cujo sistema bioldgico estd preparado para reconhecer e lidar metabolicamente.
Outra caracteristica interessante dos polimeros naturais € a possibilidade de serem degradados por
enzimas existentes no organismo, levando a que o implante seja degradado e eventualmente
metabolizado por mecanismos fisioldgicos. O quitosano é um produto obtido pela desacetilagéo alcalina
da quitina e tem similaridades estruturais com os glicosaminoglicanos, ou seja, mimetiza o seu
comportamento funcional. Além disso, é descrito como sendo tipicamente néo-toxico, biodegradavel e
biocompativel. O quitosano exibe um espectro de propriedades que o tornam adequado para ser
utilizado como alternativa aos biomateriais usados correntemente. Mas as suas propriedades
mecanicas e processabilidade ndo sdo as ideais limitando a sua utilizagdo em aplicacdes sujeitas a
esforgos elevados. E expectavel que o desenvolvimento de materiais hibridos, combinando polimeros
de origem natural com polimeros sintéticos biocompativeis, minimize a incompatibilidade das
propriedades mecanicas e preserve a sua biocompatibilidade funcional. Pouca ou nenhuma
investigacdo tem sido desenvolvida focando o desenvolvimento de misturas de quitosano com
poliésteres utilizado tecnologias baseadas na fusédo. Uma vez identificada esta lacuna, os principais
objectivos desta tese foram: i) produzir e determinar as propriedades de misturas e compdsitos a base
de quitosano com poliésteres alifaticos processados por tecnologias baseadas na fus&o; ii) estudar as
caracteristicas de absorcdo de agua e degradacdo das misturas e compdsitos produzidos; iii) preparar
scaffolds a base de quitosano com diferentes arquitecturas utilizando tecnologias baseadas na fusao;
iv) avaliar o seu potencial comportamento citotoxico e conduzir ensaios de contacto directo com o
objectivo de validar o potencial de serem utilizados em aplicagdes para engenharia de tecidos do 0sso

ou cartilagem.

O primeiro passo desta tese em termos de trabalho experimental consistiu em misturar, por técnicas de
fusdo, quitosano com policaprolactona (PCL), polibutileno succinato (PBS), polibutileno succinato co-
adipato (PBSA), polibutileno teraftalato co-adipato (PBTA) e poli (&cido lactico) (PLA). As quantidades
de quitosano utilizadas na preparagdo das misturas de quitosano/PBS variaram entre 25% e 70% em
peso. Aos restantes poliésteres foi adicionado 50% em peso de quitosano. As propriedades térmicas e

mecanicas e respectiva morfologia das misturas produzidas foram avaliadas.

- Vii -



Compdsitos contendo hidroxiapatite (HA), quitosano e poliéster alifatico foram preparados utilizando
uma extrusora duplo fuso. Os poliésteres utilizados foram os mesmos das misturas anteriormente
preparadas. A frac¢do massica do quitosano variou entre 17.5% e 45%, enquanto a da HA variou entre
10% e 30%. As propriedades mecanicas a tracgao, propriedades térmicas, e propriedades morfologias
dos compoésitos foram determinadas. As misturas ternarias apresentaram uma morfologia complexa e

propriedades mecanicas abaixo do previsto.

O comportamento em termos de absorcao de agua e degradacdo das misturas e compositos a base de
quitosano foi determinado uma vez que estas propriedades sao criticas na utilizagdo de biomateriais.
Estes estudos revelaram que a quantidade de quitosano utilizado afectou significativamente a absorcao
de agua, perda de peso e propriedades mecanicas das misturas produzidas. O perda de peso
apresentou também uma relagdo directa com a quantidade de HA sendo maior nos compdsitos

preparados com maior quantidade de HA.

Foram produzidos scaffolds com as misturas e compdsitos a base de quitosano utilizando métodos
baseados na fusdo, nomeadamente moldagdo por compressdo com lixiviagdo de sal. Os scaffolds
foram produzidos com diferentes porosidades e diferentes tamanhos de poros com o objectivo de
serem utilizados em estratégias de engenharia de tecidos do osso ou cartilagem. Foram realizados
ensaios de citotoxicidade usando testes padréo, tendo as células L929 apresentado uma actividade

celular semelhante a do controlo negativo.

Fibras e scaffolds, a base de fibras, foram também desenvolvidas por tecnologias baseadas na fusao
(sem solventes) para serem utilizados em estratégias de engenharia de tecidos. Foram realizados
ensaios bioldgicos de contacto directo utilizando uma linha celular derivada de osteosarcoma humano
(Sa0s-2). As células apresentaram uma colonizagédo notavel, ndo apenas na superficie mas também
no interior dos scaffolds. Além disso, as células apresentaram altos indices de viabilidade celular em

todo o tipo de scaffolds.

A motivagéo desta tese foi o desenvolvimento e producdo de um novo tipo de scaffolds a base de
quitosano utilizando novas misturas e compdsitos com recurso a tecnologias baseadas na fusdo. A
maior parte das estratégias descritas na literatura para producéo de scaffolds a base de quitosano
envolve 0 uso de solventes, sendo este o primeiro trabalho que descreve o0 uso com sucesso de
tecnologias apenas baseadas na fusdo. Além disso, as metodologias usadas demonstraram ser muito
versateis evitando as desvantagens normalmente associadas aos solventes e permitiram a produgao

de scaffolds uma variabilidade alargada de porosidades e morfologia de poros.
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INTRODUCTION TO THE THESIS FORMAT.

This thesis divided into four sections containing eight different chapters, with five 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 1 (Chapter I)

The first chapter of this thesis is based on a review paper and presents a comprehensive overview on
the most promising biodegradable natural origin polymers intended for bone and cartilage tissue
engineering scaffolding applications. Their chemical structure and several other properties are also
discussed. In Chapter are highlighted also the processing methods used on the preparation of foams or
meshes from these polymers and their application on the context of cartilage and bone tissue

engineering.

SECTION 2 (Chapter Il)

Chapter Il fully describes the materials studied and the experimental work procedures followed during
this work. The main objective was to complement the information given in each of the following

experimental chapters.

SECTION 3 (Chapter Il to VII)

The chapters included within this section are based on the series of related papers that resulted from

research work already published or submitted for publication.

Chapter Il describes the melt based processing methods used for the preparation of chitosan based
blends. The mechanical, thermal and morphological characterization of the developed blends is also

discussed herein.

Chapter IV reports the processing of chitosan/polyester/HA composites using melt based routes.
Results from their extensive characterization regarding mechanical, thermal and morphological

properties are also presented and discussed.
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Chapter V aims at reporting on the water absorption and degradation of the newly developed polymer
blends and composites since these properties are critical for their possible applications as biomaterials.
The water uptake and the degradation properties, as measured by the loss in tensile strength, were

evaluated as a function of time.

Chapter VI describes the production of novel scaffolds made from chitosan based blends and
composites produced by the melt-based routine involving compression molding and salt leaching. This
Chapter shows how it was possible to prepare scaffolds with different macroscopic architecture using a
melt-based approach by changing both the amount and average particle size of the porogen agent
used. The mechanical and thermal properties, as well as, the morphology of the produced scaffolds are

also discussed. Cytotoxic evaluation of developed scaffolds, by means of MTS tests, is also reported.

Chapter VII report the production of chitosan based fibers and chitosan fiber mesh scaffolds by melt
processing (solvent-free) to be used as tissue engineering templates. lts mechanical and morphological
characterization are also discussed. Biological assessments were also performed in direct contact

assays, using a human osteosarcoma cell line (SaOs-2).

SECTION 4 (Chapter VIII)

This thesis ends with Chapter VIII, which is the summary and conclusions of the research work under

the scope of this thesis.
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CHAPTERI.

Natural origin polymers and processing methods for scaffolds preparation and their use in bone

or cartilage tissue engineering applications
Abstract

Typical tissue engineering approach require the use of 3D porous scaffolds that will act as a temporary
substrate for cells providing appropriate mechanical, structural and biological environments for tissue
repair and regeneration. There has been an extensive research on the application of biodegradable
polymers, both of synthetic or natural origin, in this field for the preparation of 3D porous structures. Due
to several advantages including, their enzymatic or hydrolytic degradation, biological and chemical
similarities to natural tissues, natural origin polymers are of special interest for scaffolds production. This
paper provides a review of the most promising biodegradable natural origin polymers intended for bone
and cartilage tissue engineering scaffolding applications. Their chemical structure and several other
properties are also discussed. This review highlights also the processing methods used on the
preparation of foams or meshes from these polymers and their application on the context of cartilage

and bone tissue engineering.

This chapter is based on the following publication: Correlo VM, Bhattacharya M, Neves NM and Reis RL,
2009, Natural origin polymers and processing methods for scaffolds preparation and their use in bone or

cartilage tissue engineering applications, submitted




1. INTRODUCTION

Bone and cartilage injuries, manly resulting from an increasingly aged population, degenerative
diseases or traumatic accidents, compromise significantly the quality of life of humanity resulting in a
significant socio-economic increasing problem. Many repair techniques have been suggested over the
past decades. However almost all of them failed to produce long-lasting tissue repair. Current options to
treat these injuries are unsatisfactory as they rely on the use of autografts, allografts, and an assortment
of synthetic or biomimetic materials and devices. Each of these options has significant limitations, such
as the need for second site of surgery, limited supply, inadequate size and shape, and the morbidity
associated with donor site [ 2. Thus, all these limitations lead to the need for the development of
innovative approaches to aid skeletal repair and reconstruction. It is in this context that in the last
decades tissue engineering emerged as an alternative approach to the repair and regenerate damaged
human tissues, avoiding the need for a permanent implant 391, Tissue engineering has potential to
address these needs and treatment concepts based on those techniques. The engineered substitute
should structurally and morphologically resemble the native tissue and be able to perform similar

biological functions eliminating problems of donor site scarcity, immune rejection and pathogen transfer.

Tissue engineering can be subdivided into different strategies, the most used strategy applied for the
creation of hard tissue (such as, bone and cartilage) substitutes combines the use living cells,
biologically active molecules and temporary three-dimensional (3-D) porous scaffolds ©1. For this
approach, cells are isolated from the patient, expanded, seeded and cultured in vitro into an appropriate
scaffold prior to implantation. After implantation, the cell matrix construct should be remodeled into
native tissue. Since tissue engineering scaffolds will act as a temporary substrate for cells and provide
the temporary support for tissue reconstruction, the challenge for their design include the fulfillment of a
number of requirements, namely: (i) must be biocompatible not provoking any adverse reaction to the
organism after implantation; (ii) possess appropriate mechanical properties that should be compatible
with the ones of the adjacent tissue when implanted; (iii) should have adequate porosity, pore size and
interconnectivity to allow cell migration, transporting of gases, metabolites, nutrients and signal
molecules both within the scaffold and between the scaffold and the local environment; (iv) must be
biodegradable allowing to be metabolized by biological processes at a rate compatible with the rate of
tissue growth while sustaining mechanical integrity over periods of time varying from a few weeks to

several months [7],



The supporting structures that have emerged in the last few decades as possible forms for tissue
engineering can be divided into scaffolds and matrices. The scaffold is usually consider as a
microporous three dimensional structure, in which a cell suspension can be seeded having the
opportunity to attach to the free surfaces of the material, and the media, with nutrients and other agents,
can circulate. The matrices, which are gels, and more specifically hydrogels, involving a network of
structural, usually cross-linked, molecules, within a water-based viscous matrix .. Since load bearing
applications requires porous structures with improved mechanical performance we believe that scaffolds
can be more indicated for connective tissue engineering applications than matrices from hydrogels. For
that reason, this review will not include hydrogels, and special attention will be given to natural polymers
and processing methods used on the production of sponges and fibrous scaffolds. The state of the art

regarding their application on cartilage or bone tissue engineering application will be also reviewed.

2. NATURAL BASED POLYMERS

Natural polymers are widely spread in nature. Those polymers are formed during the growth cycles of
many organisms, being obtained from renewable sources like plants, animals or micro-organisms. A
large variety of natural polymers are available with special potential interest on scaffolds production due
to, as natural components of living structures, their biological and chemical similarities to natural tissues.
Moreover, natural polymers have the advantage of being prone or susceptible to enzymatic or hydrolytic
degradation which may indicate the greater propensity of these materials to be metabolized by the

physiological mechanism [,

Many different natural polymers were already used as biomaterials and can be broadly categorized in
eight different categories, namely: (1) polysaccharides, (2) proteins, (3) polyhydroxyalkanoates, (4)
polythioesters, (5) polyanhydrides, (6) polyisoprenoids, (7) lignin, and (8) nucleic acids ['%. We have
however decided that his review will give special emphasis only to polymers belonging to the three first
classes manly because they are the polymers mostly used on the preparation of sponges and fibrous
mesh scaffolds for bone and cartilage tissue engineering applications. This review will describe also the

chemical structure, main properties and processing methods used to produce them.
2.1. STARCH

Starch is the predominant energy storing compound in many plants. It can be found in storage organs

such as roots and tubers in a granular form. Most of the granules are oval and granule size can vary



from 1 to 110 um depending on the starch source "'l By far the largest source of starch is corn (maize)
with other commonly used sources being wheat, potato, tapioca and rice.

The structure and composition of native starches varies with the botanical sources, but all granules
consist of two types of a-glucan polymers, amylose and amylopectin . 12, Amylose, the minor
constituent, is defined as a relative long, linear polymer consisting mainly of a(1—4) linked D-
glucopyranosyl units. Amylopectin, the major component, is a branched polysaccharide composed of
hundreds of short (1—4)-a-glucan chains, which are interlinked by (1—6)-a -linkages ['-13l. Figure 1.1
shows the typical structure of amylose and amylopectin macromolecules.
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Figure 1.1. a) Amylose and b) amylopectin structures.

Starch contributes with 50-70% of the energy in the human diet, providing a direct source of glucose,
which is an essential substrate in brain and red blood cells for generating metabolic energy ['4. The
human body can degrade starch by using specific enzymes including a-amylase present in saliva and
also in the blood plasma. Starch degradation products are oligosaccharides that can be metabolized to

produce energy. Other enzymes involved in starch degradation are B-amylase, a-glucosidases, and
other debranching enzymes [19],

The crystallinity of native starch granules can vary from about 15% for high-amylose starches to about
45-50% for waxy starches ["4l. The processing of native starch to be used on varied applications
requires to disrupt and melt the semicrystalline granular structure of native starches. The modification

method is usually referred as gelatinization. Gelatinization occurs during heating in the presence of



sufficient moisture. In those conditions the starch granules absorb water and swell losing irreversibly

their crystallinity and structural organization [101,

Products from pure starch or from thermoplastic starch (starch with disrupted granular structure), are
usually brittle and moisture sensitive, thus strongly limiting their potential fields of application. One
possible way to overcome these limitations is to blend starch with other biodegradable polymers.
Several polymeric systems were already obtained by blending native maize starch with: i) ethylene-vinyl
alcohol (SEVA-C); ii) cellulose acetate (SCA); polycaprolactone (SPCL) and iv) poly(lactic acid) (SPLA)
[6]. These blends have been originally proposed by Rui L. Reis and his collaborators at U. Minho as

alternatives for hard tissue applications [17-20],

Starch based blends and composites were shown to be non-cytotoxic and potentially biocompatible 2.
22l and were proposed for several biomedical applications, including bone cements [23], drug delivery

systems 241, bone fixation devices 12°], and tissue engineering scaffolding [26-28],
2.1.1. Processing methods

Due to the thermoplastic behavior of the starch based blends and composites it is possible to produce
3-D porous scaffolds using traditional melt based technologies, such as compression moulding
combined with particulate leaching 2°1 and injection moulding [30. 311 or extrusion with blowing agents [2°.
32, This offers the unique advantage of avoiding the use of solvents that sometimes are detrimental for

the biomedical field.

Gomes et al. [ produced scaffolds from a blend of starch with cellulose acetate (SCA) by method
consisting on extrusion with different types and amounts of blowing agents. The porous structure of the
samples results from the gases released by the thermal decomposition of the blowing agents (BA)
during processing. Thus, by using different types and amounts of BA it was possible to obtain scaffolds

with different porosities in the range of 50-500 pm.

The same approach was used to produce scaffolds from a blend of corn starch/ethylene-vinyl alcohol
(SEVA-C) 321, The developed porous structures had 60% porosity with pore sizes between 200 and 900
Mm with an acceptable degree of interconnectivity. The limitation of this method is the difficulty in

controlling the pore size and interconnectivity between the pores.



Gomes et al. (291 used other melt based technology, compression moulding and particulate leaching, to
produce scaffolds from the same starch based blend (SCA). The obtained scaffolds possessed an open
network of pores through the sample with sizes ranging from 10 to 500 um and a porosity of about 50%.
The advantage of this technique is the possibility of tightly control the percentage of porosity and pore

size simply by varying the amount and size of the leachable particles.

SPCL (starch with ¢-polycaprolactone, 30:70%) and SPLA (starch with poly(lactic acid), 30:70%) based
scaffolds were prepared by a fibre-bonding process using fibres obtained by melt-spinning 1271, The two
types of scaffolds produced by this method exhibited a typical fibre-mesh structure, with a fibre diameter
of roughly 180 um for SPCL and 210 um for SPLA, with highly interconnected pores and a porosity of
approximately 75%. Both types of scaffolds exhibited better mechanical performance than most
scaffolds obtained from other biodegradable polymers aimed at tissue engineering applications.
Moreover, using fiber bonding method, different porosities of the fiber meshes scaffolds can be obtained

using different amounts (by weight) of fibers [33],

Duarte et al. proposed the use of supercritical fluid technology - supercritical immersion precipitation -
as a clean and environmentally friendly approach to prepare scaffolds from starch and poly(l-lactic acid)
blends 1261 and composites ¥4 for tissue engineering applications. The obtained matrices are highly
porous and interconnected and their morphology can be considered as a bicontinuous structure
composed of macropores (~75 pgm) and micropores with sizes ranging from 10 to 20 um and the
surfaces appear very rough. Therefore, the impregnation with Bioglass® did not affect the porosity or
interconnectivity of the starch based scaffolds [34. From the results obtained it was also possible to
conclude that pressure was the parameter that most affected the porosity, interconnectivity and pore
size of the prepared scaffodls [26]. The supercritical fluid technology can be also used to prepare drug-
loaded starch-based porous scaffolds in a one-step process [391. Scaffolds prepared by this method and
loaded with dexamethasone showed a sustained release over 21 days and had morphology comparable

to the unloaded ones.

A novel hierarchical starch-based scaffold, obtained by a combination of rapid prototyping (RP) and
electrospinning techniques, was developed aiming to overcome the high number of cells needed to
attain sufficient adherent cells to the RP scaffolds 136 These scaffolds were characterized by a 3D
structure of parallel aligned rapid prototyped microfibres (average fibre diameter, 300 um), periodically

intercalated by randomly distributed electrospun nanofibres (fibre diameters in the range 400 nm-1.4
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um). The interest of those systems was to improve the cell seeding efficiency of the systems obtained
by RP.

2.1.2. Starch in bone tissue engineering applications

Several studies reported in the literature have shown that starch based scaffolds can be used on bone
tissue engineering strategies by promoting the attachment, proliferation and differentiation of bone
marrow stromal cells 133. 371 and endothelial cells 18, It has been also demonstrated that the use of
starch-based scaffolds, in conjunction with fluid flow bioreactor culture, minimize diffusion constraints
and provide mechanical stimulation to the marrow stromal cells, leading to enhancement of

differentiation toward development of bone-like mineralized tissue 331,

Nevertheless, for a bone cell-scaffold construct to be successful it is necessary the establishment of a
functional vasculature. With this objective, Santos et al. 18] demonstrated that starch based fiber mesh
scaffolds are an excellent substrate for the growth of human endothelial cells (ECs) required for the
vascularization process. These findings, coupled with those reported for bone marrow cells, suggest
that starch based scaffolds may have a high potential for use as a scaffold material for vascularized

bone tissue engineering applications.

Very recently, it was shown that prevascular structures were induced by co-culturing outgrowth
endothelial cells (OECs) with primary osteoblasts on SPCL scaffolds, which were achieved without
additional supplementation of culture medium with angiogenic growth factors 39, Additionally, in cellular
constructs consisting of OECs and primary osteoblasts on SPCL implanted subcutaneously into a nude
mouse model, OECs formed vascular structures closely associated with the scaffold material and

embedded in a rich extracellular matrix produced by the primary osteoblasts.

Aiming to simulate the conditions found in vivo, Martins et al. [40 studied simultaneously the influence of
a-amylase and lipase on the degradation of SPCL fiber meshes as a function of immersion time and on
the osteodifferentiation of rat marrow stromal cells. Results indicated that culture medium supplemented
with enzymes enhanced cell proliferation after 16 days of culture and that lipase positively influenced
osteoblastic differentiation of MSCs and promoted matrix mineralization. Furthermore, in vivo studies
have also shown that different starch-based scaffolds (SCA, SEVA-C, and SEVAC/CaP) implanted into

bone defects created on the distal femur were well integrated in the defect site and surrounding marrow,
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indicating their biocompatibility, and that the early connective tissue occupying the bone/scaffold

interface could be characterized as an early form of bone (11,
2.1.3. Starch in cartilage tissue engineering applications

Oliveira et al. [42] tested the suitability of using corn starch-polycaprolactone (SPCL) scaffolds for on
cartilage tissue engineering approaches. With that intention, bovine articular chondrocytes were seeded
on SPCL and poly(glycolic acid) (PGA) non-woven scaffolds under dynamic conditions. The results
have showed that SPCL scaffolds can support bovine articular chondrocytes adhesion, proliferation and
differentiation. Moreover, contrarily to PGA scaffolds that presented a central area of cells depletion,
which can be a result of acidic by-products release from their hydrolytic degradation, inefficient cells
penetration or necrosis induced by high cellular densities, starch based scaffolds presented

homogeneous cell colonization throughout the scaffold structure.

In a different study, electrospun polycaprolactone (PCL) and starch-compounded PCL (SPCL) nanofiber
meshes were used to evaluate extracellular matrix (ECM) formation by bovine articular chondrocytes
(BACs) and their performance compared 3l. The data did not show obvious qualitative or quantitative
differences between the two materials; nevertheless, the authors consider advantageous to use SPCL,
not only because of its natural-based composition, but also because it allows for greater control of the

degradation kinetics and further functionalization of its structure.
2.2. CHITOSAN

Chitosan is obtained from the alkaline deacetylation of the biopolymer chitin, the second most abundant
organic materials, which can be found in shells of marine crustaceans and cell walls of fungi (4],
Structurally, chitosan is a linear polysaccharide consisting of N-glucosamine (deacetylated unit) and N-
acetyl glucosamine (acetylated unit) units linked by B(1—4) glycosidic bonds (Fig. 1.2). The degree of
deacetylation (DD) is the glucosamine / N-acetyl glucosamine ratio and usually can vary, depending on
the source, from 30% to 95%. The degree of crystallinity of chitosan is manly controlled by the degree of
deacetylation being maximum for both chitin (i.e. 0% deacetylated) and fully deacetylated forms (100%

chitosan) and minimum for intermediate degrees of deacetylation 5I,
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Figure 1.2. Chemical structure of chitosan

Chitosan is degraded by enzymatic hydrolysis being lysozyme the primary agent of in vivo degradation
1461, The degradation rate is inversely related to the percentage of crystallinity which is, as referred,
controlled mainly by the degree of deacetylation. Highly deacetylated forms (e.g. 85%) exhibit the lowest
degradation rates and may last several months in vivo #7l. The degradation products are chitosan

oligosaccharides of variable length.

Chitosan is normally insoluble in neutral or basic pH conditions. However, it is soluble in weak or dilute

acids (pH<6), and can be easily processed into films and porous scaffolds (8,

Chitosan is biocompatible evoking minimal foreign body reaction, with little or no fibrous encapsulation
when implanted as scaffold 1491, Much of the potential of chitosan as biomaterial for tissue engineering
can be partially justify by its structural similarity to glycosaminoglycans (GAGs), as it possesses the
same glucosamine residues, which are the major components of the extracellular matrix of cartilage 71,
Since GAGs properties include many specific interactions with growth factors, receptors and adhesion
proteins, this suggests that the analogous structure in chitosan may also have related bioactivities [,
Moreover, chitosan’s cationic nature also allows it to interact with anionic GAGs, proteoglycans and
other negatively charges species. This property can be of great interest since it may serve as a
mechanism for retaining or accumulating these molecules within a tissue scaffold during colonization or

after implantation 181,
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2.2.1. Processing methods

A very interesting property of chitosan is that it can be transformed into 3-D high porous structures with
high degree of interconnectivity using several technologies. For example, porous scaffolds can be
produced by lyophilizing a frozen solution of chitosan powder dissolved in acetic acid “8. 51, The
obtained scaffolds had a porosity of ~80% and a median pore diameter of ~68 um. The mean pore
diameters can be controlled within the range of 1-250 um by varying the freezing conditions 18], The
main limitation of those structures is that the mechanical properties are very low for connective tissue

applications.

Abdel-Fattah et al. 521 used chitosans with different degrees of deacetylation to produce chitosan
microspheres and of 3-D porous chitosan matrices via a sintered microsphere technique. The median
pore size and porosity level of the obtained scaffolds was ~200 um and ~20%, respectively. The
porosity of the scaffolds was considered to be too low and was attributed to the large size of the
microspheres. A similar particle aggregation approach was followed by Malafaya et al. 5% to produced
chitosan-based scaffolds intended to promote neo-vascularization. Quantitative analysis of porosity,
pore size and interconnectivity were accessed by microCT. The obtained results were ~28%, ~265 pum
and 95% respectively. Moreover, it was concluded that porosity morphology of the scaffolds produced
by this technique will allow for tissue ingrowth resembling those of trabecular bone, if this application is

considered. The main limitation of this technique is the level of porosity that may be considered too low.

Wet spinning is one of the mostly used methods to produce natural fibres, and was used to prepared
chitosan fibres and 3-D fibre meshes ¥4l The obtained scaffolds had an average pore size in the range

of 100-500 um which is ideal for bone related applications.

Until very recently, the methods to produce chitosan scaffolds were based on the use of solvents.
Nevertheless, Correlo et al. 5% produced chitosan/polyester 3D porous scaffolds suitable for supporting
the adhesion, proliferation, and osteogenic differentiation of mouse MSCs 1561 using for the first time melt
based processing technologies. All the scaffolds were produced by melt based compression moulding
followed by salt leaching. By using this technique it was possible to obtain scaffolds with distinct
properties concerning porosity, pore size, interconnectivity and mechanical performance by varying the
porogen particle size and amount and by varying the ratio and type of aliphatic polyester used in the
blend.
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In a different concept, Martins et al. ¥7! reported the production of chitosan based scaffolds with the
ability to form a porous structure in situ due to the attack by specific enzymes present in the human
body (a-amylase and lysozyme). The in vitro formation of pores, controlled by the location of the
“sacrifice” phase (native starch), was evident, although pore formation is expected to occur more rapidly

in vivo, due to the presence of other enzymes and cells.
2.2.2. Chitosan in bone tissue engineering applications

In vitro tests have shown that chitosan based scaffolds support the adhesion and proliferation of
osteoblasts 4 %81, Costa-Pinto et al. [ confirmed that chitosan/polyester based scaffolds support
adhesion, viability/proliferation and osteogenic differentiation of a mouse mesenchymal stem cell line

(BMC-9) and therefore may be used for cell-based therapies in the bone tissue engineering field.

The inclusion of bioactive ceramics in the scaffold composition can confer osteoconductive and even
osteoinductive properties to the final structure that will guide bone formation. In vitro studies have shown
that the use of chitosan based scaffolds prepared with biphasic calcium phosphate (BCP) for culture of
MSCs and preosteoblasts increased bone tissue formation (9. In a different study, the incorporation of
hydroxyapatite (HA) into chitosan-gelatin composite scaffolds promoted in vitro initial adhesion and
enhanced osteogenic differentiation of hMSC [0, Porous scaffolds from collagen-chitosan-
hydroxyapatite were characterized by possessing high histocompatibility and suitable material to be use
as bone substitute ©'1. Nano-hydroxyapatite/chitosan/carboxymethyl cellulose composites have shown
promising properties to be used as bone repair materials 162. Moreover, in vivo studies have shown that
a composite consisting of calcium phosphate cement (CPC), chitosan fibres and gelatin displays the

ability to form new bone more rapidly, with faster bioresorption, than pure CPC [63],

Several reports on the literature have shown that the development of apatite coatings on polymeric
scaffolds using biomimetic approaches enhance the cell adhesion and proliferation, being an interesting
method to enhance biomaterials properties aimed for bone tissue engineering applications [64-661,
Chitosan based fiber mesh scaffolds with a bone-like apatite coating have shown to posses higher cell
adhesion and proliferation as compared to the uncoated samples 1661, Mineralized chitosan scaffolds with
hydroxyapatite nanocrystals at its surface and within the pore channels induce the formation of

extracellular matrix but did not significantly influenced the growth of human osteoblasts (SaOs-2) 5],
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The performance of tissue engineering constructs can be greatly enhanced through the incorporation of
bioactive agents. Chitosan scaffolds have been modified with RGDS enhancing the rat osteosarcoma
(ROS) cells attachment 71, In a different study, chitosan/collagen scaffold loaded adenoviral vector
encoding human bone morphogenetic proteins (BMP7) were implanted into defects on both sides of the
mandible 8], The results have shown that the scaffold containing Ad-BMP7 exhibited the higher ALP
activity, and the expression of osteopontin and bone sialoprotein were up-regulated. Moreover, in
defects around implant, the bone formation in Ad-BMP7 scaffolds was greater than that in other
scaffolds. In addition, in vivo analysis using a mouse implantation model have shown that although there
was a large migration of neutrophils into the implantation area, there were minimal signs of any
inflammatory reaction to the chitosan scaffolds, demonstrating that chitosan has a high degree of
biocompatibility in this animal model 191, Recently, chitosan based scaffolds implanted into rat muscle-
pockets shown a mild inflammatory response commonly observed in the implantation of foreign bodies
in vivo 53], In addition, neo-vascularization of the implants created by new blood vessels formation was
clear even after only 2 weeks of implantation. This process evolved significantly for a longer periods of
time, showing that the scaffolds characteristics were favourable to obtain integration with the host

tissue.
2.2.3. Chitosan in cartilage tissue engineering applications

The structural and chemical similarity of chitosan with GAGs makes it an interesting candidate material
to be used on cartilage tissue engineering applications. Studies conducted with chitosan scaffolds and
porcine chondrocytes have shown that these scaffolds supported cell attachment and maintenance of

the typical rounded cell morphology, suggesting that they can be a useful alternative to synthetic ones
(511,

The intrinsic properties of chitosan (cationic nature and hydrophilicity) are often explored by blending it
with other synthetic biodegradable polymers, namely with aliphatic polyesters. Wu et al. (]
demonstrated that PDLLA/chitosan scaffolds exhibited higher attachment, proliferation and spreading of
chondrocytes compared to pure PDLLA ones. Similar results were obtained with chitosan-PLGA
composite fibrous matrices [79. In a different study, PLLA microspheres coated with chitosan, exhibited
stronger ability to promote cell attachment and proliferation, and maintain the secretion function of the
chondrocytes (especially the ones with larger chitosan amount) ["1l. Scaffolds produced from chitosan

and polybutylene succinate blends using melt based technologies have shown to be appropriate for
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supporting cell growth and differentiation using chondrogenic differentiation medium, suggesting that

they should be considered for further studies in the cartilage tissue engineering field [72],

The combination of gene therapy and tissue engineering have been paid much attention as a novel
approach to treat cartilage defects. Guo et al. [/3 7 produced gene-activated matrices (GAM) by
incorporating plasmid DNA into chitosan-gelatin scaffolds. Chondrocytes cultured on these GAM
maintained their round shape and cell clusters were surrounded with extracellular matrix composed of
proteoglycans and type Il collagen. In addition, in vivo studies have shown that chitosan-gelatin three-
dimensional scaffolds containing plasmid DNA encoding TGF-B1 facilitated new cartilage tissue
production when implanted into cartilage defects of rabbit knee joints [31. In a different study, autologous
MSCs modified with the TGF-$1 gene were seeded into chitosan scaffolds and then implanted into the
full-thickness articular cartilage defects of rabbits’ knees [/, Twelve weeks after implantation, the
defects were filled with regenerated hyaline-like cartilage tissue suggesting that the repair of cartilage
defects can be enhanced by TGF-1 gene-modified-tissue engineering of cartilage on the basis of a

strategy using MSCs, chitosan, and liposomal transfection.

An in vivo study using a large animal model revealed that when oMSC were seed in presence of
chitosan-based scaffold and TGF-3 can be differentiated into chondrocyte-like cells surrounded by a

hyaline-like cartilaginous matrix that was integrated to the host cartilage [76l.
2.3. COLLAGEN

Collagen is the most abundant structural protein in the connective tissue’s extracellular matrices and
acts as the natural scaffold for cell attachment in the body. It gives mechanical stability, strength and
toughness to a range of tissues. In special cases like bone and dentin the stiffness is improved by the

inclusion of minerals 771,

The hallmark of a collagen is a molecule that consists of three polypeptide chains (a chains), each
having a general amino acid motif of (-Gly-X-Y)n, where the residues for X and Y are frequently the
amino acids propline (Pro) and hydroxyproline (Hyp) being Gly-Prol-Hyp the most common triplet found
in collagen 78 791, This repeating sequence allows the chains to form a right-handel triple-helical
structure, with all glycine residues buried within the core of the protein, and the residues X and Y
exposed on the surface 78 801, The individual triple helices are usually arranged in fibrils which provide

high tensile strength.
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Figure 1.3. Overall collagen structure a) van der Waals model of the helical structure of collagen and b) three single chains

intertwined into a triple-stranded helix. (adapted from [8l)

To date, more than 20 genetically distinct types of collagen have been identified. Collagens |-V are the
five major types being type | collagen the most abundant form and can be isolated from adult connective
tissues, including skin, tendons, and bone [79l. Type Il can be found in cartilage, the developing cornea,
and in the vitreous body of the eye ©#'l. It can be isolated and purified from various animal species by
enzyme treatment being bovine collagen the most commonly used type of collagen. Nevertheless, as
alternative to the possible complications that can occur from using bovine origin collagen (risks of
bovine spongiform encephalopathy — BSE - transmission), porcine collagen 2] or, even more safer,
collagen from marine sources (83 are often used on scaffolds production. Human recombinant collagen
has also become available and can be used in scaffolds manufacturing ©4.. Collagen possesses several
advantages including biodegradability, low immunogenicity, and the ability to promote cellular
attachment and growth making it an attractive component of tissue engineering scaffolds 191, In the
human body, collagen is degraded largely through the activity of the metalloprotease collagenase and
some serine proteases [l By altering the degree to which it is crosslinked, it is possible to adapt the
mechanical properties and degradation rate of collagen. Furthermore, the abundance of functional
groups along its polypeptide backbone makes it highly receptive to the binding of genes, growth factors

and other biological molecules 661,
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2.3.1. Processing methods

Collagen has been widely used to prepare scaffolds for bone and cartilage tissue engineering. The most
used process to produce collagen scaffolds is freeze-drying. This process consists in freezing an
aqueous solution of collagen followed by the sublimation of the ice crystals by vacuum at low
temperature. 3D scaffolds consisting of mineralised collagen type |, with a composition that mimics
extracellular matrix of bone tissue, were generated by a freeze drying process, whereas the pore size

could be controlled by temperature and the freezing velocity [©71.

An improved method was developed by O’Brien and co-workers 8] consisting on using a lyophilisation
or freeze-drying process whereby a suspension of collagen and glycosaminoglycans (GAG) in acetic
acid is cooled at a constant rate to a final temperature of freezing to produce collagen-GAG scaffolds
with homogeneous pore structure. It was also found that by varying the final freezing temperatures, a
range of homogeneous collagen-GAG scaffolds with varying mean pore sizes could be produced 9. In
a different study, Chen et al. used a freeze-drying technique to produce PLGA-collagen hybrid meshes
by forming collagen microsponges in the opening of PLGA knitted meshes [0. 911, Recently, Kanungo et
al. ¥2 produced collagen-GAG scaffolds with varying mineral content via a triple co-precipitation method
followed by freeze-drying. Although the scaffolds have shown to possess pore size adequate for bone
growth, the mechanical properties were lower than those of mineralized scaffolds made by other
techniques, as well as cortical and cancellous bone. In a different study, solvent casting/particulate
leaching process was used to produce PLGA-collagen scaffolds 13l These scaffolds are characterized
by being ease to fabricate and by possessing a porous structure with a consistent interconnectivity

throughout the entire scaffold.

Electrospinning was used to produce a 3-D nanofibrous matrix of Type | collagen aiming to mimic as
close as possible the native extracellular matrix (ECM) 4. The electrospinning process consists on
using an electrical field gradient to pull a charged polymer solution towards a grounded collector,

resulting in a non-oven mesh of nanofibres.

To overcome some limitations of scaffolds related with cell migration and nutrients diffusion constrains,
collagen and collagen-hydroxyapatite scaffolds were produced combining critical point drying and solid
freeform technologies 95 %l These methods allow controling the pore size, biodegradation and
mechanical properties of the produced scaffolds and the incorporation of microchannels vasculature on

their interior that can overcome the diffusion limitations of current foam scaffolds 71. In vitro and in vivo
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studies demonstrated that these scaffolds supported osteogenesis and chondrogenesis using HBMSCs
and that the introduction of microchannels to scaffolds architecture enhanced chondrogenesis [,
Aiming to generate scaffolds closely resembling the natural extracellular matrix components of bone,

this processing method has been modified to produce collagen-hydroxyapatite scaffolds [#9].

Microfabrication is a promising technique for generating high-precision scaffolds. Chin et al. [100]
developed a microfabrication strategy, based on gelling collagen-based components inside a
microfluidic device, that produces well-controlled pore sizes inside the scaffold. This approach has some
disadvantages including the need for dehydrating the scaffold before peeling and the delicate handling

required for thin hydrogel structures.

Lui et al. ['01] produced a gradient collagen/nano-HA composite scaffold, with a Ca-rich side and a Ca-

depleted side, aiming applications in tissues with gradient properties, such as osteochondral bone.

The controlled release of signaling molecules, such as growth factors from the scaffolds is critical for
tissue repair, by providing cell guidance and development. PLGA- based microspheres encapsulating a

model protein were imbedded in collagen and collagen/HA scaffolds [102],
2.3.2. Collagen in bone tissue engineering applications

Collagen type | is the major organic component of the ECM in bone and can play an important role in
bone tissue engineering. Type | collagen (bovine) is the basis of several commercial products including
Collapat 11, Healos®, Collagraft® and Biostite® among others 1. Several studies demonstrated that the
use of type | collagen matrices can promote osteogenic differentiation and mineralization of marrow
stromal cells and human adipose stem cells 194 103, 1041 |n a different study, it was demonstrated that a
collagen scaffold (Gingistat®) is suitable for supporting MSC distribution and their commitment to form
bone tissue 11931, The in vitro evaluation of the degradation time of the collagen sponge (degraded in 4-5
weeks) suggested that its use in in vivo experiments may be hindered by the scaffold’s complete

dissolution prior to the healing process and bone formation is completed.

Tierney et al. 1'% examined the effects of varying collagen concentration and crosslink density on the
biological, structural and mechanical properties of collagen-GAG scaffolds for bone tissue engineering.
The results indicated that doubling the collagen content to 1% and dehydrothermally crosslinking the
scaffold at 150 °C for 48 h has enhanced mechanical and biological properties of the scaffold making it

more attractive for use in bone tissue engineering.
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Aiming to mimic the microstructure and composition of the extracellular matrix of bone, several studies
have been conducted to produce scaffolds based on collagen type | combined with hydroxyapatite [98.
107,108, These collagen—HA composite scaffolds supported the osteogenic differentiation of human bone
marrow-derived stromal cells (hBMSCs) both in vitro and in vivo. Additionally, extensive new osteoid
formation of the implant was observed in the areas of vasculature, in vivo. In a different study it was
demonstrated that porous nanocomposite scaffolds containing collagen fibres and synthetic apatite
nanocrystals successfully healed critical-sized defects in the femur of Wistar rats and on the tibia of

Yorkshire-Landrace pigs [108],
2.3.3. Collagen in cartilage tissue engineering applications

Cartilage tissue engineering methods involving scaffolds made from collagen hold great promise for the
treatment of cartilage defects. Negri et al. 0% have shown that human articular cartilaginous cells can
multiply and grow on type | collagen substrate with production of extracellular matrix. Buma et al. [110]
evaluated the effect of cross-linked type | and type Il collagen matrices, with and without attached
chondroitin sulfate, on the tissue response after 4 and 12 weeks of in vivo implantation. This study
allows concluding that different types of collagen matrices induce different tissue responses in full-
thickness articular cartilage defects, suggesting that a composite matrix consisting of a deep layer of
type | collagen and a more superficial layer of type Il collagen may provide the needed conditions for

cartilage regeneration.

Dorotka et al. have shown that although the collagen matrix was an adequate environment for BMSC in
vitro, only the matrices seeded with autologous cells in combination with microfracture created the
conditions that facilitate hyaline-like cartilage regeneration in vivo ['1. 1121, The successful control of the
cartilage tissue shape was reported by using rabbit bone marrow cells seeded on collagen sponge
scaffold and cultured in a rotating wall vessel (RWV) bioreactor ['3l. Moreover, it was demonstrated that
the use of a collagen scaffold enhanced the glycosaminoglycan (GAG) content, strengthened the
compression strength of the product and shortened the culture period necessary before tissue

transplantation.

The production, in vitro, of cartilaginous constructs with varying degrees of maturity (e.g., with different
GAG content) may be advantageous for cartilage tissue engineering strategies. Pfeiffer et al. [14]

demonstrated that it is possible to control the degree of maturation of tissue-engineered cartilaginous
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constructs. The cross-linking density of type Il collagen scaffolds was proposed to be determinant for

the GAG density of chondrocyte-seeded constructs.

Sato et al. % seeded PLLA sponges and PLLA—collagen hybrid sponges with bovine articular
chondrocytes and implanted them in athymic nude mice. The in vivo studies have shown that
cartilaginous tissue was more widely formed and more homogeneously distributed in the PLLA—collagen
hybrid sponge than in the PLLA sponge throughout implantation period. More recently, Chan et al. [116]
developed self-assembled injectable collagen-human mesenchymal stem cell (hnMSC) microspheres by
microencapsulation. An in vivo implantation study conducted using the developed collagen-hMSC
microspheres shown the fabrication of cartilage-like tissue micro-masses with good host tissue

integration (1171,

The promising result using collagen based scaffolds to promote cartilage regeneration conduct to their

use in clinical cases [118-120],
2.4. POLYHYDROXYALKANOATES

Poly([R]-hydroxyalkanoates) (PHA) are a family of polyesters that can be produced by a large number of
bacteria as carbon storage compound under metabolic stress, such as limitation of an essential nutrient
(121, 1221 PHA chemical and physical properties depend on the monomeric composition that is
determined by the producing microorganism and their nutrition ['21]. PHA is composed of 3-, 4- or rarely
5-hydroxy fatty acid monomers, which form linear polyesters. The general chemical structure is shown

in Figure 1.4.

H"'M /?\)I\x
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Figure 1.4. General structure of poly ([R]-hydroxyalkanoates)
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To date, more than 100 different monomers have been reported, nevertheless most of the studies are
focused on poly 3-hydroxybutyrate (PHB), the simplest and first to be discovered. ['23], PHB is a semi-
crystalline thermoplastic with a melting temperature of~177 °C and glass transition temperature of ~4°C.
It can be processed by melting or by solvent based technologies 122, PHB is a relatively stiff and brittle
material what limits their application ['4. To overcome the limitation in properties and the narrow
processing window of PHB, many studies have proposed the use of copolymers of 3-hydroxybutyrate
and 3-hydroxyvalerate (PHBV), poly 4-hydroxybutyrate (P4HB), and copolymers of 3-hydroxybutyrate
and 3-hydroxyhexanoate (PHBHHx) [129].

In general PHA are biodegradable, with good biocompatibility (4. PHA can be degraded in 3-9 months
by many microorganisms into carbon dioxide and water. Their primary breakdown products 3-
hydroxyacids that are naturally found in the human body (R-3-hydroxybutyric acid is a normal
constituent of blood). However, PHB has a rather low degradation in the body due to its high
crystallinity. Thus, medical studies are more focused on the co-polymer PHBV), which being less

crystalline undergoes degradations at a much faster rate [123],
2.4.1. Processing methods

Electrospinning was used to produce ultrafine mats from PHB, PHBV, and their 50/50 w/w blend to be
used as bone scaffolds [26], In a different study electrospinning was used to fabricate nanofibers with an
average diameter of 300-500nm, and nanofibrous membranes from PHBHHXx ['27]. An improved method,
consisting on combining conventional electrospinning with a gas-jet was developed to produce PHB
based scaffolds containing nanosized hydroxyapatite and possessing an extracellular matrix-like

topography [128],

PHBV and PHBV/HA composite scaffolds can be fabricate using the emulsion freezing/freeze-drying
technique 1'2. These scaffolds were characterized by being highly porous, with pore size ranging from
several microns to around 300 um, and interconnected porous structure. Moreover, the incorporation of
HA besides rendering osteoconductivity, lowered the crystallinity of PHBV matrix and enhanced the

mechanical properties of the composite scaffolds.

PHBHHXx scaffolds were prepared by directional freezing and phase-separation [130], The scaffolds were
characterized by possessing uniaxial microtubular structure able of guiding cell growth and by

possessing anisotropic mechanical properties. Moreover, it was possible to adjust the structure and
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mechanical properties of the scaffolds by changing the PHBHHXx concentration, solvent and freezing
temperature. In a different study, Wang et al. 311 produced PHBHHx scaffolds using a solvent-
lyophilizing method. The scaffolds had a non-directional porous structure, with an average pore size of

100 um and a porosity of 90%.

PHB and PHBHHXx scaffolds with or without addition of HA can be produced by combining solvent
casting with salt leaching ['32. 133], |n a different study, PHBV scaffolds were prepared by combining
freeze-drying and particulate leaching aiming to create a scaffold with high porosity and uniform pore
sizes ['3], The produced scaffolds were further treated with rf-oxygen plasma to modify their surface
chemistry and hydrophilicity. The results have shown that the pore size, porosity and pore morphology
could be controlled by the polymer concentration, presence and size of leachable solutes and surface
modification. Sun et al. [135] used a solvent free technique consisting on compression moulding, thermal
processing and salt particulate leaching method to produce PHBV scaffolds. The obtained scaffold
exhibited macroporous structure with interconnected open pores with size varying from 30 ym to 300
pm and a porosity of 80% £ 1.2. A similar approach was followed to prepare composite scaffolds of

PHBV with bioactive wollastonite [136],
2.4.2. Polyhydroxyalkanoates in bone tissue engineering applications

It has been shown that PHB scaffolds seeded with human maxillary osteoblasts can induce ectopic
bone formation ['37]. Rat marrow osteoblasts were cultured on PHBV scaffolds and bone formation was
investigated in vitro over a period of 60 days ['3]. The results have shown that osteoblasts could grow
inside the scaffolds and lead to mineralization making them suitable to be used one bone tissue

engineering.

The in vitro biocompatibility of PHB, PHBHHx and PLA scaffolds for growth of osteoblasts was studied
and compared [132], It was found that PHBHHXx had the best performance on attachment and proliferation

of bone marrow cells than PLA scaffolds.

More recently, it was also demonstrated that 3-hydroxybutyrate (3HB), one of the degradation products
of PHA, supported in vitro differentiation of murine osteoblast MC3T3-E1 in direct proportion to its
concentration [139. This study also revealed that 3HB administration can become an effective agent

against osteoporosis.
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Incorporation of HA into PHA allows the production of bioactive and biodegradable composite scaffolds
for bone tissue engineering applications. In vitro studies have shown that PHB scaffolds containing
nanosized hydroxyapatite had positive effects on attachment, proliferation and differentiation of BMSCs
(28] Similar results were obtained by Wang et al. ['33], that has shown that the addition of HA to PHB
increased mechanical properties and osteoblast responses including cell growth and alkaline
phosphatase activity. Nevertheless, in the case of composite scaffolds made from PHBHHx the addition

of HA had an adverse effect.
2.4.3. Polyhydroxyalkanoates in cartilage tissue engineering applications

Sun et al. 1391 studied the possibility of using PHBV matrices on cartilage tissue engineering applications
and the results have shown that that the chondrocytes maintained their activity, fully expressed their
phenotype and produced the extracellular matrix after incubation in vitro on the scaffolds for 7 days. In a
different study, PHBV and collagen containing calcium phosphate (CaP-Gelfix®) scaffolds were
implanted into a full thickness cartilage defects (4.5 mm in diameter and 4 mm in depth) at the patellar
groove on the right and left knees of eight rabbits 1401, The in vivo results shown that PHBV matrices
seeded wit chondrocytes presented early cartilage formation resembling normal articular cartilage and

revealed minimal foreign body reaction and better healing response than CaP-Gelfix®.

Deng et al. studied the possibility of using PHB and PHB/PHBHHXx scaffolds on the growth of
chondrocyte culture ['41. 142 The results showed that chondrocytes proliferated better on the
PHB/PHBHHXx scaffolds than on PHB ones ['42. Moreover, results obtained by combining second-
harmonic generation imaging technique, with confocal fluorescence microscopy revealed that PHBHHx
in PHB scaffold provided better surface properties for anchoring type Il collagen filaments and their

penetration into internal layers of the scaffolds [141].

Very recently, Wang et al. ['31] evaluated the potential of PHBHHXx scaffolds using an rabbit articular
cartilage defect model and concluded that these scaffolds provided a favorable environment for
chondrocytes' proliferation, migration and differentiation, both in vitro and in vivo. This study has shown
that after 16 weeks of in vivo implantation, it was possible to achieved successful full thickness cartilage

repair using PHBHHx scaffolds seeded with allogeneic chondrocytes.
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2.5. SILK FIBROIN

Silks are natural fibrous proteins produced by a variety of species, including lepidoptera, scorpions and
spiders. Silks differ widely in composition, structure and properties depending on the specific source.
The most extensively characterized silks are from the domesticated silkworm, Bombyx mori, that have

been the primary silk-like material used in biomedical applications particularly as sutures [143. 144],

Silkworm silk is composed of a filament core protein termed fibroin (the major component), and sericin a
water-soluble glue-like protein that bind the fibroin fibers together ['45]. Silk fibroin is a hydrophobic
glycoprotein and consists of heavy and light chain polypeptides of~350 and ~25kDa, respectively, linked
by a disulfide bond [46. 1471, The light chain, which is linked to the heavy chain, plays only a marginal role
in the fiber. The larger heavy chain is glycine (Gly) rich and most of its amino acid composition consists

of glycine (Gly), alanine (Ala), and serine (Ser) (148,

Figure 1.5. The conformation of a repeated B-turn type Il — like molecules as a model for silk | proposed by Asakura et al.
(adapted from [1491)

In the solid state, silk fibroin from B. mori can assume two distinct crystalline structures, namely silk |

(before spinning) and silk Il (after spinning) 1491, Structure determination of silk | was difficult because
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any attempt to study it caused a conversion of the silk | form to the silk Il form. A structural model (Fig.
1.5) was proposed by Asakura et al. that can be called as a repeated B-turn type Il structure [149],
Regarding the silk Il structure, although there are some reports suggesting the possession of some
intrinsic structural disorder, they are basically in accordance with Marsh’s antiparallel 3-sheet model

based on a fiber diffraction study [50],

The motivation in using fibroin in biomedical and tissue engineering applications derives from the unique
mechanical properties of these fibers, the versatility in its processing, as well as its biocompatibility and
low inflammatory response [144. 151153 Immunogenic reactions to silk sutures have been largely
attributable to the sericin proteins [153]. Twenty-five to thirty percent of the silk cocoons are composed of
sericins that can be removed by boiling the material in an alkaline solution to obtain purified silk fibroin
(%41, While silk is a FDA approved biomaterial defined by the US Pharmacopeia as non-degradable,
fibroin is proteolytically degrade with predictable long-term degradation characteristics [143. 1551, The
susceptibility to proteolytic hydrolysis of silk fibroin structures can be enhanced by using all-aqueous
process for their preparation ['%6]. More recently, in vivo studies have also demonstrated that besides the
processing method, the processing variables (silk fibroin concentration and pore size) also affected the

degradation rate [151],
2.5.1. Processing methods

It is well known that silk fibroin can be processed into various products with different morphologies by
using different methods (versatile processability). Nazarov et al. ['57] used three fabrication techniques,
freeze-drying, salt leaching and gas foaming, to form porous three-dimensional silk biomaterial matrixes.
Freeze-dried scaffolds, processed with 15% methanol or 15% 2-propanol, at -20 or -80 °C, presented
highly interconnected and porous structures with pores pore size with diameters of 50 + 20 um.
Moreover, some of the scaffolds formed two layers, an upper more porous flakelike layer and a bottom
layer that was more condensed and compact. The salt leached scaffolds used NaCl as a porogen,
formed pores with sizes of 202 + 112 pm. Although the pores were larger in comparison to those
generated by the freeze-drying method, the pore structure was not as highly interconnected. Scaffolds
formed by gas foaming (ammonium bicarbonate was used as the porogen) showed a highly
interconnected open pore morphology with diameters in the range of 155 £ 114 um. Furthermore, the
gas foamed process did not leave a skin layer on the surface of the scaffold allowing to conclude that

the scaffolds formed by gas foaming were the best of the matrices prepared. Aiming to avoid the use of
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organic solvents or harsh chemicals, Kim et al. '] reported the formation of 3-D silk fibroin porous
scaffolds prepared by an all-aqueous process. By adjusting the concentration of silk fibroin in water and
the particle size of NaCl used in the process it was possible to control the morphological and functional

properties of the scaffolds.

A salt leaching method with sieved NaCl crystals was used by Hofmann et al. ['%8] aiming to engineer 3D
silk fibroin scaffolds with separate domains of different pore diameters on a single scaffold. The
produced scaffolds had mixed pore sizes with pore diameters of 112-224 um on one side and 400-500

pm on the other side of the scaffold and a porosity of ~95%.

Due to the high surface area, fibers with nanoscale diameters can provide benefits on tissue
engineering applications. Thus, electrospinning has been used in the fabrication of silk-based
biomaterial scaffolds and to improve the processibility of silk solutions, polyethylene oxide (PEO) can be
blended with the aqueous solution of fibroin [%9. Moreover, biomimetic alignment of fibers can be
achieved using a cylindrical target and controlled as a function of its speed during electrospinning of a
silk fibroin solution blended with PEO ['60, However, nanofibrous scaffolds developed through
electrospinning technique might have structural limits for cell proliferation because pore size is too small
for the cells to grow inside. Aiming to overcome this limitation, nanofibrous silk fibroin scaffolds were
prepared via electrospinning followed by a salt-leaching method ['61l. The obtained scaffolds had
uniformly distributed pores and high porosity (about 94%), but low pore interconnectivity, with various

pore size (58-930 um).

Recently, direct ink writing was used to fabricate microperiodic scaffolds of regenerated silk fibroin [62],
The method consisted on extruding a ink (fibroin solution) in a layer-by layer fashion through a fine
nozzle to produce a 3D array of silk fibroin fibers with 5 um in diameter that are much finer than those

produced by other rapid prototyping methods.
2.5.2. Silk fibroin in bone tissue engineering applications

Silk fibroin is an attractive biomaterial in which mechanical performance and biological interactions are
major factors for success including bone tissue engineering. Silk fibroin scaffolds have been shown to
be suitable substrates to engineer bone-like tissue in vitro [63. 164 Human mesenchymal stem cells
(hMSCs) cultured on porous and three-dimensional silk scaffolds were differentiated into bone

depositing cells in vitro, which resulted in the formation of a trabecular-like network of tissue-engineered
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bone structures 63, |t was also demonstrated that, the implantation of silk fibroin scaffolds cultured with
human mesenchymal stem cells pre-differentiated along an osteoblastic lineage promoted bone

formation in critical sized cranial ['65] and mid-femoral segmental [66] defects.

Aiming to improve bone tissue engineering outcomes, BMP-2 was loaded in porous silk fibroin scaffolds
[167]. The results have shown that BMP-2 induced hMSCs to undergo osteogenic differentiation when the
seeded scaffolds were cultured in medium supplemented with osteogenic stimulants. Moreover, when
implanted in critical sized cranial defects in mice, scaffolds loaded with BMP-2 and seeded with hMSCs
resulted in significant bone ingrowth. In vitro bone formation from hMSCs was significantly improved by
incorporating functional factors, such as BMP-2 and a bone-like mineral hydroxyapatite into silk fibroin

scaffolds [168, 169],

Bone is a complex hierarchical structure having variable pore sizes. Aiming at mimicking the
physiological tissue morphology, Hofmann et al. 18] engineered different bone-like structures using
scaffolds with small pores (112-224 mm) in diameter on one side and large pores (400-500 mm) on the
other. Analysis conducted using microCT revealed that the pore structures of the newly formed tissue
and suggested that the structure of tissue-engineered bone was controlled by the underlying scaffold

geometry.

One of the major challenges on bone repair and regeneration is vascularization. One of the currently
approaches to improve the vascularization of bone tissue engineered constructs is the pre-
vascularization by including endothelial cells. Outgrowth endothelial cells (OECs), isolated and
expanded from heterogeneous human peripheral blood cultures were investigated regarding their ability
to serve as an autologous cell source for the endothelialization of 3-D silk fibroin scaffolds ['701. Results
have shown both a close interaction of OECs with the scaffolds and the formation of microvessel-like
structures induced by angiogenic stimuli involved in the processes of neo-vascularization. More
recently, Fuchs et al. [l have shown that OECs in co-culture with human primary osteoblasts on silk

fibroin scaffolds formed highly organized pre-vascular structures.
2.5.3. Silk fibroin in cartilage tissue engineering applications

Meinel et al. ['"2] studied the used highly porous, slowly degrading HFIP-derived silk fibroin scaffolds and
human mesenchymal stem cells (hMSCs) for in vitro cartilage tissue engineering and compared the

results with unmodified and crosslinked collagen scaffolds. The results have demonstrated that hMSCs
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attachment, proliferation, and metabolic activity were markedly better on slowly degrading silk than on
fast-degrading collagen scaffolds. Similar results were obtained with hMSCs cells seeded on silk fibroin

and collagen scaffolds and cultured in serum-free chondrogenic medium 73],

In a different study 3-D aqueous-derived silk fibroin scaffolds (prepared by salt leaching) have been
successfully used for in vitro cartilage tissue engineering using adult mesenchymal stem cells (MSCs)

(174 and adult human chondrocytes (hCHs) [175],

Surface treatments can benefit the fabrication of scaffolds with modified surface for tissue engineering.
Treating electrospun nanofibrous silk fibroin scaffolds with microwave-induced argon plasma

significantly increased the attachment, proliferation and GAG synthesis of chondrocytes [161],

Selecting the appropriate cell source for cartilage tissue engineering may be challenging. Tigh et al. ['76]
studied the chondrogenic potential in a 3D culture of human chondrocytes, human embryonic stem cells
and mesenchymal stem cells (derived from human embryonic stem cells, bone marrow and adipose
tissue). The cells were cultured with or without BMP6 on silk fibroin and chitosan scaffolds. BMP6-
modified silk fibroin scaffolds cultured with MSCs (derived from human embryonic stem cells) are
suggested as the most promising system to use for cartilage regeneration. However, since
chondrogenesis was incomplete and was not homogeneous throughout scaffold, further studies
optimizing the in vitro culture conditions, such as using dynamic cultivation were suggested. The
potential of silk fibroin scaffolds loaded with insulin-like growth factor | (IGF-I) was also explored in the
context of cartilage tissue engineering ['77. hMSC were seeded on unloaded and IGF-I loaded scaffolds
in TGF-B supplemented medium. Chondrogenic differentiation of hMSC was observed only on IGF-|

loaded scaffolds suggesting their potential to be used on cartilage tissue engineering.
3. FINAL REMARKS

As described, considerable effort has been directed towards the development of scaffolds using natural
polymers. Various remarkable achievements were reported both for bone and for cartilage tissue
engineering. Nevertheless, the use of natural polymers still has some disadvantages that limit their
application. The predominant hydrophilic nature, which results in inherent fast degradation rates. Also
the poor mechanical performance limits the use of natural polymers on load bearing applications like
bone and cartilage tissue engineering. Moreover, they can induce undesirable immune response due to

the presence of impurities and endotoxins (depending on their source). Another aspect is that their
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properties may differ from batch to batch during large-scale isolation procedures due to the difficulty to

accurately control the processing techniques.

Some of these disadvantages can be significantly improved by blending the natural derived polymers
with other biodegradable polymers from synthetic origin. Nevertheless, new systematic methods
including methods for production, purification, controlling material properties should be developed for
designing better natural-based materials. The possibility of producing natural based polymers with
improved physical, chemical and biological properties could improve the outcomes of bone and cartilage

tissue engineering applications.
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CHAPTERII.

Materials and methods

The main porpose of this chapter is to describe in more detail the materials used, the experimental
techniques and the characterization methodologies employed that allowed to obtained results presented
in this thesis and that will be provided further, in Section 3. Along with Chapter |, it aims to be a
guideline of the rationale for this research, namely on the aspects related with the selection of the

materials, on the processing routes used, and characterization process adopted.



1. MATERIALS

1.1. CHITOSAN

Chitosan is obtained from the alkaline deacetylation of the biopolymer chitin, the second most abundant
organic materials, which can be found in shells of marine crustaceans and cell walls of fungi [l.
Structurally, chitosan is a linear polysaccharide consisting of N-glucosamine (deacetylated unit) and N-
acetyl glucosamine (acetylated unit) units linked by B(1—4) glycosidic bonds (Fig. 2.1). The degree of
deacetylation (DD) is the glucosamine / N-acetyl glucosamine ratio and usually can vary, depending on
the source, from 30% to 95%. The degree of crystallinity of chitosan is manly controlled by the degree of
deacetylation being maximum for both chitin (i.e. 0% deacetylated) and fully deacetylated forms (100%

chitosan) and minimum for intermediate degrees of deacetylation [2..

Figure 2.1. Chemical structure of chitosan

Chitosan and its derivates have attracted attention for potential application in the biomedical field
because of their various advantages including biocompatibility, biodegradability, hydrophilicity and anti-
microbial activity as well as bioadherence and cell affinity. However the use of chitosan as material for
load bearing applications has been limited by its mechanically weak features especially in the weat
state. The development of hybrid materials that combine naturally occurring polymers with
biocompatible synthetic polymers is expected to minimize the mismatch of mechanical properties and

preserve biocompatibility.
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The chitosan used for production of the blends reported on this thesis was The chitosan, supplied by

France Chitin, (Orange, France), and had a degree of deacetylation of approximately 85%.
1.2. ALIPHATIC POLYESTERS

Synthetic polymers used in the biomaterials field include biodegradable aliphatic polyesters, such as
polyhydroxybutyrate and its copolymer polyhydroxybutyrate-co-valerate, poly(lactic acid), poly(glycolic
acid), poly-¢-caprolactone, and their copolymers. The ester bonds in these synthetic polymers hydrolyze

to nontoxic natural metabolites and are eliminated from the body via respiration [,

A series of biodegradable polyesters using 1,4 butane diol and succinic acid has been produced using
polycondensation reaction. Polybutylene succinate, known under the trade name Bionolle 1000 (Showa
Highpolymer, Japan), is available in melt flow indexes ranging from 1-50 and can be used for a wide
range of applications. A corresponding co-polyester of succinic and adipic acid is also available
(Bionolle 3000, Showa Highpolymer, Japan). Bionolle 1000 has a melt temperature of 115 °C while
Bionolle 3000 has a melt temperature of 85 °C. The 1000 series is more crystalline and takes longer to
degrade. Bionolle plastics have been found to degrade in compost, soil, fresh water, and sea water
though the time taken for degradation varies. Both the 1000 and 3000 series are relatively stable during
processing “. Nevertheless, to our knoladge, these polymers were never used in biomedical

applications.

The polyesters used on this thesis include poly(lactic acid) (PLA), poly-e-caprolactone (PCL),
poly(butylene succinate) (PBS), poly(butylene succinate adipate) (PBSA) and poly(butylene
terephthalate adipate) (PBTA). Polycaprolactone resins PCL 787 (MFI~4), commercially available as
TONE™ polymer, were obtained from Union Carbide Chemicals and Plastics Division, Bound Brook,
New Jersey. Eastar Bio Copolyester 14766™, a butanediol, adipate, and terephthalate copolymer
(MFI~20), was obtained from Eastman Chemical Company, Kingsport, Tennessee. Bionolle™ 1050, a
polybutylene succinate copolymer (MFI~50), and Bionolle™ 3001, a poly(butylene succinate adipate)
copolymer (MFI~1.0) were obtained from Showa Highpolymer Co. Ltd., Tokyo, Japan. The

characteristics of the various polyesters are summarized in Table 2.1.
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Table 2.1. Material properties of polyesters used in this study.

PCL 7872 PBS® PBSAc¢* PBTAd PLA®
MELT INDEX 4 50 1 20
MN (x 105) 0.64 0.34 0.46 0.43 1.54
Mw (x 10-5) 1.24 0.89 0.91 0.78 2.52

* from [5]

a poly-e-caprolactone

b poly(butylene succinate)

¢ poly(butylene succinate adipate)

4 poly(butylene terephthalate adipate)
e poly(lactic acid)

1.3. HYDROXYAPATITE (HA)

HA is a bioactive material, i.e. a material that elicits a specific biological response at the interface of the
material, facilitating the osteointegration of implants due to the formation of bond between tissues and
the material 6. HA is also an osteoconductive material, acting as a bioconductive pathway that supports
the ingrowth of bony tissue [ 8. For these reasons and due to its similar chemical structure to the

inorganic composition of human bone, HA is often used in bone reconstruction.

The objectives of using HA as a filler material for chitosan based polymeric materials were: i) to assure
the bioactive behaviour of the composite and ii) to improve the mechanical properties of the composite
by providing the simultaneous stiffening of the polymer matrix. Hydroxyapatite (grade Capital S) [3

Mm<d<6 um] used on this thesis was obtained from Plasma Biotal Ltd, Tideswell, England.
2. PROCESSING METHODS

All the studies reported on this thesis were performed on moulded specimens processed according to at

least one of the following processing methods:
2.1. EXTRUSION COMPOUNDING

In order to achieve a high degree of mixing in the compounded materials, all the blends and composites
used on the thesis were produced in a twin screw extruder. The chitosan/polyester blends containing
less than 70% chitosan were compounded in a counter rotating twin-screw extruder (Carvex, Lisbon,
Portugal). The only exception to this was when blends of chitosan (50% by weight) were compounded

with B3001. Higher chitosan content pushed the torque in the counter rotating extruder close to the
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maximum. Alternately, throughput had to be reduced to keep the torque below the upper threshold.

Hence, blends containing 70% chitosan were compounded in a co-rotating twin-screw extruder [Leistriz

LSM 36] to improve mixing. Since the torque was close to the maximum limit of the machine, this blend

(70% chitosan/30% PBS) was processed with the die removed and with addedwater/glycerol to

enhance plasticization. The various blend compositions studied and processing conditions used are

summarized in Table 2.2.

The composites were compounded in a co-rotating twin-screw extruder [Leistriz LSM 36]. Similarly to

blends with high chitosan content, extrusion of chitosan based composites pushed the torque in the

extruder close to the maximum. Hence, each composition had 5% by weight of plasticizer (glycerol) to

reduce the torque. The various processing conditions used for compounding the different composite are

summarized in Table 2.3. For both cases (blends and composites), the extruded strands were ground

by a Coloritron grinder using 5 mm diameter pellets.

Table 2.2. Processing conditions used for various blends composition studied.

PROCESSING CONDITIONS
MATERIAL
TEMPERATURE PROFILE SCREW SPEED (RPM)  DIE TEMPERATURE (°C)  TYPE OF MACHINE USED

25Ch-75PBS @ 160/160/160 15 160 Counter Rotating
50Ch-50PBS b 160/160/160 15 160 Counter Rotating
50Ch-50PBTA ¢ 160/160/160 15 160 Counter Rotating
50Ch-50PCL ¢ 160/160/160 15 160 Counter Rotating
50Ch-50PBSA ¢ 160 in all zones 100 160 Co-rotating
50Ch-50PLA f 175 in first 4 zones, 180 rest of the zones 100 180 Co-rotating
70Ch-30PBS ¢ 70/90 and 160 in the rest of the zones 100 Co-rotating

a Blend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA
d4Blend containing 50% by weight of chitosan and 50% by weight of PCL
e Blend containing 50% by weight of chitosan and 50% by weight of PBSA
fBlend containing 50% by weight of chitosan and 50% by weight of PLA
9 Blend containing 70% by weight of chitosan and 30% by weight of PBS
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Table 2.3. Processing conditions used for compounding the various composites studied.

PROCESSING CONDITIONS
MATERIAL TEMPERATURE PROFILE SCREW SPEED TYPE OF MACHINE USED
(°C) (RPM)
70PBS-30HA " 80/120/140/150/165/175 100 Co-rotating
17.5Ch-52.5PBS-30 HA + 5% glycerol | 80/120/140/150/165/175 100 Co-rotating
45Ch-45PBS-10HA + 5% glycerol i 80/120/140/150/165/175 100 Co-rotating
40Ch-40PBS-20HA + 5% glycerol ! 80/120/140/150/165/175 100 Co-rotating
35Ch-35PBS-30HA + 5% glycerol ™ 80/120/140/150/165/175 100 Co-rotating
35Ch-35PBTA-30HA + 5% glycerol 80/120/140/150/165/175 100 Co-rotating
35Ch-35PCL-30HA + 5% glycerol © 80/120/140/150/165/175 100 Co-rotating
35Ch-35PLA-30HA + 5% glycerol 175 in first 4 zones, 180 rest 100 Co-rotating

h Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

i Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol
1 Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite, processed with 5% by weight of glycerol

I Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite, processed with 5% by weight of glycerol

m Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

n Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

o Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

» Composite containing 35% by weight of chitosan, 35% by weight of PLA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

2.2. CONVENTIONAL INJECTION MOULDING

The blends and composites were injection molded using an ENGEL injection molding machine to
produce tensile test bars. The tensile bars had a neck cross-section area of 2mmx4mm and a neck
length of 20 mm (Figure 2.2).

:

s]
20

Gate point

Thickness 2 rmm

Figure 2.2. Dumbbell shaped tensile bar of 60mm length, a constant rectangular cross-section of 4x2mm and 20mm of

reference length.
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The conditions used for molding the blends and composites are summarized in Table 2.4 and 2.5,

respectively. The mold was held at a constant temperature of 22 °C for all compositions except for PLA

where the mold temperature was raised to 30 °C.

Table 2.4. Injection molding processing conditions for blends.

MATERIAL INJECTION SPEED (mm/s)

HOLDING PRESSURE (BAR)

BARREL TEMP. (°C)

MouLp TemP. (°C)

PBS 2 30 50 90-120-120-140 22
PBSA® 30 120 80-100-120-130 22
PBTA¢ 30 50 90-120-120-140 22
PCL¢ 80 80 70-90-100-110 22
PLA® 30 30 155-170-180-190 30
25Ch-75PBS f 25 20 110-130-150-160 22
50Ch-50PBS ¢ 30 80 110-130-150-160 22
50Ch50PBTA " 20 30 110-130-150-160 22
50Ch-50PCL | 40 20 110-130-150-160 22
50Ch-50PBSA i 65 100 110-130-150-160 22
50Ch-50PLA' 70 25 150-155-155-160 30
70Ch-30PBS ™ 80 50 110-130-150-160 22

a poly(butylene succinate)

b poly(butylene succinate adipate)

¢ poly(butylene terephthalate adipate)

4 poly-g-caprolactone

e poly(lactic acid)

fBlend containing 25% by weight of chitosan and 75% by weight of PBS
9 Blend containing 50% by weight of chitosan and 50% by weight of PBS
h Blend containing 50% by weight of chitosan and 50% by weight of PBTA
i Blend containing 50% by weight of chitosan and 50% by weight of PCL

1 Blend containing 50% by weight of chitosan and 50% by weight of PBSA
I Blend containing 50% by weight of chitosan and 50% by weight of PLA
m Blend containing 70% by weight of chitosan and 30% by weight of PBS
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Table 2.5. Injection molding processing conditions for composites.

MATERIAL INJECTION SPEED (mm/s) ~ HOLDING PRESSURE (BAR) BARREL TEMP. (°C)
70PBS-30HA 28 40 90-120-120-140

17.5Ch-52.5PBS-30 HA + 5% glycerol | 28 20 110-130-150-160
45Ch-45PBS-10HA + 5% glycerol i 26 20 110-130-150-160
40Ch-40PBS-20HA + 5% glycerol 2 32 20 110-130-150-160
35Ch-35PBS-30HA + 5% glycerol ™ 30 20 110-130-150-160
35Ch-35PBTA-30HA + 5% glycerol " 22 25 110-130-150-160
35Ch-35PCL-30HA + 5% glycerol © 42 20 110-130-150-160

h Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

i Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol
1 Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite, processed with 5% by weight of glycerol

I Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite, processed with 5% by weight of glycerol

m Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

n Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

o Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

2.3. FIBERS PRODUCTION

The chitosan based fibers presented on chapter VI Blends of chitosan with poly(butylene succinate)
(Ch-PBS) at two different ratios (25/75 wt% and 50/50wt%) and blends of chitosan with poly(butylene
terephthalate adipate) (Ch-PBTA) (50/50 wt%) previously compound were extruded into fibers, by using
a prototype single screw micro-extruder (Figure 2.3) 1! coupled to a capillary die. Although the machine
is capable of producing extrudates with only a few grams of material in powder form, it was designed to
induce thermo-mechanical stresses of the same order of magnitude of those developed in bigger
machines. Moreover, the screw contains a multi-pass barrier section that greatly improves the
dispersive mixing capacity. The extrudates were air-cooled without any significant stretch and winded.

The extruder operating conditions are summarized in Table 2.6.
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Figure 2.3. a) The micro-extruder and b) its layout (adapted from [9])

Table 2.6. Processing conditions of chitosan based fibers using a micro-extruder.

COMPOSITION BARREL TEMPERATURE (°C) SCREW SPEED (RPM)
25Ch-75PBS @ 140-150 35
50Ch-50PBS b 140-155 35
50Ch-50PBTA ¢ 155-160 35

a Blend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA

2.4. SCAFFOLDS PRODUCTION — FIBER BONDING

The scaffolds presented in Chapter VII were fabricated into mesh structures by a fiber compression
method. Briefly, the extruded fibers from the blends 50Ch-50PBS and 50Ch-50PBTA were chopped in 1
cm long sections and loaded into a mould. The mould is heated above the melting temperature (Tm) of

the thermoplastic composite during a specific time period. The next step involves applying pressure to
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allow the fibers to weld at the junctions forming a stable fiber mesh structure. The porous mesh

structure is further cut into 1.5 mm thick discs, with diameter of 7 mm.
2.5. SCAFFOLDS PRODUCTION — COMPRESSION MOULDING/PARTICULATE LEACHING

The chitosan/polyester blends and composites used for the production of the scaffolds described in
Chapter VI were compounded in a twin-screw extruder and details of the processing conditions were
previously described (topic 2.1 of this chapter). For scaffolds production, the compounded blends or
composites were ground, mixed with salt, loaded into a mold that was further heated, and compression
molded into discs. The salt content was 60 and 80% by weight for blends and 60 and 70% by weight for
composites containing hydroxyapatite (HA). Salt was obtained from a local grocery store. The group of
the larger range of NaCl particles (250-500 um) was obtained by sieving the raw material. The second
group (63-125 um) was obtained by grinding the raw material that was further sieved. The composition
of the scaffolds produced from chitosan-polyester blends and composites are shown in Tables 2.7 and

2.8, respectively.

The aim of using two different salt amounts and two different salt particle size ranges was to produce
scaffolds with varying amounts of porosity and pore sizes and analyze the effect of these parameters on
the morphology and mechanical of the developed scaffolds. Some scaffolds were selected to analyze
the effect of compression-molding processing method on the crystallinity and thermal properties of the

polyester part.

The compression-molded discs were further sliced to obtain cubes with nominal dimensions of 5 mm.
The cubes were then immersed in distilled water to leach out the porogen. The water was replaced
daily. Preliminary studies had shown that immersing for a period of 6 days would enable the entire salt

to leach out. The cubes were dried to constant weight and used for further testing.
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Table 2.7. Composition of the scaffolds produced from chitosan-polyester blends and salt particle size ranging from 63 -

125um or 250 -500pum.

COMPOSITION SALT PARTICLE SIZE (um) SALT CONTENT (WT%)
60
63-125
80
25C-75PBS 2
60
250-500
80
60
63-125
80
50C-50PBS b
60
250-500
80
60
63-125
80
50C-50PBTA ©
60
250-500
80
60
63-125
80
50C-50PCL ¢
60
250-500
80
60
63-125
80
70C-30PBS ©
60
250-500
80

aBlend containing 25% by weight of chitosan and 75% by weight of PBS
® Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢Blend containing 50% by weight of chitosan and 50% by weight of PBTA
dBlend containing 50% by weight of chitosan and 50% by weight of PCL
e Blend containing 70% by weight of chitosan and 30% by weight of PBS
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Table 2.8. Composition of scaffolds containing hydroxyapatite produced using salt particles with size ranging from 250um -
500um.

COMPOSITION SALT PARTICLE SIZE (um) SALT CONTENT (WT%)

60
70PBS-30HA 250-500

70

60
17.5Ch-52.5PBS-30HA i 250-500

70

60
45Ch-45PBS-10HA i 250-500

70

60
40Ch-40PBS-20HA ! 250-500

70

60
35Ch-35PBS-30HA ™ 250-500

70

60
35Ch-35PCL-30HA " 250-500

70

60
35Ch-35PBTA-30HA ° 250-500

70

h Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

i Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite
1 Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite

I Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite

m Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite

n Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite

° Composite containing 35% by weight of chitosan, 35% by weight of BTA and 30% by weight of hydroxyapatite

3. CHARACTERIZATION METHODS

3.1. MECHANICAL PROPERTIES
3.1.1. Tensile tests

The tensile properties of the chitosan based blends and composites were determined using a
Universal tensile testing machine (Instron 4505 Universal Machine, USA). The tested specimens
were dumbbell shaped tensile bars. Tensile force was taken as the maximum force in the force-
deformation curve. Tensile modulus was estimated from the initial slope of the stress—strain curve.

Samples were conditioned at room temperature for at least 48 h before testing. A crosshead speed
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of 5mm min-' was used up to a deformation of 1.5% after which the speed increased to 50

mm.min-'. The values reported were the average of at least five specimens.

The tensile properties of the produced fibers were determined using a Universal tensile testing machine
(Intron 5540 Universal Machine, USA). A crosshead speed of 5 mm.min-' was used up to rupture of the

fiber. The results presented are the average of the testing of 10 specimens.

For each tensile test, the following mechanical properties, which are graphically defined in Figure 2.4,

were determined:

i) the secant modulus at 1 % strain (Es), defined as the slope of the line from the origin to the

point corresponding to 1 % strain on the stress-strain curve of the material;

i) the ultimate tensile strength (UTS), defined as the maximum tensile stress developed in the

material during the tensile test;

ii) the strain at break point (eb), defined as the maximum strain of the material, i.e. elongation at

the failure point of the material.

Stress
Stress
Stress

&p

Strain . Strain

Es UTS
€b

Figure 2.4. Graphical definition of the secant modulus at 1 % strain (Es), the ultimate tensile strength (UTS), and the strain

at break point (eb), being o the stress and ¢ the strain.
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3.1.2. Compression tests

The compression testes of the developed chitosan based fiber mesh scaffolds were performed using a
Universal tensile testing machine (Instron 4505 Universal Machine, USA). The tests were performed
under compression loading using a crosshead speed of 2 mm.min-' and the results presented are the

average of at least five specimens.

The mechanical properties of the scaffolds obtained by compression moulding/particulate leaching were
determined by performing uniaxial compression tests on the cubic scaffolds using a Universal tensile
testing machine (Instron 4505 Universal Machine, USA). Each specimen measured 5 mm in the
direction of testing and was 5 mm square in cross-section. A crosshead speed of 2 mm.min-' was used

in the compression tests.

On both cases, samples were conditioned at room temperature for at least 48 h before testing. The
values reported are the average of at least five specimens per condition. The compressive modulus was
determined in the most linear region of the stress-strain graph using the secant method. In the cases
that the yield stress was not clear it was calculated as the stress at the intersection of a line drawn

parallel to the linear region and intercepting the x-axis at 1% strain.
3.2. DIFFERENTIAL SCANNING CALORIMETRY

The DSC experiments were performed in a Perkin-Elmer DSC7 apparatus, using a water-cooling
accessory and nitrogen as a purge gas (flux gas of ca. 20 cm?® min-'). Both temperature and heat
flux were calibrated with Indium (99.99999% purity) at a scanning rate of 20 °Cmin-'. The samples
were obtained by cutting a small piece of material (with ca. 10 mg weight) in the central region of
the injection parts. An effort was made to maintain the geometry of the different samples, in order
to keep the same thermal resistance. All the experiments were performed at 20 °Cmin-1, starting
from room temperature. Only the first run was analyzed, which reflects not only the materials

contained in the samples, but also the general morphology developed during processing.
3.3. WIDE ANGLE (WAXS) AND SMALL ANGLE (SAXS) X-RAY SCATTERING

WAXS and SAXS experiments were performed using Xray synchrotron radiation (transmission mode) at
the Soft Condensed Matter A2 beam line at HASYLAB (DESY) synchrotron facility in Hamburg

(Germany). The experimental setup includes a MARCCD detector for acquiring two dimensional SAXS
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patterns (sample-to-detector distance being 280 cm) and a linear detector for 1D WAXS measurements
(distance 23 cm). Cu-Ka radiation, with a wavelength of A = 0.154 nm, was employed for both SAXS
and WAXS measurements. The injection moulded samples were fixed vertically and the patterns were

acquired at room temperature.
3.4. OPTICAL MICROSCOPY

To analyze the chitosan distribution on the polymer matrix, tensile bars of each blend were stained with
a 0.10 (w/v) Eosin solution for 10 min at 32+£0.5 °C. Stained samples were examined by light
microscopy (Olympus BH-2) in reflection mode. Photographs of the stained surface were obtained using
a microscope digital camera Olympus DP11. Images of the cross-section were obtained by
cryogenically fracturing the tensile bar. The fractured surface was smoothened using a glass knife for

optical clarity.

To analyze the chitosan phase distribution within the fibers, cross sections were prepared and analyzed
in a procedure similar to the one reported for the tensile bars. Chitosan based fibers were mounted in
epoxy resin. After the curing stage, thin slices of material were removed from the surface of the fibers
entrapped in the epoxy resin using a microtome. The procedure continued until approximately half the
diameter of the fibers was sliced. After this procedure, the fibers with the exposed surface were stained
with a 0.10 (w/v) eosin solution for 10 min at 32+0.5 °C. Stained samples were examined by light
microscopy (Olympus BH-2) in reflection. Photomicrographs of the stained surfaces were obtained

using a digital camera Olympus DP11 directly mounted in the microscope.
3.5. SCANNING ELECTRON MICROSCOPY

The morphological characterization of the blends was made using a Leica-Cambridge S-360 (UK)
scanning electron microscope (SEM). All the samples were sputter-coated with gold. Several
different analyses of the cross-section of the tensile bars were made. These include (i)
observations after the tensile tests; (ii) observations after immersing the samples in liquid nitrogen
for 1 min and fracturing the sample in the testing zone to analyze the brittle fracture; and (iii)
observations after cryogenically-fractured surfaces were etched with 1% acetic acid for 3 h or 1
day. The objective was to dissolve the chitosan since not enough phase contrast between the filler
and polyester was obtained in the SEM images. In addition, the extrudates were also observed
under SEM.
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The cross-section of all the developed scaffolds (both produced by fiber bonding and by compression
moulding/particulate leaching) was analyzed using a Leica-Cambridge S-360 scanning electron
microscope (SEM) for preliminary assessments on the morphology of the scaffolds. All the samples

were sputtercoated with gold prior to SEM observations.
3.6. MICRO-COMPUTED TOMOGRAPHY

Recently, micro-computed tomography (uCT) was employed for the observation and analysis of 3-D
porous scaffolds [01. Its advantages include the fact that it is a nondestructive technique that allows
analysis the scaffold interior as opposed to SEM that requires sectioning. uCT allows visualizing and
measuring the complete three-dimensional volume of the structures without any further sample

preparation or chemical fixation.

Both types of chitosan-based scaffolds were analyzed using a high-resolution yCT Skyscan 1072

scanner (Skyscan, Kontich, Belgium).

In Chapter VI, uCT evaluation of the polymeric scaffolds was carried out by analyzsing four scaffolds of
each condition were scanned in high-resolution mode of 8.7 um x/y/z and an exposure time of 1792 ms.
The energy parameters defined in the scanner were 63 keV with a current of 157 pA. Isotropic slice
data were obtained by the system and reconstructed in 2-D images. These slice images were compiled
and analyzed to render 3-D images and obtain quantitative architecture parameters. A uCT analyzer
and a JCT Volume Realistic 3-D Visualization, both from SkyScan, were used as image processing
tools for both uCT reconstruction and to create/visualize the 3-D representation. Regions of interest
(square of 4.5x4.5 mm2) were selected in each slice image and thresholded to eliminate background
noise. This threshold (to distinguish polymer material from pore voids) was chosen and maintained
constant for all the scanned specimens and samples. The threshold was also inverted to obtain pore

volume and to analyze both the pore morphology and its interconnectivity.

For the chitosan-based fiber mesh scaffolds (Chapter VII), five scaffolds of each condition were scanned
in high resolution mode using a pixel size of 8.24um and integration time of 2.0 ms. The X-ray source
was set at 80 keV of energy and 124 pA of current. For all the scanned specimens representative data
sets of 150 slices were transformed into binary using a dynamic threshold of 60-255 (grey values) to
distinguish polymer material from pore voids. This data was used for morphometric analysis (CT

Analyser v1.5.1.5, SkyScan). 3-D virtual models of representative regions in the bulk of the scaffolds
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were also created, visualized and registered using both image processing softwares (ANT 3-D creator
v2.4, SkyScan).

3.7. WATER ABSORPTION STUDIES

The water absorption tests described in Chapter V were conducted using injection moulded tensile bars
that were previously dried in a vacuum oven at 50 °C until a constant weight was obtained. These
samples were immersed in an isotonic solution of NaCl 0.154 M (9 g.I'") and pH 7.4 at 37 °C for periods
of 1, 3,7, 14, 30, and 60 days (6 specimens of each blend for each period of immersion). The samples
were then removed at specific intervals, gently blotted with tissue paper to remove the excess water on

the surface, and the weight recorded. This process was repeated at several time intervals.

The percentage of water absorption (WAs) after each time of immersion (t) was calculated by means of

using equation 2.1,

WAS,t = [(mu=m;)/ m] x 100 2.1)

Where leaching was found to occur, the data were corrected to account for the weight loss. The
parameters D, @, and y were estimated for the data by non-linear regression routine (provided in
Kaleidagraph, Synergy Software, Reading, PA, USA) based on a modified Levenberg-Marquardt

algorithm.
3.8. DEGRADATION STUDIES

The injection-molded samples from the different chitosan based blends and composites were immersed
in an isotonic saline solution for periods of 1, 3, 7, 14, 30, and 60 d. A solution of 40 ml was used for
three samples (one batch). Two batches were used for each selected immersion period. At the end of
each immersion period, the solution pH was measured. The weight loss was determined by drying the

samples to constant weight and comparing to their initial weight.

The percentage of weight loss of the samples (WLs) after each time of immersion (t) was calculated

using equation 2.2,
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WLs,t = [(magemy)/ m] x 100 (2.2)

The tensile bars from the water absorption tests above were subjected to tensile testing using an Instron
Universal Tensile Testing Machine (Instron 4505 Universal Machine, USA). The test conditions are

described in the section 3.1.1 of this Chapter.
3.9. CONTACT ANGLE

The static contact angle measurements were obtained by the sessile drop method using a contact angle
meter OCA15+ with a high-performance image processing system (DataPhysics Instruments,
Germany). The liquid (glycerol or CHalz, 1 ul, HPLC grade) was added by a motor-driven syringe at
room temperature. Five samples of each material were used, and six measurements were carried out
for each sample. The data presented in Chapter V are an average of five readings. The polarity of the

surface and the surface tension were calculated using Kaelble’s equation:
4. In vitro BIOLOGICAL TESTING

4.1. CELL CYTOTOXICITY ASSAYS

A rat lung fibroblast cell line -L929-, acquired from the European Collection of Cell Cultures, was used to
perform cytotoxicity tests on the scaffolds prepared by compression moulding/particulate leaching
(Chapter VI). Cells were grown as monolayers in Dulbecco’s modified eagle’s medium (Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) and 1% of
antibiotic-antimycotic mixture (10,000 U/mL penicillin G sodium; 10,000 U/mL streptomycin sulphate; 25
Mg/mL amphotericin B) (Gibco, Invitrogen, USA). Trypsin/EDTA (0.25% wiv trypsin/0.02% EDTA,
Sigma) was used to detach the cells from the culture flasks before the experiments were conducted.
Cells were seeded in 96-well plates (n = 6) at a density of 1.8 x 104 cells/well and incubated for 24 h at
37 °C, in a humidified atmosphere with 5% CO».

The ratio of material weight to extract fluid was constant and equal to 0.25 g/mL. Latex rubber was used
as a positive control of cell death, because it has a strong cytotoxic effect leading to extensive cell

death. The ratio of latex material outer surface to extraction fluid was 2.5 cm?/mL. Culture medium was
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used as negative control of cytotoxicity, considered to be the ideal situation of cell growth. Test scaffolds
(n = 6) and positive control were extracted for 24 h at 37 °C, using complete culture medium as the
extraction fluid. Before the tests, culture medium was removed from wells with cells adhered, and an
identical volume (200 uL) of extraction fluid was added. The cells were left to proliferate in the extract
fluid for 72 h. After this period, the extraction fluid was removed, and the serum-free culture medium
without phenol red and a substrate-3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4-
sulfofenyl)-2H-tetrazolium (MTS; CellTiter 96 One solution Cell Proliferation Assay kit; Promega,
Madison, WI), in a proportion of 5:1, was added to each well. This reaction is based on the reduction of

MTS, into a brown formazan product by an enzyme—dehydrogenase—active in all viable cells.

Cells were then incubated for 3 h at 37 °C in a humidified atmosphere containing 5% CO.. After this
period, optical density (OD) was measured with a plate reader (Biotek, model Synergy HTi) at 490 nm.

The mean OD value obtained was standardized taking into account the values for the negative control.
4.2. CELL CULTURE

A human osteoblast cell line (Sa0S-2) was used to conduct the cell culture studies on the fiber mesh
scaffolds (Chapter VII). Cells were grown as monolayer cultures in a culture medium consisting of
DMEM medium, 10% FBS and 1% antibiotic/antimycotic mixture. When the adequate cell number was
obtained, cells were detached with trypsin, centrifuged and ressuspended in cell culture medium. Cells
were seeded at a density of 2,5x105cells/scaffold under static conditions, using for this purpose 1mL of
cell suspension. Two hours after seeding, the cell seeded scaffolds were changed into new plates and 1
ml of culture medium was added to each well. The cell seeded scaffolds were maintained in a

humidified atmosphere at 37°C, containing 5% CO. during the remaining testing period.
4.2.1.Cell adhesion and morphological analysis by SEM

Cell adhesion, morphology and average distribution at the surface and at the bulk of the scaffolds were
also analysed by SEM, after 24, 48, 72 hours and 7 days of culture. Cell-seeded scaffolds were washed
in 0.15 M phosphate buffered saline and fixed in 2.5% glutaraldehyde in phosphate buffered saline.
After rinsing 3 times in phosphate buffered saline, the constructs were dehydrated using a series of
graded ethyl alcohols (30, 50, 70, 90, 100% ethanol) for 15 minutes each, twice. The samples were
further subjected to 2 changes for 15 minutes each with 100% hexamethyldisilazane (HDMS; Electron

Microscopy Sciences, Washington, USA). Finally HDMS was removed and let to air dry for 2h.
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Afterwards, the constructs were sputter coated with gold (JEOL JFC-1100) and analyzed with a Leica

Cambridge S360 scanning electron microscope (UK).

4.2.2. Cell viability by MTS assay

Cell viability was assessed after 24, 48, 72 hours and 7 days, using the MTS test. Cells cultured onto

tissue culture polystyrene (TCPS) with standard culture medium were used as negative control. At each

time point, cell-seeded scaffolds (n=3) were rinsed in 0.15M phosphate buffered saline (Sigma) and

immersed in a mixture consisting of serum-free cell culture medium and MTS reagent at 5:1 ratio and
incubated for 3h at 37 °C in a humidified atmosphere containing 5% CO2. After this, 200 pl (n=3) were
transferred to 96 well plates and the optical density (O. D.) determined at 490 nm.

REFERENCES

-68 -

Shi, C.M,, et al., Therapeutic potential of chitosan and its derivatives in regenerative medicine.
Journal of Surgical Research, 2006. 133(2): p. 185-192.

Kim, LY., et al., Chitosan and its derivatives for tissue engineering applications. Biotechnology
Advances, 2008. 26(1): p. 1-21.

Kim, B.S. and D.J. Mooney, Development of biocompatible synthetic extracellular matrices for
tissue engineering. Trends in Biotechnology, 1998. 16(5): p. 224-230.

Bhattacharya M., et al., Material Properties of Biodegradable Polyme, in Biodegradable Polymers
for Industrial Applications, R. Smith, Editor. 2005, Woodhead Publishing Cambridge. p. 336-356.
Wang, Y. and J.F. Mano, Biodegradable Poly(L-lactic acid)/Poly(butylene succinate-co-adipate)
blends: Miscibility, morphology, and thermal Behavior. Journal of Applied Polymer Science, 2007.
105(6): p. 3204-3210.

Kusakabe, H., et al., Osseointegration of a hydroxyapatite-coated multilayered mesh stem.
Biomaterials, 2004. 25(15): p. 2957-2969.

Boyde, A., et al., Osteoconduction in large macroporous hydroxyapatite ceramic implants:
evidence for a complementary integration and disintegration mechanism. Bone, 1999. 24(6): p.
579-589.

Chang, B.-S., et al., Osteoconduction at porous hydroxyapatite with various pore configurations.
Biomaterials, 2000. 21(12): p. 1291-1298.



10.

Covas, J.A. and P. Costa, A miniature extrusion line for small scale processing studies. Polymer
Testing, 2004. 23(7): p. 763-773.

Ho, S.T. and D.W. Hutmacher, A comparison of micro CT with other techniques used in the
characterization of scaffolds. Biomaterials, 2006. 27(8): p. 1362-1376.

-69 -



-70 -



SECTION 3.






CHAPTER L.

Properties of melt processed chitosan and aliphatic polyester blends






CHAPTERIII.

Properties of melt processed chitosan and aliphatic polyester blends
Abstract

Chitosan was melt blended with poly--caprolactone (PCL), poly(butylene succinate) (PBS), poly(lactic
acid) (PLA), poly(butylene terephthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA).
For the chitosan/PBS blend, the amount of chitosan was varied from 25% to 70% by weight. The
remaining polyesters had 50% of chitosan by weight. Addition of chitosan to PBS or PBSA tends to
depress the melting temperature of the polyester. The crystallinity of the polyesters (PCL, PBS, PBSA)
containing 50% chitosan decreased. Adding chitosan to the blends decreased the tensile strength but
increased the tensile modulus. Chitosan displayed intermediate adhesion to the polyester matrix.
Microscopic results indicate that the skin layer is polyester rich, while the core is a blend of chitosan and
polyester. Fractured surface of chitosan blended with a high Tg polymer, such as PLA, displayed a brittle
fracture. Blends of chitosan with PCL, PBTA, or PBSA display fibrous appearances at the fractured
surface due to the stretching of the polymer threads. Increasing the amount of chitosan in the blends
also reduced the ductility of the fractured surface. The chitosan phase agglomerated into spherical
domains or were clustered into sheaths. Pull-out of chitosan particles is evident in tensile-fractured
surfaces for blends of chitosan with ductile polymers but absent in the blends with PLA. PBS displays a
less lamellar orientation when compared to PCL or PBSA. The orientation of the polyesters (PCL,
PBSA) does not seem to be affected by the addition of chitosan. The two main diffraction peaks

observed using WAXS are unaffected by the addition of chitosan.

This chapter is based on the following publication: Correlo VM , Boesel LF, Bhattacharya M, Mano JF,
Neves NM and Reis RL, 2005, Properties of melt processed chitosan and aliphatic polyester blends,
Materials Science and Engineering A - Structural Materials Properties Microstructure and Processing,
403(1-2): 57-68




1. INTRODUCTION

A number of natural polymers are being employed as biomaterials. Naturally occurring polymers include
collagen, chitin, silk, alginate, starch, and elastin. Natural polymers offer the advantage of being similar
to macromolecular substances, which the biological environment is prepared to recognize and to deal
with metabolically. Problems associated with the stimulation of chronic inflammatory reaction and
toxicity by synthetic polymers are largely suppressed or eliminated by using natural polymers. On the
other hand, natural polymers are frequently quite immunogenic. Another attractive characteristic of
natural polymers is their ability to be degraded by naturally occurring enzymes, implying that the implant
will be degraded and eventually metabolized by physiological mechanisms. Thus, useful properties can

be obtained by blending natural and synthetic polymers.

Synthetic polymers used in the biomaterials field include biodegradable aliphatic polyesters, such as
polyhydroxybutyrate and its copolymer polyhydroxybutyrate-co-valerate, poly(lactic acid), poly(glycolic
acid), poly-¢-caprolactone, and their copolymers. The ester bonds in these synthetic polymers hydrolyze
to nontoxic natural metabolites and are eliminated from the body via respiration [l Synthetic
biodegradable polymers used as biomaterials range in tensile strength from 16 to 50 MPa and modulus
from 400 to 3000MPa 21,

Chitin is a biopolymer found in nature and is mainly derived from the exoskeletons of crustaceans,
insects and mollusks, and the cell walls of microorganisms B, Like cellulose, chitin is a glucose-based,
unbranched polysaccharide. However, it differs from cellulose at the C> carbon, where instead of a
hydroxyl group, chitin has an acetamide residue. Chitosan (a(1—4)-2-amino-2-deoxy-p-D-glucan), a
mucopolysaccharide, is the alkaline deactylated product of chitin and has structural similarities to
glycosaminoglycans, thus, mimicking their functional behavior. Chitosan is reported to be non-toxic,

biodegradable, and biocompatible .31,

Solution blending of chitin and chitosan with synthetic polymers has been studied. Graft
copolymerization of chitosan with acrylonitrile, methylmethacrylate (MMA), methacrylic acid, 2-
hydroxyethylmethacrylate (HEMA), and acryl-amide has been reported in the literature. Similarly,
styrene, vinyl acetate, acrylamide, MMA, and HEMA, have also been grafted on chitosan. Grafting of
chitosan with N,N’ dimethylaminoethylmethacrylate (DMAEMA) has also been reported 6-101. The tensile
strength, crystallinity, and degree of swelling of grafted chitosan films decreased with increased levels of

grafting with synthetic polymers. The grafted films showed improved thermal stability. Functional groups
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have been grafted on chitosan powder to increase its solubility [''l. Blends of polyurethane-chitosan
were prepared using the solvent casting method ['2, and the mechanical properties were evaluated.
Poor phase properties were reported. Hybrid materials of chitosan with polynosic (viscose rayon) were
generated by a mechanical blending method. Chitin and chitosan were reacted with 1,6-
diisocyanatohexane (poly-urea{urethanes}) in DMA-LICl solutions and their properties evaluated ['3],
Biodegradable films of chitosan containing polyethylene glycol (PEG) or polyvinyl alcohol (PVA) were
prepared by mixing PEG or PVA with a solution of chitosan acetate, and films were prepared by the
casting method [ 4. Homogenous films with increased value of initial temperature of thermal

degradation were produced.

Little research has been conducted in the melt blending of synthetic polyester and chitosan. The
objective of this research was to evaluate the properties of chitosan and biodegradable aliphatic
polyesters (poly-e-caprolactone (PCL), poly(butylene succinate) (PBS), poly(lactic acid) (PLA),
poly(butylene terephthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA). The tensile
properties (tensile strength and tensile modulus) and thermal properties of the blends were evaluated.
The amount of chitosan in the blends containing PBS was varied at 25%, 50%, and 70%. For the
remaining polyester, the chitosan content was at 50%. The tensile and thermal properties were
evaluated. The morphology of fractured and etched surfaces was evaluated using scanning electron
microscopy (SEM). Optical microscopy was used to distinguish the stained chitosan phase in the blend.
Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) were used to study the

effect of processing on both the lamellar and crystalline structure of these blends.
2. MATERIALS AND METHODS

2.1. MATERIALS

The polyesters used include poly-¢-caprolactone (PCL), poly(butylene succinate) (PBS), poly(lactic
acid) (PLA), poly(butylene terephthalate adipate) (PBTA), and poly(butylene succinate adipate)
(PBSA). The chitosan used had a degree of deacetylation of approximately 85%. Polycaprolactone
resins PCL 787 (MFI~4), commercially available as TONE™ polymer, were obtained from Union
Carbide Chemicals and Plastics Division, Bound Brook, New Jersey. Eastar Bio Copolyester
14766™, a butanediol, adipate, and terephthalate copolymer (MFI~20), was obtained from Eastman

Chemical Company, Kingsport, Tennessee. Bionolle™ 1050, a polybutylene succinate copolymer
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(MF1~50), and Bionolle™ 3001, a poly(butylene succinate adipate) copolymer (MFI~1.0) were
obtained from Showa Highpolymer Co. Ltd., Tokyo, Japan.

2.2. PROCESSING

The chitosan/polyester blends containing less than 70% chitosan were compounded in a counter
rotating twin-screw extruder (Carvex, Lisbon, Portugal). The only exception to this was when blends of
chitosan (50% by weight) were compounded with B3001. Higher chitosan content pushed the torque in
the counter rotating extruder close to the maximum. Alternately, throughput had to be reduced to keep
the torque below the upper threshold. Hence, blends containing 70% chitosan were compounded in a
co-rotating twin-screw extruder [Leistriz LSM 36] to improve mixing. Since the torque was close to the
maximum limit of the machine, this blend (70% chitosan/30% PBS) was processed with the die removed
and with addedwater/glycerol to enhance plasticization. The various blend compositions studied and

processing conditions used are summarized in Table 3.1.

Table 3.1. Processing condition used for various blends composition studied.

PROCESSING CONDITIONS
MATERIAL
TEMPERATURE PROFILE SCREW SPEED (RPM)  DIE TEMPERATURE (°C)  TYPE OF MACHINE USED

25Ch-75PBS 2 160/160/160 15 160 Counter Rotating
50Ch-50PBS ° 160/160/160 15 160 Counter Rotating
50Ch-50PBTA ° 160/160/160 15 160 Counter Rotating
50Ch-50PCL ¢ 160/160/160 15 160 Counter Rotating
50Ch-50PBSA © 160 in all zones 100 160 Co-rotating
50Ch-50PLA f 175 in first 4 zones, 180 rest of the zones 100 180 Co-rotating
70Ch-30PBS ¢ 70/90 and 160 in the rest of the zones 100 - Co-rotating

a Blend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA
d4Blend containing 50% by weight of chitosan and 50% by weight of PCL
e Blend containing 50% by weight of chitosan and 50% by weight of PBSA
fBlend containing 50% by weight of chitosan and 50% by weight of PLA
9 Blend containing 70% by weight of chitosan and 30% by weight of PBS
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The extruded strands were ground using a Coloritron grinder using 5mm diameter pellets. The blends

were injection molded using an ENGEL injection molding machine to produce tensile test bars. The

tensile bars had a neck cross-section area of 2mmx4mm and a neck length of 20 mm. The conditions

used for molding are summarized in Table 3.2. The mold was held at a constant temperature of 22 °C

for all compositions except for PLA where the mold temperature was raised to 30 °C.

Table 3.2. Injection molding processing conditions for blends.

MATERIAL INJECTION SPEED (mm/s)

HOLDING PRESSURE (BAR)

BARREL TEMP. (°C)

MouLp TemP. (°C)

PBS 2 30 50 90-120-120-140 22
PBSA® 30 120 80-100-120-130 22
PBTA¢® 30 50 90-120-120-140 22
PCL¢ 80 80 70-90-100-110 22
PLA® 30 30 155-170-180-190 30
25Ch-75PBS f 25 20 110-130-150-160 22
50Ch-50PBS ¢ 30 80 110-130-150-160 22
50Ch50PBTA " 20 30 110-130-150-160 22
50Ch-50PCL | 40 20 110-130-150-160 22
50Ch-50PBSA i 65 100 110-130-150-160 22
50Ch-50PLA' 70 25 150-155-155-160 30
70Ch-30PBS ™ 80 50 110-130-150-160 22

a poly(butylene succinate)

b poly(butylene succinate adipate)

¢ poly(butylene terephthalate adipate)

4 poly-g-caprolactone

e poly(lactic acid)

fBlend containing 25% by weight of chitosan and 75% by weight of PBS

9 Blend containing 50% by weight of chitosan and 50% by weight of PBS
h Blend containing 50% by weight of chitosan and 50% by weight of PBTA
i Blend containing 50% by weight of chitosan and 50% by weight of PCL

1 Blend containing 50% by weight of chitosan and 50% by weight of PBSA
I Blend containing 50% by weight of chitosan and 50% by weight of PLA
m Blend containing 70% by weight of chitosan and 30% by weight of PBS
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2.3. MECHANICAL PROPERTIES

The tensile properties were determined using a Universal tensile testing machine (Instron 4505
Universal Machine, USA). Tensile force was taken as the maximum force in the force-deformation
curve. Tensile modulus was estimated from the initial slope of the stress—strain curve. Samples
were conditioned at room temperature for at least 48 h before testing. A crosshead speed of 5mm
min-' was used up to a deformation of 1.5% after which the speed increased to 50mm min-1. The

values reported were the average of at least five specimens.
2.4. DIFFERENTIAL SCANNING CALORIMETRY

The DSC experiments were performed in a Perkin-Elmer DSC7 apparatus, using a water-cooling
accessory and nitrogen as a purge gas (flux gas of ca. 20 cm?® min-"). Both temperature and heat
flux were calibrated with Indium (99.99999% purity) at a scanning rate of 20 °Cmin-1. The samples
were obtained by cutting a small piece of material (with ca. 10 mg weight) in the central region of
the injection parts. An effort was made to maintain the geometry of the different samples, in order
to keep the same thermal resistance. All the experiments were performed at 20 °Cmin-1, starting
from room temperature. Only the first run was analyzed, which reflects not only the materials

contained in the samples, but also the general morphology developed during processing.
2.5. OPTICAL MICROSCOPY

To analyze the chitosan distribution on the polymer matrix, tensile bars of each blend were stained with
a 0.10 (w/v) Eosin solution for 10 min at 32+£0.5 °C. Stained samples were examined by light
microscopy (Olympus BH-2) in reflection mode. Photographs of the stained surface were obtained using
a microscope digital camera Olympus DP11. Images of the cross-section were obtained by
cryogenically fracturing the tensile bar. The fractured surface was smoothened using a glass knife for

optical clarity.
2.6. SCANNING ELECTRON MICROSCOPY

The morphological characterization of the blends was made using a Leica-Cambridge S-360
scanning electron microscope (SEM, UK). All the samples were sputter-coated with gold. Several
different analyses of the cross-section of the tensile bars were made. These include (i)

observations after the tensile tests; (ii) observations after immersing the samples in liquid nitrogen
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for 1 min and fracturing the sample in the testing zone to analyze the brittle fracture; and (iii)
observations after cryogenically-fractured surfaces were etched with 1% acetic acid for 3 h or 1
day. The objective was to dissolve the chitosan since not enough phase contrast between the filler
and polyester was obtained in the SEM images. In addition, the extrudates were also observed
under SEM.

2.7. WIDE ANGLE (WAXS) AND SMALL ANGLE (SAXS) X-RAY SCATTERING

WAXS and SAXS experiments were performed using Xray synchrotron radiation (transmission mode) at
the Soft Condensed Matter A2 beamline at HASYLAB (DESY) synchrotron facility in Hamburg
(Germany). The experimental setup includes a MARCCD detector for acquiring two dimensional SAXS
patterns (sample-to-detector distance being 280 cm) and a linear detector for 1D WAXS measurements
(distance 23 cm). Cu-Ka radiation, with a wavelength of A = 0.154 nm, was employed for both SAXS
and WAXS measurements. The injection moulded samples were fixed vertically and the patterns were

acquired at room temperature.
3. RESULTS AND DISCUSSION

3.1. THERMAL PROPERTIES

The normalized DSC scans of PLA-based materials are shown in Fig. 3.1a. The injected pure PLA
exhibits a glass transition at 62.0 °C (midpoint), with ACp(Tg) = 0.305 J g~'. The endothermic peak at 65
°C is associated with structural relaxation. In fact, the amorphous fraction of the material is in its glassy
state at room temperature. Hence, in this non-equilibrium condition, the enthalpy will slowly relax
towards its equilibrium values. At higher temperatures, the cold-crystallization is observed at T¢ = 107.3
°C and the melting at Tm = 155.3 °C. The integration of the heat flux curve comprising both processes
(between 99 and 174 °C) gave 6.5 J g~'. This small value indicates that the material is essentially

amorphous. This was confirmed by wide-angle X-ray scattering (data not shown).
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Figure 3.1. Representative DSC thermograms, obtained at 20 °Cmin-" of (a) both PLA and 50ch-50PLA materials and (b)

PCL-based materials.

The blend of PLA with 50 wt% chitosan has as slightly lower T4 (60.1 °C) than the pure polyester. This
may be due to the more aggressive processing conditions (higher torque) that were needed to produce
the blend. The higher torque would have induced a higher thermal degradation on PLA and, hence, a
greater decrease on the molecular weight. However, the biggest difference lies in the onset of the
coldcrystallization process, which occurs at Tc = 89.2 °C. This may indicate that chitosan acts as a
nucleating agent, promoting a faster crystallization of PLA; however, the differences could be also

associated with the higher decrease of the molecular weight of PLA during the processing of the blend.
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No significant changes are observed in the melting temperature between PLA and the blend with
chitosan (155.3 and 155.7 °C, respectively), indicating that similar lamellae populations are produced

during cold crystallization in the two materials.

Table 3.3 - Melting temperature and heat of fusion of the different samples analysed by DSC, and the corresponding

crystallinity degree within the synthetic polymer component.

SAMPLE X%*
PCL> 51.9 69.2 M7
25Ch-75PCL b 535 44.6 35.8
50Ch-50PCL © 55.2 259 31.2
PBS d 107.2 73 66.2
25Ch-75PBS © 103.4 55.5 67.1
50Ch-50PBS f 102.4 317 575
70Ch-30PBS ¢ 104.6 231 69.8
PBSAh 83.7 40.2 -

50Ch-50PBSA | 772 16.2 -

“crystallinity in the polyester fraction

a poly-e-caprolactone

b Blend containing 25% by weight of chitosan and 75% by weight of PCL
¢ Blend containing 50% by weight of chitosan and 50% by weight of PCL
4 poly(butylene succinate)

e Blend containing 25% by weight of chitosan and 75% by weight of PBS
fBlend containing 50% by weight of chitosan and 50% by weight of PBS
9 Blend containing 70% by weight of chitosan and 30% by weight of PBS
h poly(butylene succinate adipate)

i Blend containing 50% by weight of chitosan and 50% by weight of PBSA

The DSC results on the PCL-based materials (Fig. 3.1b), in the region of the melting temperature of the
polymer that include pure PCL, and blends with different chitosan contents (to study the effect of the
polysaccharide) is summarized in Table 3.3. From the enthalpy values, the degree of crystallinity of the
PCL component in the samples was calculated from the known PCL content and by assuming that the
heat of fusion of completely crystalline PCL is 166 J g-* ['l. The melting temperature tends to increase
slightly with increasing chitosan content. In a separate study, an opposite behavior was observed for

PCL/chitosan blends prepared by solvent casting ['6l. The crystallinity of PCL tends to decrease with
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increasing chitosan content, similar to that observed in the work of Honma et al. ['6l. This was attributed
to hydrogen bond interactions between the carbonyl groups of the polyester and -OH and -NH. groups
in chitosan. Such interactions occur in the amorphous state, thus, suppressing the extent of

crystallization of the PCL domains.

There is a general tendency for the depression of T, with increasing chitosan content, except for the
blend with 70% by weight of chitosan (Table 3.3). The degree of crystallinity of the PBS component was
calculated from the known theoretical value of AHr, for 100% crystalline PBS, that was estimated to be
110.3 J g1, calculated on the basis of the group contribution method proposed by Van Krevelen ['7]. In
the PBS-based material there is a general tendency for the depression of T with increasing chitosan
content, except for the blend with 70 wt% of chitosan (Table 3.3). The same trend was observed in
blends of poly(3-hydroxybutyrate) and chitosan ['8] and was attributed to strong intermolecular
interactions between chitosan and the polyester chains, resulting in thinner lamellar thickness crystals.
The chitosan/PBSA blends also exhibit a decrease in melting temperature (Table 3.3). The addition of
25% and 70% chitosan progressively increases the crystalline content of PBS, this behavior being the
opposite of that observed for PCL. However, the introduction of 50% by weight of chitosan in PBS or in
PBSA has a depressing effect on the degree of crystallinity of the polyesters. This may be an indication
that the physical and thermal properties of such kinds of blends may not exhibit regular trends with the
compositions, as the processing conditions may also have an important effect on the performance of the

final materials.
3.2. MECHANICAL PROPERTIES

The processing parameters for compounding and injection molding are summarized in Tables 3.1 and
3.2. It is well known that extrusion compounding parameters, such as screw profile, barrel temperature,
and residence time, affect the morphology of blends. Similarly, several injection molding processing
parameters, such as injection speed, packing pressure, barrel temperature, and mold temperature, may
affect the tensile properties. In this study, no attempt was made to optimize properties. Rather, the

conditions were selected for ease of processing and visual acceptance of molded parts.

Tensile strength, tensile modulus, and ultimate elongation are shown in Table 3.4. A typical stress—
strain curve for the unfilled polyesters is shown in Fig. 3.2. The deformation is accompanied by the
formation of a neck (except for PLA), where the true stress monotonically increases with the strain.

Addition of chitosan led to a decrease in the tensile strength. This decrease is the smallest for PBTA
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and the largest for PBSA and PLA. Also, the level of decrease is insignificant for samples containing
25% and 50% chitosan in PBS.

Table 3.4. Tensile properties of various polyesters and their blends.

MATERIALS TENSILE STRENGTH (MPa) TensILE MobuLus (GPa) ELONGATION (%)
PBS 2 38.6+1.3 0.611+0.01 264+29
PLA® 82+2.1 2.440.13 6.18+1.1
PCL¢ 27.3+0.8 0.378+0.02 674436
PBTA ¢ 20.240.3 0.0817+0.01 107537
PBSA ¢ 414411 0.348+0.01 311+20
25Ch-75PBS 28.740.8 1.11£0.02 6.4£0.6
50Ch-50PBS ¢ 30.5+0.8 1.9840.03 2.66+0.21
70Ch-30PBS h 21.3+16 3.240.14 1.37+0.036
50Ch-50PCL 211409 1.84+0.07 5+0.28
50Ch-50PBTA i 17.9+0.18 0.722+0.02 8.05+0.88
50Ch-50PLA ! 54,3475 3.74+0.19 1.97+0.37
50Ch-50PBSA ™ 26.442.3 1.7410.04 4.33+3.05
a poly(butylene succinate)

b poly(lactic acid)

¢ poly-e-caprolactone

4 poly(butylene terephthalate adipate)

e poly(butylene succinate adipate)

fBlend containing 25% by weight of chitosan and 75% by weight of PBS

9 Blend containing 50% by weight of chitosan and 50% by weight of PBS

h Blend containing 70% by weight of chitosan and 30% by weight of PBS

i Blend containing 50% by weight of chitosan and 50% by weight of PCL

I Blend containing 50% by weight of chitosan and 50% by weight of PBTA
I Blend containing 50% by weight of chitosan and 50% by weight of PLA

m Blend containing 50% by weight of chitosan and 50% by weight of PBSA

However, when the chitosan content is increased to 70%, there is a further decrease in tensile strength
from 28.7 to 21.3 MPa. The higher decrease in tensile strength with PLA is partly because PLA has
been observed to be very sensitive to degradation during processing [1920, The presence of moisture

has a particularly severe effect at higher temperatures because it induces hydrolysis. While PLA
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samples were dried prior to processing, the chitosan samples were used as received and had a

moisture content of 6.9% on a dry weight basis.

—o— PBSA_3001
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Figure 3.2. Stress versus strain curves for pure polyesters.

The decrease in tensile strength is partially due to the thermodynamic immiscibility and inherent
incompatibility between chitosan and polyester. The mechanical performance of a filled polymer
depends on the strength and modulus of the filler. Yield strength of a heterogeneous polymer blend or
composite is dependent on the yield strength of the matrix, the decrease of effective load bearing cross-
section, and the interfacial adhesion between the matrix and the filler and its ability to transfer stresses
across the interface [2'. Lack of adhesion led to the formation of pores due to the debonding of the
fibers upon the application of stress in a particulate-filled material. Similar incompatibility has been

observed between other natural polymers and polyesters [22-24],
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Figure 3.3. Stress versus strain curves for blends of polyester and chitosan.

Thus, because of the decrease in tensile properties upon the addition of chitosan, the blends used in
this study can be characterized as having a reduced adhesive interaction between the chitosan and the
polyesters. As the load is applied to the blend, the lack of interfacial adhesion between the chitosan and
the polyester will limit the load transfer process. The lower the chitosan—matrix adhesion, the lower will
be the stress at which debonding occurs, as the fibers are unable to reinforce the composite. There
appears to be some adhesion between the two phases, as the tensile strength is unaffected when the
chitosan content is increased from 25% to 50%. The decrease in properties when the chitosan content
is increased to 70% by weight can be attributed to inadequate mixing. It should also be noted that the
plasticizer would have an adverse effect on the strength of the blends. At high chitosan content (70%),
the torque experienced was high enough that the die had to be removed when compounding. Also, at
higher chitosan content, the filler inclusions form aggregates. These aggregates can lead to failure at
lower stresses. Since the bonds between the filler particles are weaker than those between filler and the

matrix, cavities would be formed, resulting in failure at lower stresses.

The shape of the stress—strain curve is affected by the addition of chitosan. For pure polymer (except for

PLA), the behavior is similar to that of ductile polymers (Fig. 3.2). PLA is the only polymer with a glass
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transition greater than room temperature and, hence, displayed brittle failure. PBSA, PBTA, and PCL all
show strain hardening. In the case of PBS, tensile stress showed an upper yield point followed by a
drop in stress due to a reduction in the cross-sectional area due to necking. After yielding, the stress
dropped and remained at a constant value for the duration of cold drawing (necking extension). The
deformation mechanism of polymer filled with particles depends on the relationship between the
strength and the yield stress of the unfilled polymer 251, If the strength of the unfilled polymer is lower
than its yield stress, an increase in particle content leads to an embrittlement of the polymer. This would
appear to be the case for blends of chitosan and PBS. For both 50% chitosan and PBS and 50%
chitosan and PLA, failure occurs at low strains, and the material fails immediately after stress reaches

maximum.

The elongation of break shows a marked decrease upon the addition of chitosan (Table 3.4). There is
approximately a two order of magnitude decrease in the elongation upon the addition of 25% chitosan.
However, the elongation is less affected as the chitosan content is increased from 25% to 70%.
According to Dubnikova et al. [29], there is a critical filler volume fraction (¢) below which the samples
deform by necking. Beyond this critical value, there is negligible shrinkage of the cross-sectional area.
For aluminum hydroxide filled PP, the authors observed for certain filler dimensions that elongations
were independent of filler content ¢ > 0.2. The elongations at failure for all blend compositions are of the
same order of magnitude. While the pure polyesters underwent plastic deformation, the blends with 50%
PBS displayed brittle failure, and those with 50% PBTA, 50% PBSA, 50% PCL and 75% PBS had
uniform yield (Fig. 3). Chitosan/PLA blends displayed brittle failure. The deformation and failure of the

composites occurred without any shrinkage of cross-sectional area, including those with uniform yield.

The modulus increased with increased chitosan content (Table 3.4). This suggests that there is
sufficient stress transfer across the polyester-chitosan interface. The chitosan filler in the matrix
restrains the movement of the polyester phase near the vicinity of each particle, contributing to an
increase in the modulus. The increase in modulus was the highest for blends with PBTA and lowest for
blends containing PLA. When a relatively softer matrix is reinforced by a high modulus filler, the polymer
adjacent to the filler particle is highly restrained; this enables a major portion of the load to be carried by
the filler.
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3.3. OPTICAL MICROSCOPY

It is well known that processing conditions affect the morphology of the molded part. Furthermore, in this
study, samples of different compositions could not be molded under the same molding conditions. The
processing of the materials, included a blending stage in a twin-screw extruder, was followed by
grinding and subsequent injection moulding of test bars. Optical microscopy of injection molded samples

is shown in Figs. 3.4.

The staining with eosin was effective in identifying the chitosan domains in the blends. It appears that
there is an adequate mixing of the polyester/chitosan blends. The optical microscopy micrographs were
obtained both at the surface of injection molded tensile bar specimens (Fig. 3.4a) and on cross-sections
of cryogenically-fractured samples (Fig. 3.4b). The morphology of the molded samples was observed to
be heterogeneous and displayed a skin-core distribution. The skin is composed almost entirely of

polyester. Located below this polyester skin is the chitosan dispersed in the polyester, as is clearly

observed in Fig. 3.4b.

Figure 3.4 — (a) Optical micrograph of the surface of injection molded tensile bar of blends containing 50% chitosan and 50% PBSA,; (b)
Optical micrograph of cryogenically-fractured cross-section of blends containing 50% chitosan and 50% PBSA.

In all the cases examined, including the high chitosan (70%) containing blends, it is observed that

chitosan remained dispersed in a continuous phase of polyester. This is expected since the chitosan
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particles do not melt. As the chitosan contents increased in the blends from 25% up to 70%, there is not

a proportional morphology evolution in the images of injection molded surfaces.

The observation of the cross-sections show a much clearer correlation between chitosan content and
the area stained red (chitosan) in the images. This is an indication that the chitosan domains tend to be
enclosed in the inner regions of moldings and confirms the earlier observation that the continuous phase
consists of polyester and the dispersed phase is composed of chitosan domains. The distribution of
chitosan domains in the cross-section images is controlled by the flow pattern. A circumferential and
symmetric alignment of the domains with respect to the central point of the cross-section and defining a
skin/core structure characteristic of injection mouldings is observed. In the blends with higher chitosan
(70%), the distinct skin/core structure and the symmetric alignment is less visible, probably because of

agglomeration of chitosan domains leading to chitosan-rich clusters.

Though difficulties were experienced in using optimal extruder configuration (reverse mixing element
and use of die) due to high torque and viscous dissipation, an experiment was conducted to extrude
blends of 50% chitosan and 50% PBSA using a reverse mixing element and a die. Optical micrographs
of this blend indicate that the chitosan is much more distributed, as observed by the stained image of
the chitosan domains (figure not shown). The mixing element in the extruder seems to enhance the
quality of the mixing, however, it also causes a large increase in the torque required to process the
materials, hindering its use in all other blends. The use of this reverse mixing element in the screw

seems to be more effective in the dispersive mixing than in the distributive mixing.
3.4. SCANNING ELECTRON MICROSCOPY

Injection molded and extruded samples etched with acetic acid and observed under SEM also confirm
the findings from optical microscopy that the chitosan is located preferentially under the skin. Of the
components involved in this study, chitosan dissolves in dilute acetic acid, while the polyesters (except
PLA) were relatively stable in acetic acid. The observations of the surface and of cross-section images
indicate that the chitosan domains are 100-300 um long with thicknesses in the order of 15-30 um. It
has been reported 271 that chitosan exists in the form of fibers that have thickness of around 120A°.
SEM micrograph of chitosan powders (as received from the manufacturer and used in the blends
without any modification) indicates that the thickness of the particles is much greater than that reported
by Cartier et al. 127]. This would indicate that chitosan fibers are agglomerated into thicker particles prior

to processing, giving the appearance of sheath-like structure. Due to insufficient torque during
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processing, these particles are unable to completely disperse into individual fibers. It is possible to
observe some variation of the chitosan domain size, most probably because of local variation of
mechanical energy dissipation during processing. The clustered chitosan fibers are bent and appear to
be compliant enough to adapt their geometry to the stresses experienced during processing, without

breaking.

The SEM of injection molded specimens after tensile failure when stretched in the machine direction of
chitosan/PBS blends as a function of chitosan content are shown in Fig. 3.5. Agglomerated chitosan
fibers under SEM are present in the form of thin sheath-like structures which have dimensions in the
10-20 um range or agglomerated ellipsoidal particles with dimensions in the 100-150 um range. The
thickness of the chitosan sheath varied with the composition; the higher the chitosan content, the thicker
the sheath. We were unable to etch samples containing 70% chitosan by weight as they collapsed. The

formation of sheaths (Fig. 3.5b) is an indication of the bundling of agglomerated chitosan fibers.

In general, chitosan domains of oblong shape are dispersed in the polyester matrix. The macroscopic
deformation initially localized at the weakest point in the specimen. Debonding between the dispersed
chitosan particles and the polyester matrix is apparent in the SEM images because of the lack of
adhesion. This lack of adhesion results in interfacial slippage between the chitosan and the polyester
matrix, leading to voids and cavitations. The holes resulting from the particle pull-out from the matrix is
evident in most of the compositions (except in the case of chitosan/PLA). In addition to holes, thin

wedges are also apparent in the matrix (Fig. 3.5¢).

These wedges are a result of agglomerated chitosan fibers removed from the matrix. In some blends,
these agglomerated fibers stack up, leading to the formation of sheaths (Fig. 3.5b). This gives rise to
cluster-like morphology of the dispersed phase. The stresses generated during the processing were
unable to destroy these structures. The formation of these sheaths decreases the aspect ratio of the

fillers and can lead to significant decreases in reinforcement efficiency [28-30],
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Figure 3.5. Scanning electron micrographs of tensile surfaces of chitosan and PBS (a) 25% chitosan; (b) 50% chitosan (the

arrow denotes the sheath of chitosan); and (c) 70% chitosan.
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Figure 3.6. Scanning electron micrographs of tensile surfaces of chitosan and PBS (a) 25% chitosan; (b) 50% chitosan (the

arrow denotes the sheath of chitosan); and (c) 70% chitosan.

The tensile-fractured surface of 25Ch-75PBS and 50Ch-50PBS shows the formation of fine fibrous
structure (Fig. 3.5a). The polyester domains are elongated into fine fibrils of submicron dimensions in
the core layers of the blend. Fibrous structures were also observed for 50% chitosan blended with PBTA
(Fig. 3.6a) and PCL, though the diameters of the fibers were considerably larger (of micron scale) than
those observed in blends containing PBS and PBSA. This would indicate that there is localized

micronecking and fibrillation even in blends containing as high as 50% by weight of chitosan.

For chitosan/PLA blends (figure not shown), the upper and lower surfaces appeared smooth, with little

evidence of any protrusion or loose chitosan particles. The number of cavities in chitosan/PLA is also
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sharply lower, as well as of smaller diameter, than those observed in blends of other polyester with
similar chitosan content. This is due to the mode of failure where the chitosan particle undergoes
minimal deformation. For the more ductile polymers (PCL, PBTA and PBSA), the fibrous appearance of
the surface is due to the stretching of the surrounding polymer threads and their subsequent failure. As
the chitosan content is increased in chitosan/ PBS blends, the surface becomes smoother, indicating a

decline in ductility.

It is also evident that the number of cavities in the cross-section of the extruded samples (figure not
shown) are much lower than those in the tensile-fractured surface. The cryogenically-fractured tensile
bar surfaces for most blends are relatively smooth compared to those tensile bar surfaces subjected to
tensile fracture (Fig. 3.6a and b). For chitosan/PLA-fractured surfaces (figure not shown), it is observed
that stacks of chitosan sheaths, inadequately dispersed, have induced local breakage. Cavities were
also observed in the extruded specimens of the blends. The cavities that exist in extruded samples are

probably due to foaming as a result of the presence of moisture.

The cavities showed both spherical and ellipsoidal form and had a size distribution. In addition, cavities
of differing sheath thickness are also observed. The cavitation is more apparent in the blend containing
25% chitosan than in the blend containing 70% chitosan (Fig. 3.5a versus Fig. 3.5¢). This difference is
due to the mode of failure of the two samples. The 70% chitosan-containing blend fractures in the brittle
mode, where there is very little deformation. The 25% chitosan-containing blend has a higher elongation

(Fig. 3.5a). The blend containing 50% chitosan, as expected, shows an intermediate behavior.

The surfaces of some of the cavities are relatively smooth, indicating a lack of complete adhesion. Also,
there appeared to be a lack of wetting between the chitosan fiber and the polyester. Bundles of sheaths
were also observed in the samples (Fig. 3.6b), indicating local domains where mixing was insufficient.
The diameter of the bundles increased as the concentration of chitosan increased. This is attributed to
fiber agglomeration. The effect is similar to that reported for fiber reinforced polymers. The packing
density of randomly oriented fiber is low. When the volume fraction of fiber being compounded is greater
than its natural packing density, the fiber must either break into shorter fragments or form bundles to
conform to space filling requirements 31l Fiber breakage can be achieved by increasing the pressure.
However, we were limited by maximum amperage of the extruder motor. The addition of as little as 25%
chitosan increased torque significantly over what was required to process the synthetic polyester. This
necessitated a decrease in screw speed (hence pressure) as well as adjusting screwprofile (such as no

reverse element) and the removal of the die to further decrease the pressure.
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Figure 3.7. Blends of 50% chitosan and 50% PCL: (a) Cryogenically fractured and (b) cryogenically fractured and etched in
1% aqueous acetic acid for 3 h (A: 4.1x5.7 pm; B: 6.0x5.3 ym; C: 7.8x7.7 um; D: 21.5x17.0 ym).

To identify the dispersion of chitosan domains in the blend matrix, a set of samples were etched by
immersing in an acetic acid solution and observed under SEM. Chitosan is soluble in 1% acetic acid
solution. A cryogenically-fractured surface of 50% chitosan and PCL with and without etching is shown
in Fig. 3.7. The cavities observed in these etched samples are those of chitosan. The particle size of
chitosan ranges from 15-145 um. A range of cavity dimensions dispersed randomly in the etched
samples was observed. The shapes of these cavities range from spherical to those resembling stacked
sheaths. The dimensions and shapes of the holes correspond to those observed for unprocessed

chitosan powder under SEM. It is also possible that there is some agglomeration of chitosan particles in

-05-



the blends, leading to hole dimensions larger than those observed for unprocessed chitosan powder
under SEM. The cavities are not normal to the fracture surfaces, indicating that the chitosan

agglomerates do not necessarily align themselves in the direction of flow.
3.5. SMALL-ANGLE X-RAY SCATTERING

Further insights on the microstructure at the lamellae scale can be obtained from SAXS. Selected 2-D

SAXS patterns of injection molded parts are shown in Fig. 3.8.

PCL 25Ch-75PCL 50Ch-50PCL

: o

PBSA 50Ch-50PBSA PBS

Figure 3.8. 2-D-SAXS patterns of injection-moulded samples.

All materials exhibited the typical scattering features associated with the electron density contrast
between the alternating crystalline and amorphous layers. PCL displays a noticeable orientation of its
lamellar morphology in the direction of the melt flow inside the mold. The inclusion of 25% and 50% by

weight of chitosan seems not to affect this orientation; only the intensity of the diffraction pattern
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decreases, as expected. PBSA samples also exhibit a strong anisotropy, also in the direction of the melt
flow. However, the lamellar structure, although maintaining this orientation, is strongly depressed with

the inclusion of 50% weight of chitosan.

Is” /a.u.

0.05 0.10 0.15

-1
s/nm

Figure 3.9. Lorentz-corrected SAXS profiles of some PCL and PBSA-based samples.

The 2-D SAXS patterns of the PBS parts do not exhibit the anisotropy found in the other materials. It
should also be mentioned that despite the relative high degree of crystallinity of PBS (relative, for
example, to PCL), the intensity of the SAXS pattern is quite low, probably indicating that the lamellar

organization is not as efficient as in PCL.

The 2-D patterns were integrated (using the X-ray software, version 1.0) to estimate the intensity as a
function of the scattering vector, s. Lorentz-corrected scattering profiles analyzed for some materials is
shown in Fig. 3.9. In the low angular regions, a typical increase of the intensity is detected, which, due
to the low signal, indicated that no regular heterogeneous structures are present with dimensions larger

than the crystalline and amorphous layers.
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As expected, the intensity of the main diffraction peaks decreased strongly with the incorporation of
chitosan, as the total crystallinity (and, thus, the development of crystalline lamellae) is depressed. The
position of the peaks was used to calculate the average long period, L=1/smax. For the PCL-based
materials, we found that L ranged between 14.9 and 15.3 nm, with no particular trend with the chitosan
content. Also for the PBSA and 50% chitosan and 50% PBSA materials, a similar long period was found
(8.8 and 9.0 nm, respectively) for the lamellar structure of the polyester. From the results of the PBS
system, we conclude that the average long period is always lower here than in PBSA, being near 7.5
nm, independently of the chitosan content. The results shown in Fig. 3.9 clearly indicate that the
addition of the polysaccharide on the studied polyesters does not significantly affect the morphology

developed at the lamellar scale.
3.6. WIDE-ANGLE X-RAY SCATTERING

Representative WAXS patterns on some selected PCLand PBS-based materials are shown in Fig. 3.10.

PCL

25ch/75PCL
50ch/50PCL

intensity /a.u.

PBS

500h/5|0PBSI | | | |
12 14 16 18 20 22 24 26 28 30 32

20

Figure 3.10. : WAXS patterns of some PCL- and PBS-based samples where the effect of the addition of chitosan is

investigated.

In the first case, two main diffractions, at 26 around 21° and 23°, attributed to the (1 1 0) and (2 0 0)

planes in PCL are detected 1¥2. Neither peak changes their position upon blending with chitosan.
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Moreover, the half-width of both peaks are maintained, indicating that the PCL crystal sizes are also
maintained when chitosan is added. It is interesting to compare these results with those obtained by
Honma et al. ['6], where blends of PCL with chitin and chitosan were prepared by solvent casting. For
solvent cast blends, they observed differences in the interplanar spacings of the (1 1 0) planes with the
inclusion of the polysaccharides, the b axes of the PCL orthorhombic unit cell being more spread out in
the blends. However, no differences were found in the spaces of the (2 0 0) planes ['€l. It can therefore
be concluded that considerable molecular interaction occurs between PCL and chitosan when the blend
is processed by solvent-casting, influencing the crystalline development of PCL. By contrast, in the
PCLblends prepared by injection molding, it seems that these interactions are weaker, as no influence
in the crystalline morphology is detected in either the crystal unit (probed by WAXS) or lamellar (probed
by SAXS) length scales.

The diffraction diagrams for the PBS-based injection molded parts (Fig. 3.10) display a peak at 26
=19.3°, assigned to the (11-1) and (0 0 2) planes, a peak of (1 1 0) at 20 =22.2°, with a shoulder at
lower angles (better defined in the blends and composites) associated with the (0 1 2) planes, a peak of
(12-1) at 26 =25.9° and a peak of (1 1 1) at 28 =29°. An electron diffraction study showed that PBS
chains crystallize in monoclinic crystal lattice, with a = 0.523 nm, b = 0.908 nm, ¢ = 1.079 nm, and 8 =
123.87° 1331, It can be seen in Fig. 3.10 that the position of the diffraction peaks is not altered with the
introduction of chitosan, as observed previously for the PCL system. Only the intensity of the peaks is

altered due to the loss of total crystallinity (with the blending with chitosan).
4. CONCLUSIONS

Chitosan, an important biomaterial, can be melt blended with several biodegradable polyesters to
produce materials with a range of acceptable properties. Addition of chitosan to PLA decreased the
glass transition temperature as well as the temperature of the onset of crystallization. For chitosan/PCL
blends, the degree of crystallinity decreased with increased chitosan content. When the chitosan
content in PBS increased, the melting temperaturewas found to decrease. For blends containing 25%
and 70% chitosan, the crystallinity of the PBS increased, while at the intermediate chitosan content
(50%), it decreased.

The tensile strength decreased with increased chitosan content while the modulus increased. A small
amount of chitosan content caused a significant decrease in the elongation. No neckingwas observed in

the filled polymers. These blends displayed a skin core morphology. Chitosan domains tend to be
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enclosed in the inner regions of moldings, confirming the observation that the continuous phase consists
of polyester and the dispersed phase is composed of chitosan domains. In all the blend compositions,
the distribution of chitosan domains in the cross-section images seems to be controlled by the flow
pattern, leading to a nearly radial and symmetric distribution of the domains with respect to the central
point of the cross-section. Dispersed chitosan particles agglomerate to sheaths as the chitosan content
is increased. The size distribution of chitosan observed in the blends is consistent with the range of
sizes observed for pure chitosan under SEM. Qualitatively, the average particle size seems to decrease
after processing, particularly in the 25% chitosan blends. This is probably due to the stresses
experienced during extrusion, milling and subsequent injection moulding. There is some debonding
between the chitosan platelets and the polyester matrix, as evident in the SEM of the tensile-fractured
surfaces. Platelet pull-out results in holes in most of the matrices. The only exception is chitosan/PLA
blends whose crosssection showed little evidence of any protrusion or loose chitosan particles. As the
chitosan content is increased in chitosan/PBS blends, the fracture surface becomes smoother,
indicating a decrease in ductility. Blends of chitosan with PCL, PBTA, or PBSA display fibrous

appearance at the fractured surface due to the stretching of the polymer threads.

When cryogenically-fractured surfaces are etched with acetic acid to remove chitosan, cavities
corresponding to dimensions of chitosan platelets are evident. These cavities have smooth surfaces,
indicating that the chitosan fibers do not completely adhere to the polyester matrix. Some cryogenically-
fractured surfaces of blends show fibrillar polymer structure. These polyesters display SAXS patterns
that are consistent with a typically lamellar morphology. The lamellar orientation of the polyesters (PCL,
PBSA) are unaffected by the addition of chitosan. However, the addition of chitosan does suppress the
lamellar development. PBS, on the other hand, while crystalline, displays a more isotropic orientation.
The intensity of the main diffraction peaks decreased with the incorporation of chitosan, as the total
crystallinity is reduced. The two main diffraction peaks in PCL, observed using WAXS, are unaffected by
the addition of chitosan. Similarly, the inclusion of HA does not influence the position of the diffraction
peaks of PCL. The X-ray diffraction results confirm the morphological observations that the chitosan and

the polyester are phase-separated systems.
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CHAPTER IV.

Hydroxyapatite reinforced chitosan and polyester blends for biomedical applications
Abstract

Hydroxyapatite, chitosan, and aliphatic polyester were compounded using a twin-screw extruder. The
polyesters include poly(e-caprolactone) (PCL), poly(lactic acid) , poly(butylene succinate) (PBS), and
poly(butylene terephthalate adipate). The mass fraction of chitosan ranged from 17.5 to 45%, while that
of HA ranged from 10 to 30%. These composites were injection molded and evaluated for thermal,
morphological, and mechanical properties. The addition of hydroxyapatite decreased the crystallinity in
chitosan/PBS blends, while in blends containing chitosan/PCL, the crystallinity increased. Addition of
hydroxyapatite significantly decreased the tensile strength and elongation of polyester/hydroxyapatite
composites as well as chitosan/polyester/hydroxyapatite composites with elongations undergoing
decreases over an order of magnitude. The tensile strength of the composite was dictated by the
adhesion of HA to the chitosan/ olyester matrix. The tensile strength of composites containing
hydroxyapatite could be predicted using the Nicolai and Narkis equation for weak filler adhesion (K =
1.21). Tensile-fractured and cryogenically-fractured surface indicates extensive debonding of
hydroxyapatite crystals from the matrix, indicating weak adhesion. The adhesion of hydroxyapatite was
higher for pure polyester than those containing chitosan and polyester. The modulus of the composites
registered modest increase. The two main diffraction peaks observed using WAXS are unaffected by

the amount of chitosan or hydroxyapatite.

This chapter is based on the following publication: Correlo VM, Boesel LF, Bhattacharya M, Mano JF,
Neves NM and Reis RL, 2005, Hydroxyapatite reinforced chitosan and polyester blends for biomedical

applications, Macromolecular Materials and Engineering, 290(12):1157-1165




1. INTRODUCTION

Chitin, an unbranched polysaccharide derived from the exoskeletons of crustaceans, insects, and
mollusks, and the cell walls of microorganisms [l is finding increased use in biomedical applications.
Chitosan, a linear amino polysaccharide obtained by de-acetylation of chitin, and chitin possesses the
inherent physical and biological characteristics that may render them useful as a component in hard
tissue replacement material. Chitin’s role in the exoskeleton of crustaceans is analogous to that of
collagen in bone, being the fibrous matrix acting as template for the development of inorganic calcium
material. Due to their good biological activity (providing affinity and surface chemistry ideal for contact
with cells), biocompatibility, and biodegradability, chitosan and its derivatives have attracted attention for
potential applications in the field of biomedical polymers [2. These biomolecules have been reported to
have applications as anticoagulants, wound-healing accelerators, wound dressing, artificial bone, and in

drug delivery systems &I,

A large number of synthetic polymers have found varying uses in biomedical industries. These are
summarized in several monographs, symposium proceedings, and texts “51. While naturally occurring
polymers exhibit a range of properties that make them suitable for use as alternatives to currently used
biomaterials, they have less than ideal mechanical properties which precludes their use as materials in
load bearing applications. The development of hybrid materials that combine naturally occurring
polymers with biocompatible synthetic polymers is expected to minimize the mismatch of mechanical

properties and preserve biocompatibility.

Hydroxyapatite (HA) is often added to orthopedic devices to induce osteoconductivity or bone-bonding
ability. Few, if any, synthetic polymers are osteoconductive. Hydroxyapatite, because of its similar
chemical structure to the inorganic composition of human bone, is often used in bone reconstruction.
Several studies have shown the bone bonding ability of HA -8 Hydroxyapatite has also been
evaluated as a reinforcing agent with polymers such as HDPE [B-"1l PLLA['2, PMMA [13-15] PHB
homopolymer and P(HB-HV) copolymers [16.17] starch ['8.19] and polyester-ether 201 to form bioactive
compounds. In addition to increasing the modulus, apatites have biocompatibility with several cell types
such as osteoblasts, osteoclasts, fibroblasts, and periodontal ligament cells that are found in calcified

tissues [21-23].

In an earlier paper [24], we reported on the properties of composites of chitosan and aliphatic polyesters.

The objective of this research was to evaluate the properties of hydroxyapatite, chitosan, and
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biodegradable aliphatic polyesters poly-¢-caprolactone (PCL), poly(lactic acid) (PLA), poly(butylene
succinate) (PBS), and poly(butylene terephthalate adipate) (PBTA). The tensile properties (tensile
strength and tensile modulus), thermal properties, and morphological properties of the composites were

evaluated. Ternary blends often lead to complex morphology and affect properties.
2. MATERIALS AND METHODS

2.1. MATERIALS

The chitosan, supplied by France Chitin, (Orange, France), had a degree of deacetylation of
approximately 85%. The polyesters used include poly-e-caprolactone) (PCL), Poly- (butylene succinate)
(PBS), poly(lactic acid) (PLA), and poly(butylene terephthalate adipate) (PBTA). Polycaprolactone resin
PCL 787, commercially available as TONE™ Polymer, was obtained from Union Carbide Chemicals
and Plastics Division, Bound Brook, New Jersey. Eastar Bio Copolyester 14766™, a butanediol,
adipate, and terephthalate copolymer, was obtained from Eastman Chemical Company, Kingsport,
Tennessee. Bionolle™ 1050, a polybutylene succinate copolymer, was obtained from Showa
Highpolymer Co. Ltd., Tokyo, Japan. The characteristics of the various polyesters are summarized in
Table 4.1. Hydroxyapatite (grade Capital S) [3 um<d<6 um] was obtained from Plasma Biotal Ltd,
Tideswell, England.

Table 4.1. Material properties of polyesters used in this study.

PCL7872 pPBS® PBTA¢ PLAd
MELT INDEX 4 50 20
MN (x 10-5) 0.64 0.34 043 1.54
Mw (x 10-5) 1.24 0.89 0.78 2.52

a poly-g-caprolactone

b poly(butylene succinate)

¢ poly(butylene terephthalate adipate)
4 poly(lactic acid)

2.2. PROCESSING

The materials processed and their composition is shown in Table 4.2. The composites were

compounded in a co-rotating twin-screw extruder [Leistriz LSM 36]. Higher filler content pushed the

- 109 -



torque in the extruder close to the maximum. Hence, each composition had 5% by weight of plasticizer
(glycerol) to reduce the torque. The extruded strands were ground by a Coloritron grinder using 5 mm
diameter pellets. The resulting composite were injection molded using an ENGEL injection moulding
machine to produce tensile test bars. The tensile bars had a neck cross-section area of 2x4 mm?2 and a

neck length of 20 mm. The conditions used for moulding are summarized in Table 4.3.

Table 4.2. Processing condition used for compounding the various composites studied.

PROCESSING CONDITIONS
MATERIAL TEMPERATURE PROFILE SCREW SPEED TYPE OF MACHINE USED
(°C) (RPM)
70PBS-30HA @ 80/120/140/150/165/175 100 Co-rotating
17.5Ch-52.5PBS-30 HA + 5% glycerol b 80/120/140/150/165/175 100 Co-rotating
45Ch-45PBS-10HA + 5% glycerol ¢ 80/120/140/150/165/175 100 Co-rotating
40Ch-40PBS-20HA + 5% glycerol d 80/120/140/150/165/175 100 Co-rotating
35Ch-35PBS-30HA + 5% glycerol ¢ 80/120/140/150/165/175 100 Co-rotating
35Ch-35PBTA-30HA + 5% glycerol f 80/120/140/150/165/175 100 Co-rotating
35Ch-35PCL-30HA + 5% glycerol 9 80/120/140/150/165/175 100 Co-rotating
35Ch-35PLA-30HA + 5% glycerol " 175 in first 4 zones, 180 rest 100 Co-rotating

a Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

b Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of
glycerol

¢ Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite, processed with 5% by weight of glycerol

4 Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite, processed with 5% by weight of glycerol

e Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

f Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

9 Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

h Composite containing 35% by weight of chitosan, 35% by weight of PLA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol
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Table 4.3. Injection molding processing conditions for the composites.

MATERIAL INJECTION SPEED (mm/s) ~ HOLDING PRESSURE (BAR) BARREL TEMP. (°C)
70PBS-30HA @ 28 40 90-120-120-140

17.5Ch-52.5PBS-30 HA + 5% glycerol 28 20 110-130-150-160
45Ch-45PBS-10HA + 5% glycerol ¢ 26 20 110-130-150-160
40Ch-40PBS-20HA + 5% glycerol d 32 20 110-130-150-160
35Ch-35PBS-30HA + 5% glycerol ¢ 30 20 110-130-150-160
35Ch-35PBTA-30HA + 5% glycerol f 22 25 110-130-150-160
35Ch-35PCL-30HA + 5% glycerol 9 42 20 110-130-150-160

a Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

b Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of
glycerol

¢ Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite, processed with 5% by weight of glycerol

4 Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite, processed with 5% by weight of glycerol

e Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

f Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

9 Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite, processed with 5% by weight of glycerol

2.3. MECHANICAL PROPERTIES

The tensile properties were determined using a Universal tensile testing machine (Instron 4505
Universal Machine, USA). Tensile stress was taken as the maximum stress in the stress/strain curve.
Tensile modulus was estimated from the initial slope of the stress strain curve. Samples were
conditioned at room temperature for at least 48 h before testing. A crosshead speed of 5 mm/min was

used. The values reported were the average of at least five specimens.
2.4. DIFFERENTIAL SCANNING CALORIMETRY

The DSC experiments were performed in a Perkin-Elmer DSC7 apparatus, using a water cooling
accessory and nitrogen as a purge gas (flux gas of ca. 20 cm3.min-"). Both temperature and heat flux
were calibrated with Indium (99.99999% purity) at a scanning rate of 20 °C/min. The samples were
obtained by cutting a small piece of material (with ca. 10 mg weight) in the central region of the injection
parts. An effort was made to maintain the geometry of the different samples in order to keep the same
thermal resistance. All the experiments were performed at 20 °C/min, starting from room temperature.
Only the first run was analyzed, which reflects not only the materials contained in the samples, but also

the general morphology developed during processing.
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2.5. WIDE ANGLE (WAXS) X-RAY SCATTERING

WAXS experiments were performed using X-ray synchrotron radiation (transmission mode) at the Soft
Condensed Matter A2 beamline at the HASYLAB (DESY) synchrotron facility in Hamburg, Germany.
The experimental setup included a linear detector for 1-DWAXS measurements (distance 23 c¢cm). Cu
Ka radiation, with a wavelength of 4 = 0.154 nm, was employed in the experiments. The injection

moulded samples were fixed vertically, and the patterns were acquired at room temperature.
2.6. SCANNING ELECTRON MICROSCOPY

The morphological characterization of the composites was made using a Leica-Cambridge S-360
scanning electron microscope. All the samples were sputter-coated with gold. Several different analyses
of the cross-section of the tensile bars were made. These include (i) observations of fractured surfaces
after break during the tensile tests and (i) observations after immersing the samples in liquid nitrogen
for one minute and fracturing the sample in the testing zone to analyze the brittle fracture of the

composite.
3. RESULTS AND DISCUSSION

3.1. DIFFERENTIAL SCANNING CALORIMETRY

Figure 4.1a shows the DSC scans of the 50/50 wt.-% of chitosan and PLA blend. The glass transition at
60.1 °C (midpoint) can be easily observed, together with the typical structural relaxation endothermic
peak, the exothermic peak corresponding to the cold crystallization process (onset at T¢ = 89.2 °C) and
melting peak, with an onset temperature of 155.7 °C.With the addition of 30%wt of HA in the blend, a
drop on Tq (53.6 °C) was observed.

This may be attributed to an extended chain scission during the processing of the composite
(HA/chitosan/PLA), with respect to the blend (chitosan/PLA). This may help explain the decrease of the
cold-crystallization temperature (Tc = 83.9 °C) that is also observed upon the introduction of the HA.
However, we believe that the HA particles play an important role as nucleating agents. In fact, it has
been reported that composites of PLA/HA produced by solvent casting (where chances of thermal
degradation are minimal) exhibit decreasing T with increasing HA content 1251, Finally, the composite

presents a lower melting temperature (Tm = 148.2 °C) than the pure PLA (155.3 °C 128]). The presence of
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the HA particles during the cold-crystallization process could lead to the formation of less perfect

crystalline structures, that melt at a lower temperatures.
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Figure 4.1. Representative DSC thermograms, obtained at 20 °C.min-1, analyzing the effect of HA addition in (a) PLA and
(b) PBS-based materials.

A similar study was performed for the PCL system, where the 50/50 wt.-% chitosan/PCL blend was
reinforced with 30%wt HA. In the DSC scans (figure not shown), the melting peak is clearly detected.
The inclusion of hydroxyapatite decreased the melting temperature of the 50/50 wt.-% chitosan/PCL

blend (Table 4.4). Similar results were reported for PCL reinforced with hydroxyapatite nanocrystals,
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processed by solvent casting 127, From the enthalpy values, the degree of crystallinity of the PCL
component in the samples was calculated from the known PCL content and by assuming that the heat
of fusion of completely crystalline PCL is 166 J.g" ©28. The reinforcement of chitosan/PCL by HA
increased the degree of crystallinity in the PCL fraction (Table 4.4). In this case, the nucleating effect of

the HA particles may be the origin of the enhancement of the degree of crystallization.

Table 4.4. Melting temperature and heat of fusion of the different samples analysed by DSC, and the corresponding

crystallinity degree within the synthetic polymer component.

SAMPLE Tnl°C AH g X%*
50Ch-50PCL 2 55.2 259 31.2
35Ch-35PCL-30%HA ® 535 209 36.0
PBS ¢ 107.2 73 66.2
70PBS-30HA d 107.9 49.9 64.6
25Ch-75PBS © 103.4 55.5 67.1
17.5Ch-52.5PBS-30HA 103.7 39.1 67.5
50Ch-50PBS ¢ 102.4 317 575
45Ch-45PBS-10HA h 104.6 335 67.5
40Ch-40PBS-20HA | 103.1 287 65.0
35Ch-35PBS-30HA | 102.9 30 77

*crystallinity in the polyester fraction

a Blend containing 50% by weight of chitosan and 50% by weight of PCL

b Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite
¢ poly(butylene succinate)

4 Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

e Blend containing 25% by weight of chitosan and 75% by weight of PBS

f Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite
9 Blend containing 50% by weight of chitosan and 50% by weight of PBS

h Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite
i Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite
I Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite

The DSC thermograms for the PBS-based materials are shown in Figure 4.1b. Again, the degree of
crystallinity of the PBS component was calculated from the known theoretical value of AHy for 100%
crystalline PBS, that was estimated to be 110.3 J.g, calculated on the basis of the group contribution

method proposed by Van Krevelen 29, For PBS and all the blends with chitosan, the introduction of 30%

-114--



of HA tends to increase the (onset) melting temperature (Table 4.4). This behavior is different from that
found in PCL. The effect of the increase of HA content was analysed for the composite with the same
amount of PBS and chitosan. Interestingly, the increase of HA from 10 to 30% tends to decrease Tm
(Table 4.4). This behavior indicates that a significant increase in Tm is found with the introduction of a
lowquantity ofHAinto the PBS-system, but with a further HA content the melt temperature systematically
decreases. An explanation for this finding may be linked to the enhancing of molecular scission upon
processing with the increase of the HA content. The degradation of polyester due to the presence of
moisture and shear is well documented 0. 311, As the HA content in the blend increased, the torque and
hence the shear stresses increased leading to chain scission of the PBS. A more careful and controlled
study is needed to fully elucidate this issue. The introduction of 30%of HA may influence the degree of
crystallinity in the PBS fraction: it decreased slightly for pure PBS, increased slightly in the blend of PBS
with 25 wt.-% chitosan, and finally increased significantly in the blend of PBS with 50% by weight
chitosan (reflected in the reduction of the elastic modulus of this composite with respect to the un-
reinforced blend). This indicates that the effect of HA may be dependent on the amount of
polysaccharide in the blend. For the particular blend of 50/50 wt.-% chitosan/PBS, the increase of the
HA content tends to increase the degree of crystallinity, but the evolution is not progressive. Again, this
behavior may be due to the decrease of the molecular weight of PBS during processing with increasing
HA.

3.2. MECHANICAL PROPERTIES

The processing parameters for compounding and injection moulding are summarized in Table 4.2 and
4.3. It is well known that extrusion compounding parameters such as screw profile, barrel temperature,
and residence time affect the morphology of blends. Similarly, several injection moulding processing
parameters, such as injection speed, packing pressure, barrel temperature and mould temperature, may
affect the tensile properties. In this study, no attempt was made to optimize properties. Rather, the

conditions were selected for ease of processing and visual acceptance of molded parts.

The mechanical properties of composites containing hydroxyapatite with blends of chitosan and various
polyesters are summarized in Table 5. Composites containing chitosan, PLA, and hydroxyapatite in the
weight ratio of 35:35:30 were also compounded. However, these composites could not be moulded
because of their inherent brittleness. The stress-strain behavior is shown in Figure 4.2. The ductility was
low, and the composites were brittle. For the low filler content (17.5%Ch-52.5%PBS-30%HA), the
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samples strain at constant stress before failing. Addition of hydroxyapatite increased the filler content of

the composite and further decreased the tensile strength over chitosan/polyester blends (241,

Table 4.5. Tensile properties of various chitosan polyester blends with hydroxyapatites.

TENSILE STRENGTH TENSILE MODULUS ELONGATION
MATERIALS
()] (GPa) (%)

PBS 2 38.6+1.3 0.6120.01 264+29
PCL® 27.3+0.8 0.38+0.02 674+36
PBTA ¢ 20.2+0.3 0.08+0.01 1075437
70PBS-30HA ¢ 28.3+0.2 1.04 £0.03 131+1.7
17.5Ch-52.5PBS-30HA ¢ 13.0+0.5 1.05+0.07 44+02
45Ch-45PBS-10HA 15.9+ 0.6 1.85+0.03 16+0.2
40Ch-40PBS-20HA ¢ 121432 1.95+0.03 1.0+0.3
35Ch-35PBS-30HA 13114 1.81+0.08 12402
35Ch-35PBTA-30HA i 112404 0.71+0.03 33+0.2
35Ch-35PCL-30HA i 146408 1.45+0.05 17102

a poly(butylene succinate)

b poly-e-caprolactone

¢ poly(butylene terephthalate adipate)

d Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

e Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite
f Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite

9 Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite

h Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite

i Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite

i Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite

The addition of chitosan to polyesters caused a modest decrease (=20% for 50% chitosan in the blend)
in the tensile strength and significant increase in the modulus (=3-fold). Similar results have been
reported by others in the literature [15.17.20], This is due to incompatibility between the components of the
composites that gives rise to low interphase adhesion between the matrix and the dispersed phase,

particularly the adhesion of hydroxyapatite to either chitosan or polyester.

The elongation at break shows a marked decrease upon the addition of hydroxapatite (Table 4.5). There

is approximately a two orders of magnitude decrease in the elongation at break upon the addition of
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30% hydroxyapatite to the polyester. While the pure polyesters underwent plastic deformation, the
composites displayed brittle failure. According to Dubnikova et al. B32], there is a critical filler volume
fraction (®) below which the samples deform by necking. Beyond this critical value, there is negligible

shrinkage of the cross-sectional area when deformation occurs.

Predictive equations for tensile strength have been reported 331 and can be used to present a qualitative
analysis regarding the adhesion between the filler and the polyester. The volume fraction and the

projected area fraction can be related by the equation of Nicolais and Narkis.

0. = o1 — K®?/3] (1)

where 0¢ and onm are the tensile strengths of the composite and the polymer matrix respectively and @ is

the volume fraction of the filler.

The parameter, K, in the model accounts for the adhesion between the filler and the matrix. The
theoretical value of K for the extreme case of poor adhesion is 1.21. A value of K lower than the
theoretical 1.21 indicates some adhesion. Assuming a particle density of hydroxyapatite and polyester
to be 3.1 g/cm3 and 1.2 g/cm? respectively, the K value (Equation (1)) is close to 1.0 for the PBS and
30% HA blend.

SEM micrographs (see below) indicate that hydroxyapatite and chitosan are dispersed in the continuous
polyester phase. An increase in particle size and content results in the reduction of debonding stress
due to the formation of micropores. The amount of debonded particles in the matrix, which determines
the pore concentration, is a function of particle diameter; the higher the particle diameter, the lower the
debonding stress 34, For these materials, failure occurs immediately following the onset of debonding,
and the tensile strength equals the minimum debonding stress 2. Chitosan/PCL and chitosan/PBS
samples with hydroxyapatite displayed a brittle fracture behavior, while chitosan/PBTA with
hydroxyapatite displayed a uniform yield. PBTA has very low crystallinity compared to the other

polyesters and retains some ductility even at high filler contents.
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Figure 4.2. Stress versus strain curves for chitosan, polyester and hydroxyapatite composites.

The lack of reinforcing ability of hydroxyapatite with synthetic polymers has been attributed to the lack of
chemical interaction of hydroxyapatite with the polymer 135361, In some instances, coupling agents were
used to achieve improved strength [37-39, In other instances, innovative processing techniques have
been used to improve strength 40411, The modulus values obtained in this study are in the lower bounds
of the properties of bone whose modulus have been reported to range up to 20 GPa #2431 and could be
adequate for minor load bearing applications. Hydrostatic extrusion and oriented molding could be two

alternative processing techniques to increase properties further.

The values in Table 4.5 are further reduced because of the added effect of plasticizer, which reduces
both the stress and modulus. Bergmann and Owen ['7] also observed weak adhesion between
hydroxyapatite and polyhydroxybutyrate and poly(hydroxybutyrate-co-valerate). ~ Addition of

hydroxyapatite had negligible effect on the modulus, except in the case of chitosan/PCL blend, where it

-118 -



CHAPTER IV. Hydroxyapatite reinforced chitosan and polyester blends for biomedical applications

decreased. This could be due to a combination of lack of reinforcing ability of hydroxapatite due to lack

of chemical interaction with the composite as well as the effect of the added plasticizer.
3.3. MORPHOLOGY

The cryogenically-fractured and tensile-stretched specimen cross-section is shown in Figure 4.3 and
4.4, In general, a tensile-stretched specimen cross-section has cavities in two ranges of dimension: one
set has diameters less than 4.0 mm and the other has diameters greater than 4.0 mm. Hydroxyapatite
crystals have diameters of approximately 3.0 mm. The smaller dimension cavities are more numerous.
Many of the cavities have dimensions lower than 3.0 mm, some as lowas 0.5 mm. This could be due to
the result of break-down of hydroxyapatite crystals during the compounding process. For all the blends
compounded with the hydroxyapatite crystals, it was observed that hydroxyapatite crystals are well

distributed within the matrix.

L= gkt EHT= 10,0 KV MD= 23 mm
5 I —

L= gkt EHT= 10,0 KV MD= 23 mm
5.00mf—-——————

5. 00pm
UNIY. MINHO

UNIV. MINHO
-

Figure 4.3. 17.5%Chitosan, 52.5% PBS and 30% hydroxyapatite (a) tensile fractured and (b) cryogenically fractured. (A —
3.3x2.0 ym; B - 0.6um; C - 0.4um; D - 0.3um; E — 2.4x2.0pum; F — 1.5x2.9um; G — 1.7x0.8um).

The distribution of the hydroxyapatite crystals in the polymer matrix is best visualized by observing the
tensilefractured surface in blend with pure polyester (PBS) (Figure 4.4a). The agglomeration of
hydoxyapatite crystals is evident since they have dimensions much larger than those observed in blends
containing chitosan and polyesters 241, Similar observations has been reported by Bergmann and Owen

['71in composites of hydroxyapatite and polyhydroxybutyrate and poly(hydroxybutyrate-covalerate). One
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CHAPTER V. Hydroxyapatite reinforced chitosan and polyester blends for biomedical applications

reason for the agglomeration in our system could be due to the effect of stresses developed during

processing.

Figure 4.4. 70% PBS and 30% hydroxyapatite (a) tensile fractured and (b) cryogenically fractured. (A — 102.0x116.0um; B
—85.0x100.0um; C — 82.0x95.9um; D — 100.0x112.0pum; E — 93.5x86.7um; F - 1.5um; G - 1.7um)

Composites containing chitosan, polyester, and hydroxyapatite had a much higher viscosity (due to
increased filler content), and, hence, the stresses generated were higher than the blend containing
hydroxyapatite and PBS. The higher stresses may have resulted in the deagglomeration of the
hydroxyapatite crystals in these blends. Another observation is that hydroxyapatite crystals are actually
visible in the composite (Figure 4.4a) with pure polyester as opposed to blends containing chitosan and
polyesters, where predominantly cavities without the particles are visible. One possible explanation is
that pure polyester undergoes shrinkage that results in some adhesion with the hydroxyapatite crystals
preventing complete detachment. With the presence of chitosan in the blend, the polyester/chitosan
matrix undergoes minimal shrinkage and results in debonding. This also explains the fact that when
hydroxyapatite crystals are added, only pure polyester (PBS) experienced an increase in the tensile
modulus. Clements and Mas 4! presented expressions from wherein modulus reinforcement can be
estimated. For materials that debond and cause voids, the reinforcement factor is typically less than 1.0,

irrespective of the aspect ratio of the filler.

The hydroxyapatite crystals have minimal adhesion to the polymer matrix, as is evident from the
extensive debonding and the smooth surfaces of the cavities. The number of cavities believed to be as

a result of hydroxyapatite crystals is greater than those due to chitosan. As seen in Figure 4.3, the
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CHAPTER IV. Hydroxyapatite reinforced chitosan and polyester blends for biomedical applications

cavities generated in the tensile-fractured and cryogenically-fractured samples are due to
hydroxyapatite. The number of cavities in the tensile-fractured surface is higher than those in the
cryogenically-fractured surface. This is probably because chitosan has greater adhesion to the polyester
matrix than hydroxyapatite has to the polyester and chitosan matrix. This supports the data from tensile
tests that indicate a sharp drop in the tensile strength as hydroxyapatite is added as failure occurs at the
initiation of debonding which happens at a lower stress with hydroxyapatite in the blend. Hence, it can
be concluded that there is no chemical bonding between the hydroxyapatite crystals and the matrix. It
appears that the polymer/chitosan simply flowed around the hydroxyapatite crystals. This could be one

reason for minimal modulus reinforcement due to the added hydroxyapatite crystals.

Figure 4.5. 35% chitosan, 35% PBTA and 30% hydroxyapatite (a) tensile fracture, and (b) brittle fracture.

The surfaces of tensile fractured specimens show the typical appearance of brittle failure without visible
plastic strain. The only exception is blend with the PBTA, which displayed some plastic deformation
(Figure 4.5a). This is probably due to the low crystallinity of the polyester. The surface appears ductile-
like with evidence of deformation and stretching of the matrix with submicron size fibrils. For the
remaining materials, the morphology is relatively flat with minimal stretching of the matrix. During
loading of the composite, deformation is sustainable until failure of the hydroxyapatite crystals occurs
(due to debonding) and leads to stress overload of the remaining matrix. The tensile strength is lower
than the similar blend composition without hydroxyapatite crystals because of the reduced cross-section
area caused by the detached particles. The cryogenically-fractured surface of all hydroxyapatite

containing composites breaks in a brittle manner with little stretching of the matrix (Figure 4.5(b)). The
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filler content (chitosan and hydroxyapatite) in some cases are as high as 65%, and plastic deformation
is not observed on the surface of the fractured specimen. No hydroxyapatite crystals that are bare in the
matrix (i.e., have no polymer matrix on them) are observed. Also, the failure of hydroxyapatite particle at
the fracture surface is not evident. The absence of bare hydroxyapatite crystals or breaking off at the
fracture surface indicates no adhesion of matrix to the hydroxyapatite and results in crystal pull-out
during the fracture process.

3.4. WIDE-ANGLE X-RAY SCATTERING
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Figure 4.6. WAXS patterns of some PCL-based samples (a) and PBS-based samples (b), where the effect of the addition of
HA is investigated. Some patterns were obtained by multiplying the original data by the values indicated near the

corresponding lines, for better visualisation.
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Representative WAXS patterns on some selected PCL- and PBS-based materials are shown in Figure
4.6a and 4.6b, respectively. In the first case, two main diffractions, at 26 around 21 and 23°, attributed to
the (110) and (200) planes in PCL are detected (31, The inclusion of HA did not influence the position of
the two diffraction peaks of PCL (Figure 4.6a).

The diffraction diagrams for the PBS-based injection moulded parts (Figure 4.6b) display a peak at
20=~19.3°, assigned to the (11-1) and (002) planes, a peak of (110) at 26=22.2°, with a shoulder at
lower angles (better defined in the blends and composites) associated with the (012) planes, a peak of
(12-1) at 26=25.9° and a peak of (111) at 26=29°. An electron diffraction study showed that PBS chains
crystallize in monoclinic crystal lattice, with a = 0.523nm, b = 0.908nm, ¢ = 1.079nm and B = 123.87° 146,
It can be seen in Figure 4.6b that the position of the diffraction peaks is not altered with the introduction
of chitosan or HA, as observed previously for the PCL system. Moreover, the half-widths of the two main
diffraction peaks are maintained, indicating that the PBS crystal sizes do not change significantly with
the introduction of HA. Only the intensity of the peaks is altered due to the loss of total crystallinity (with
the blending with chitosan), or the intensity of the signal is strongly depressed in the case of the

composites due to the strong diffraction of the HA crystals.
4. CONCLUSIONS

Chitosan and hydroxyapatite, an important biomaterial, can be melt blended with several biodegradable
polyesters to produce materials with a range of acceptable properties (4. However, the addition of high
volume fraction of fillers (both chitosan and hydroxyapatite) led to processing difficulties that made for
poor dispersion, particularly for the HAin the composite. This coupled with the lack of adhesion of HA to
the matrix led to reduced mechanical properties over blends of chitosan and polyester 24, Thus
alternative processing techniques B741 or the use coupling agents or the functionalization of the
ceramic needs to be considered to improve on the properties since the current properties are the lower

bound of what is reported for bone.

Addition of HA to chitosan/PLA blends decreased the glass transition temperature as well as the
temperature of the onset of crystallization. Melt compounded and injection molded composites of HA,
chitosan, and synthetic aliphatic polyester displayed a skin core morphology. The filler domains tend to
be enclosed in the inner regions of mouldings, confirming the observation that the continuous phase
consists of polyester and the dispersed phase is composed of chitosan/hydroxyapatite domains.

Cryogenically- and tensile-fractured surfaces of blends containing hydroxyapatite show extensive
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debonding, primarily of hydroxyapatite crystals, indicating poor adhesion between the hydroxyapatite

and the chitosan/polyester matrix. This is manifested in reduced tensile strength and tensile modulus of

these blends. The diffraction peaks observed using WAXS, are unaffected by the addition of the fillers.

The morphological and mechanical properties indicate that the chitosan, ceramic, and polyester are

phase-separated systems.
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CHAPTERV.

Water Absorption and degradation characteristics of chitosan-based polyesters and

hydroxyapatite composites
Abstract

Blends of chitosan and biodegradable synthetic aliphatic polyesters (polycaprolactone, poly-(butylene
succinate), poly[(butylene succinate)-co-adipate], poly[(butylene terephthalate)-co-adipate], and
poly(lactic acid)) were injection-molded. These samples were immersed in isotonic solution at 37 °C for
a period of 60 d. The water uptake and the degradation properties, as measured by the loss in tensile
strength, were evaluated as a function of time. In this study, the rate and the equilibriumwater uptake
were proportional to the amount of chitosan in the blend. The addition of HA to chitosan and polyester
significantly reduced the equilibrium water uptake. The water uptake did not follow the classical Fickian
phenomena and could be expressed by a two-stage sorption non-Fickian diffusion model. Contact angle
measurement was used to quantify the changes in surface hydrophilicity as a function of chitosan and
polyester composition. The glycerol contact angle decreased with increasing synthetic components in
the blend. The blends and composites also showed increased degradation, as quantified by a loss in
their mechanical properties, with increase in natural content. The degradation of properties was directly
related to the water uptake of the blends; the higher the water uptake, the higher the degradation. Pure
polyesters, while having low water uptake, nevertheless showed significant degradation by a precipitous
drop in the strain at break. Among the polyesters, poly(lactic acid) displayed maximum degradation,

while polycaprolactone displayed the least.

This chapter is based on the following publication: Correlo VM, Pinho ED, Pashkuleva |, Bhattacharya M,
Neves NM and Reis RL, 2007, Water absorption and degradation characteristics of chitosan-based

polyesters and hydroxyapatite composites, Macromolecular Bioscience, 7(3):354-363




1. INTRODUCTION

Water uptake of polymeric implants affects their mechanical properties, degradability, and dimensional
stability. These defects have the potential of compromising function and biocompatibility. Water
exposure and uptake may decrease the life of an implant due to hydrolysis and microcrack formation.
The amount of water uptake is determined by the diffusion coefficient of the material. High diffusion
coefficients allow water to penetrate into the matrix enabling water-soluble additives, including growth
factors that aid in tissue repair, to be released more rapidly. Studies have also shown that equilibrium

water content and the organization of water within the matrix affect cell adhesion (1.

Similarly, the degradation of the polymeric matrix is of importance in the production and use of
implantable devices, particularly those involved in bone fixation, bone regeneration, and tissue
engineering [231. The rate of degradation of these implants (loss in mechanical properties) should be
tailored to the rate of tissue generation. The control of the hydrophilicity of a material helps in controlling

the degradation rate of the material (1.

Another important property of a biomaterial is its surface characteristics. There has been major interest
in these characteristics since it is the surface of these materials that first comes into contact with the
biological surroundings. The change in the surface properties was found to affect the interaction of the
surface with biomacromolecules, such as proteins 71, and with cells -9l The energy of the surface,
which is directly related to its wettability, is a useful parameter that has often correlated strongly with

those biological interactions.

We have recently reported on the properties and morphology of chitosan-based polyester blends [10.11],
This work aims at reporting on the water absorption and degradation of the newly developed polymer

blends and composites since these properties are critical for their possible applications as biomaterials.
2. MATERIALS AND METHODS

2.1. MATERIALS

The chitosan/polyester blends were compounded in a twin-screw extruder. The polyesters used include
poly(e-caprolactone) (PCL), poly(butylene succinate) (PBS), poly(lactic acid) (PLA), poly(butylenes
terephthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA). The chitosan used had a

degree of deacetylation of approximately 85%. Briefly, the chitosan/polyester blends were prepared by
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melt blending in a twin-screw extruder. These blends were then further compounded with hydroxyapatite
(HA). In this study, the formulations of chitosan/polyester will be referred to as blends and the
formulations containing chitosan/polyester/HA as composites. The details of the processing conditions
are summarized elsewhere [10.11]. The extruded strands were ground to 5 mm diameter pellets using a
Coloritron grinder. The blends were injection-molded using an ENGEL injection molding machine to
produce tensile test bars. The tensile bars had a neck cross-section area of 24 mm?2 and a neck length

of 20 mm.
2.2. WATER ABSORPTION

The molded samples were dried in a vacuum oven at 50 °C until a constant weight was obtained. These
samples were immersed in an isotonic solution of NaCl 0.154 M (9 g.I'") and pH 7.4 at 37 °C for periods
of 1,3, 7, 14, 30, and 60 d. The samples were then removed at specific intervals, gently blotted with
tissue paper to remove the excess water on the surface, and the weight recorded. This process was
repeated at several time intervals. In order to ensure that no leaching had occurred, samples were dried
at the end of the test period and weighed and compared against the original sample weight. Where
leaching was found to occur, the data were corrected to account for the weight loss. The parameters D,
®, and y were estimated for the data by non-linear regression routine (provided in Kaleidagraph,

Synergy Software, Reading, PA, USA) based on a modified Levenberg—Marquardt algorithm.
2.3. DEGRADATION

The injection-molded samples were immersed in an isotonic saline solution for periods of 1, 3, 7, 14, 30,
and 60 d. A solution of 40 ml was used for three samples (one batch). Two batches were used for each
selected immersion period. At the end of each immersion period, the solution pH was measured. The
weight loss was determined by drying the samples to constant weight and comparing to their initial
weight. The tensile bars from the water absorption tests above were subjected to tensile testing using
an Instron Universal Tensile Testing Machine. The tensile modulus was the initial slope of the force-

deformation curve.
2.4. CONTACT ANGLE

The static contact angle measurements were obtained by the sessile drop method using a contact angle
meter OCA15+ with a high-performance image processing system (DataPhysics Instruments,

Germany). The liquid (glycerol or CHal2, 1 uL, HPLC grade) was added by a motor-driven syringe at
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room temperature. Five samples of each material were used, and six measurements were carried out
for each sample. The data presented are an average of five readings. The polarity of the surface and

the surface tension were calculated using Kaelble’s equation.
3. RESULTS AND DISCUSSION
3.1. WATER ABSORPTION

The fractional water-uptake curves as a function of chitosan content and type of polyesters are shown in
Figure 5.1 and 5.2.

—6— 25% Chitosan
-%— 50% Chitosan
—=2— 70% Chitosan

Water Uptake (%)

0 500 1000 1500
Time (h)

Figure 5.1. Water-uptake as a function of chitosan content for polybutylene succinate/chitosan blends.

As the chitosan content was increased, the water uptake increased and the time required to achieve the
equilibrium water content increased. This was an expected result since chitosan is hydrophilic and the
aliphatic polyesters are hydrophobic. Similar results are reported in the literature for polyester blends
with other natural origin polymers like starch [2.13], This is primarily due to the presence of amine and
hydroxyl groups on the chitosan moiety, which is the most probable site for accommodation of the

additional water.
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Figure 5.2. Water-uptake for different polyester blends containing 50% chitosan.

The water uptake characteristics of pure polyester (figure not shown) are typical of hydrophobic
polymers, with PCL exhibiting the lowest equilibrium water uptake (0.5%) and other polymers at
approximately 1.5% at the end of 60 d of immersion. The water absorption curves for blends containing
50% chitosan and different polyesters are shown in Figure 5.2. There is a sharp burst of water intake
initially in all of the blends. Of the polyesters tested, the water uptake curves of PBS, PBSA, PCL, and
PBTA are similar and have comparable times required to achieve equilibrium water uptake. The lowest
equilibrium water content occurred with blends containing PCL. The highest water uptake was
experienced with blends containing PLA. It was observed that the water absorption of PLA/chitosan
blends does not attain an equilibrium value but displays a two-step kinetics. The first step is similar to
other blends where the penetrant is picked up by the hydrophillic chitosan. SEM has shown that
materials display a skin—core morphology with the skin being polyester rich while the core is a blend of
chitosan and polyester [0l Since chitosan is hydrophilic, it picks up water that diffuses into the polyester
matrix even in the inner regions, increasing the equilibrium water uptake. The second step of the
chitosan-PLA water uptake may be explained by the formation of micro-cracks in the surface (visible to
the naked eye) of the specimens during the longer degradation stages. The higher water uptake could
be the low crystallinity of PLA with respect to PBS, PCL, and PBSA. For PBTA, which is also mostly
amorphous, the water absorption is sharply lower and thus can be attributed to the non-formation of

micro-cracks. In an elastomerlike material the formation of micro-cracks is highly unlikely.
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CHAPTER V. Water absorption and degradation characteristics of chitosan-based polyesters and hydroxyapatite composites

The addition of HA significantly reduces the equilibrium water uptake (Figure 5.3). Similar results were
reported by Santos for BisGMA incorporated with HA 141, This is due to the decrease in the amount of
the hydrophilic component (chitosan) in the composite. However, these composites containing HA
showed a significantly sharper uptake of water in the first few hours and achieved equilibrium water

uptake much quicker than that of chitosanbased blends (Figure 5.1 and 5.2 versus Figure 5.3).

o

Water Uptake (%)
jr

—&—45CJ45PBSI10HA
10 [i —*— 40C/40PBS/20HA

—r—33C/35PB5/30HA
5 --a=-35C35PBTAMSOHA

co- - 3SCESPCLIZ0HA

1} 100 200 3 400 S0 600 Ton
Time (h)

Figure 5.3. Water uptake for polyester / chitosan composites containing hydroxyapatite.
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Figure 5.4. SEM image of the tensile fractured surface of the blend 35% chitosan, 35% PBS and 30% hydroxyapatite.
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This can be explained from previous morphological observations using SEM that have shown that HA
crystals have minimal adhesion to the polyester matrix ['!]. This is seen in Figure 5.4 where cavities with
smooth surface were formed due to the extensive detaching of HA crystals. This increase can be
attributed to the presence of spaces between the HA and thematrix,where the adsorbed water is lodged.
The interfaces between the HA crystals and chitosan/polyester matrix will work as micro-voids that will
facilitate water diffusion into the specimens and reach chitosan domains easier. This will allow faster

water diffusion and consequently a quicker achievement of the equilibrium water uptake or saturation.

The diffusion of a solvent into a polymeric matrix has been modeled by several researchers using Fick’s

second law, expressed as [14-19]

2
Ot Oox

(1)

where C denotes the concentration of the diffusing solvent at time ¢ along the axis x. If the initial
concentration of the solvent is zero and the polymer is placed in an infinite bath of the solvent, the

solution to Equation (1) is given by 1201

(2)

Where M(t) is the water uptake at time f, Meq the water uptake at t=c0, and L the thickness of the
sample. Adherence to Fickian behavior is determined by testing the conformity to the initial kinetics to
105 scaling. At small times, when M(t)/Meq is small (<0.60), Equation (2) can be approximated by

M(t) 4 |Dt

AT )

eq
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Plots of M(t)/Msq against t05 were found to be non-linear in the initial stages indicating that the process
of solvent uptake follows an anomalous process. When a solvent penetrates a polymer, the movement
of polymer chains is not sufficiently rapid to completely homogenize the penetrant’s environment. This is
particularly true of blends of hydrophilic and hydrophobic polymers where the penetrants have different
diffusional mobilities. The relatively similar magnitude of the rates of diffusion and relaxation process
leads to anomalous behavior during solvent uptake. On the other hand, when one dominates the other,

Fickian diffusion is observed.

Morphological studies have shown that the blend systems are a two-phase system ['0l. Hence, one
would expect that the water diffusion into the polyester phase is different from that in the chitosan phase
and would result in some deviations from the typical Fickian type of water diffusion which was derived

for more homogeneous matrices.

Two-stage sorption, a notable non-Fickian phenomenon, has been observed by several authors [21. 22],
Berens and Hopfenberg [2'1 considered the sorption process as a linear superposition of
phenomenologically independent contributions from Fickian diffusion and polymeric relaxation. The
diffusion-controlled initial sorption is faster than the relaxation process, thus permitting explicit
separation of the sorption process into two independent mechanisms. The resulting modification to

Equation (2), assuming a first order relaxation process, results in the expression below:

. 8 1 _(2m+1)272'2Dt B B Dt
m —¢[1 _ ;—(2% % exp[ — D+(l ¢){1 exp( v ﬂ (4)

where ¢ is a measure of the ratio of the equilibria of the first stage to that of the second stage in the

2
sorption, and  is the ratio of the characteristic diffusion time (%] to the characteristic time of

relaxation.

The diffusion coefficients calculated using Equation (4) are summarized in Table 5.1. The datasets for
pure polymers were not considered since the differences between successive data points were too

small to be determined with a fair degree of accuracy. The coefficient of determination (R?) is
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significantly higher using Equation (4) than Equation (2). The Fickian diffusion model [Equation (2)] fails
in the case of datasets that have a sharp knee. Since ¢ can also be interpreted as the fraction of
equilibrium amount of sorption in the unrelaxed polymer in the fully relaxed polymer ['3], the higher ¢
values of 50Ch-50PBTA are reflection of low crystallinity of the continuous phase. For blends of
chitosan and polyester, the y values are similar (0.32 — 0.75), indicating that the characteristic time of
relaxation or the exchange between the two different modes is approximately 1.3 — 3.0 times of that of

the diffusion time. For composites containing HA, the ratio ranges from 0.24 to 10.63.

Table 5.1. Water uptake parameters for various blend and composites compositions.

MATERIAL COMPOSITION EquiLiBRIUM WATER CONTENT (%) D (m%h)x 108 0 1 R2
25Ch-75PBS @ 7.7 1.30 0.79 0.63 0.99
50Ch-50PBS ® 214 1.61 0.68 0.52 0.99
50Ch-50PCL © 18.9 2.2 0.84 0.38 0.99
50Ch-50PBTA d 224 1.30 0.92 0.48 0.99
50Ch-50PBSA ¢ 239 2.56 0.73 0.30 0.99
50Ch-50PLA f 0.82 0.49 0.75 0.99
70Ch-30PBS ¢ 445 4.00 0.68 0.35 0.99
17.5Ch-52.5PBS-30HA " 3.9 9.43 0.0006 4.16 0.99
70PBS-30HA 1.8 1.3 0.72 0.094 0.99
45Ch-45PBS-10HA | 242 17.62 0.88 0.24 0.99
40Ch-40PBS-20HA ! 19.1 5.46 0.80 0.12 0.99
35Ch-35PBS-30HA ™ 8.3 4.02 0.95 0.39 0.99
35Ch-35PBTA-30HA " 1.0 5.21 0.91 0.36 0.99
35Ch-35PCL-30HA © 7.5 79.57 0.49 1.70 0.99

a Blend containing 25% by weight of chitosan and 75% by weight of PBS

b Blend containing 50% by weight of chitosan and 50% by weight of PBS

¢ Blend containing 50% by weight of chitosan and 50% by weight of PCL

4 Blend containing 50% by weight of chitosan and 50% by weight of PBTA

e Blend containing 50% by weight of chitosan and 50% by weight of PBSA

fBlend containing 50% by weight of chitosan and 50% by weight of PLA

9 Blend containing 70% by weight of chitosan and 30% by weight of PBS

h Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite
i Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

1 Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite

I Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite
m Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite
n Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite
° Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite
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The diffusivity of composites containing chitosan and HA is higher than those without HA even though
the equilibrium water uptake is lower. The results imply that the penetrant diffuses and reaches
equilibrium faster as the mass of the polymer that adsorbs the solvent decreases (HA has very low
water absorption). The interfacial region between the HA and the matrix benefits the transport of the
penetrant (diffusant); in consequence, the water diffuses mainly through the HA-matrix interface,

reaching the saturation faster than in the blends.
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Figure 5.5. Comparison of predicted versus experimentally determined fractional water uptake for two different blend composition.

Using these values for diffusion coefficient, the water uptake profile was simulated using the first two
terms and compared to the experimentally measured data. The simulated values are close to the
experimentally measured ones for the entire duration (Figure 5.5). Equation (2) is derived under the
assumption that the sample is homogeneous. The overall diffusion of water will depend on the degree of
crystallinity and the morphology of the blends and is positiondependent. From a morphological point of
view, water diffusion is different in the continuous phase (polyester) versus the dispersed phase

(chitosan). Hence, when the solvent enters the system, there is a non-homogeneous distribution of the

- 140 -



diffusing solvent inside the polymeric matrix. One of the phases allows the penetrant to diffuse freely
while the other immobilizes the penetrant, limiting its movement. The penetrant can become
immobilized by reacting with functional groups on the polymers or getting lodged in holes and cavities.
Perhaps a more appropriate model would have been the “dual-mode” model [21], which assumes that
the transfer between the two modes can be described by a first-order reversible reaction. This leads to

different relaxation times of polymer chains and, hence, anomalous effects in polymer-solvent diffusion.

Three dimensionless numbers (6’ =%,¢,l// ) are used to account for the water uptake in these

materials. The relative magnitude of the rates of diffusion and relaxation processes is a major factor in

determining the deviations from Fickian sorptions [22],

Visual observations of samples after removal indicate some degree of swelling, particularly in blends
containing higher amounts of chitosan (50% and above). The diffusion coefficient increases with the
concentration of chitosan due to the increased free volume caused by the swelling effect of the
penetrating solvent. Solvent adsorbed can be lodged in holes and cavities, thus hindering the diffusion
process. In addition, the penetrating solvent (water) is reversibly bound to the amine and hydroxyl
groups in the chitosan domains dispersed within the polyester matrix, leaving only the unbound water to
contribute to the diffusion. The largest deviation from Fick’s model and the experimental data is obtained
for chitosan and PLA. Of the polyester used in this study, PLA is the only polymer that has a glass
transition temperature above the test temperature. The slow relaxation of the polymer chains due to the

sorption of the solvent leads to deviation from the Fickian process [23-26],
3.2. CONTACT ANGLE

There are no direct methods to measure surface energy or surface tension of solids. However, a
number of indirect empirical and semi-empirical methods have been developed based on contact angle
measurements 127.28], Kaelble’s equation is very often used to determine surface tension of the blends
because of its simplicity. Moreover, Kaelble’s equation allows the determination of the polar components
of the surface tension by measuring the contact angles of two liquids of known surface tension on the

polymer surface:

Vi (14€080) = 2/ (7 +72) + 24y +72) (5)
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Vua(14€080s) = 2\ (7, +7) + 24 (4L +72)

where the subscripts 1 and 2 represent the liquids glycerol and methyleneiodine, respectively. The polar
and dispersion components of the surface tension of the blends are shown in Table 5.2 and were

obtained after solving Equation (5) and (6). The increase in the polar component is an indication of an

increase in the polar groups existing on the surface.

Table 5.2. Contact angle values (61 with glycerol, 62 with methyleneiodine), and surface tension components for chitosan

and its blends with synthetic polyesters.

i 7 ¥
MATERIAL
[MNm?2] [MNm?2] [MNm?2]

PLA? 70.47 48.76 514 34.97 40.11
Chitosan (Ch) 68.67 51.18 6.22 336 39.82
PBTA® 63.61 26.34 4.84 45.66 50.50
50Ch-50PBTA ¢ 73.60 48.64 4.04 35.03 39.07
PCL ¢ 66.53 33.09 4.51 42.89 47.40
50Ch-50PCL © 69.92 41.06 4.29 39.07 43.36
PBSf 67.23 45.53 5.85 36.73 42.58
70Ch-30PBS ¢ 69.95 37.33 3.97 40.93 44.90
50Ch-50PBS h 61.30 40.02 7.32 39.60 46.92
25Ch-75PBS | 57.24 34.86 8.20 42.09 50.29

a poly(lactic acid)

b poly(butylene terephthalate adipate)

¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA
4 poly-g-caprolactone

e Blend containing 50% by weight of chitosan and 50% by weight of PCL
fpoly(butylene succinate)

9 Blend containing 70% by weight of chitosan and 30% by weight of PBS
h Blend containing 50% by weight of chitosan and 50% by weight of PBS

i Blend containing 25% by weight of chitosan and 75% by weight of PBS
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PLA was used as a standard since it is a widely used biomaterial. Chitosan has a surface tension value
similar to PLA (Table 5.2). Blending of chitosan with synthetic polyesters resulted in an increase in the
surface tension over that of pure chitosan except in the case of chitosan/PBTA where the surface
tension was mostly unaffected. This was expected since those blends have been showing skin—core
morphology with the skin being rich in polyester ['0. The contact angle’s values however were different
from the ones measured for the pure synthetic polyesters. For PBTA and its blend with chitosan, which
is mostly amorphous, the most significant difference was observed (surface tension of 50.50 and 39.07
mN.m2 respectively were calculated). A possible explanation for those observations could be an

interaction such as hydrogen bonding between both the components that tie up the polar groups.

When the total surface free energies of the blends were separated into dispersive and polar
components, the polar components exhibited a value close to that measured for pure synthetic
polyesters. The magnitude of the dispersive components increased. The values obtained for the

respective blends were between those of chitosan and those of polyesters, as was expected.

The influence of the chitosan/synthetic polyester ratios on the changes of surface hydrophilicity were
studied for chitosan and PBS blends. Three different compounds with varying amounts of chitosan
(Table 5.2) were studied. A decrease in the glycerol contact angle values was observed with the
increase in synthetic component percentage. As a result, the highest surface tension of 50.29 mN.m-2
was obtained for the lowest amount of chitosan in the blend chitosan/PBS (25:75). However, a different
behavior for these blends was observed compared to the other two blends containing higher
percentages of chitosan. Large changes in the polar component of the surface tension values from 3.97
to 8.20mN.m-2 were observed. There are two possible reasons for this observation. The first is related to
the shorter aliphatic chain of PBS, and the second is the possible interaction/chemical bond between
PBS and chitosan. In both cases, a reduced flexibility of the chain results in a more ordered and
oriented surface structure. Moreover, it should be noted that the wettability could not always be directly
correlated to the surface composition 129, When subjected to a change in environmental conditions, such
as temperature or incubation medium, the surface composition can be altered by movements of certain
components or groups to the surface 101, Surface composition can vary during the measurements due to
the possible interactions between the two phases; glycerol,which has hydroxyl groups, could form
hydrogen bondswith the hydroxyl groups from thematerial and in this way orient them from the bulk to
the surface. These interactions can depend on both the —OH end groups concentration and the mobility

of the block to which the —OH belongs. On the other hand, diiodomethane and air do not have this
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ability. Hence, there is no interaction, which moves these groups to the material surface, thus affecting
wettability.

3.3. DEGRADATION

Pure polyesters show a very low percentage of water uptake. During the 60 d of immersion in the
isotonic saline solution, the maximum water uptake was less than 1.5% for all of them and the weight
loss of the pure polyesters was almost insignificant - at less than 0.5%. These results would indicate
that there was minimal degradation. However, a plot of strain versus time curve for PBS immersed for
different time periods in isotonic saline solution indicates that the degradation does occur (Figure 5.6).
While the ultimate tensile strength (UTS) and the modulus (measured as the slope of the stress versus
strain curve) remained invariant with time, a sharp decrease in the elongation to break was observed.
The strain at break, decreased by over an order of magnitude after 60 d in an isotonic saline solution.
Other polyesters showed a decrease in both strain and stress at break, indicating that there is a loss of

mechanical properties without any appreciable weight loss.

S0 o o PBSA

Strain At Failure

0 10 20 30 40 50 60 70
Time (Days)

Figure 5.6. Strain at failure versus time of poly (butylenes succinate) and poly (butylene succinate adipate) as a function of immersion time

in isotonic saline solution.
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Of the other polyesters, PLA had the largest decrease in tensile strength (15%) and modulus (25%)
while PCL had the least. The rate of hydrolytic degradation for aliphatic polyesters depends primarily on
the kinetics of the cleavage of the ester bonds. Furthermore, the degradation is much faster in
amorphous domains than in crystalline domains, as water penetration is easier within a disordered
network of polymer chains. The difference in the degradation rate between PLA and PCL is probably
related to the crystallinity of the two polyesters. Hence, the low rate of degradation observed for PCL is
expected since it has the highest crystallinity, which makes it resistant to hydrolytic degradation. An
ester bond within a crystalline domain is much more resistant than the same bond within an amorphous
domain. Initial degradation also causes an increase in the number of carboxylic ends, which
autocatalyzes the ester hydrolysis. The changes in strain at break are a result of chain scission. Using a
similar reasoning, degradation is faster in amorphous domains above the glass transition temperature
than below the glass transition temperature because of the enhanced mobility of chain segments. The

decrease in weight was insignificant because the degradation occurred without any leaching.

The change in the UTS as a function of immersion time for various blend compositions is shown in
Figure 5.7. The UTS was normalized with respect to the initial tensile strength. For blends with the same
chitosan content [Figure 5.7(a)], the least degradation in terms of mechanical properties occurred for
chitosan/PCL blends, while the most severe degradation occurred for chitosan/PLA blends. This is
related to the fact that PCL is more crystalline and consequently less affected by hydrolytic degradation.
PLA, on the other hand, is well known to be susceptible to hydrolytic degradation [¥'.32, The water
uptake of chitosan/PCL blends is significantly lower than that of chitosan/PLA, and this leads to
increased hydrolytic degradation of the latter. Blends containing PBS, PBSA, and PBTA show a similar
degradation rate, with PBTA having a slightly higher initial rate.

As the chitosan content increased [Figure 5.7(b)], the rate of decay of tensile strength increased. Blends
containing 25% chitosan with PBS had a degradation rate similar to that of blends containing 50%
chitosan with PCL, while blends containing 70% chitosan with PBS had a degradation rate similar to that
of 50%chitosan with PLA (Figure 5.7). The same holds true for the modulus. This was a result of
increased hydrolytic degradation due to increased water absorption. The deformation at break increased
after degradation stages due to the presence of residual moisture that worked as a plasticizer. This
residual water also contributes to the loss of stiffness. The loss in properties is primarily the effect of

chitosan, which degrades and leaches out into the solution.
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Figure 5.7. Degradation of mechanical properties of polyester/chitosan blends as a function of immersion time in isotonic saline solution.

a) different polyester blends containing 50% chitosan; b) chitosan/PBS blends with different chitosan amounts.
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Figure 5.8. Degradation of mechanical properties of polyester/chitosan/hydroxyapatite blends as a function of immersion time in isotonic

saline solution.

The change in mechanical properties during degradation as a function of HA content is given in Figure
5.8. For composites containing 30% HA by weight, those blended with chitosan/PBTA showed a lower
percentage loss than those blended with chitosan/PBS. There appears to be a little difference in the
final value of the normalized tensile strength as a function of HA content. It should be noted that even
though the normalized tensile strength is higher in some cases for composites containing HA, the actual
tensile strength for composites containing HA is always lower than those without HA. The kinetics of
degradation of the system was investigated by evaluating a plot of property loss with time. The rate of

change of a component, P is given by

7 k[ P]
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Hence, a linear semi-log plot of P versus time can be considered to follow a first-order kinetics. This
appears to be the case of most of the data (with the exception of PCL and blends containing PCL).
There appears to be some scatter in the data which do not lend to the estimation of the time constant (k)
with any reasonable degree of confidence. The fit for blends containing HA is poor, primarily because of

the scatter in the data (Figure 5.8).

In terms of weight loss, the degradation behavior of all the chitosan/polyester blends and composites is
typical of other natural-based biodegradable polymers 33371, For all the blends and composites, there
are two different degradation stages (Figure 5.7 and 5.8). The first degradation stage, between 0 and 7
d, is characterized by a very fast water uptake and weight loss. In this stage, the mechanism
responsible for this sharp increase in weight loss is a physical phenomenon. The higher amount of
water uptake is responsible for the fast leaching of low molecular weight polymeric chains resulting from
the thermomechanical degradation during processing. At the same time, the material swells and the
water penetrates into the interface between the hydrophobic matrix and the hydrophilic disperse phase,
releasing chitosan to the solution (and in some cases also HA). The chitosan release into the solution
was responsible for the pH increase during the degradation periods (data not shown). This was
independently verified by immersing 3.5 g of chitosan in 100 ml of distilled water (pH = 5.7) or buffer
solution (pH = 7.7). After 2 h, the pH of both solutions increased significantly (10.0 for distilled water and
9.4 for the buffer). The chitosan release into the solution and consequent pH increase may influence the
kinetics of degradation of polyesters. Wu et al. 38 have shown that PLGA scaffolds coated with chitosan
absorbed more water but had a slower degradation ratio than uncoated scaffolds. The release of
chitosan material causes an increase in the pH. This effect can neutralize the acidity associated with the
degradation of PLGA. Thus, the degradation of chitosan can hinder the PLGA autocatalytic degradation

and therefore retards its degradation kinetics.

The second degradation stage, between 15 and 60 d, corresponds to stabilization in water uptake
andweight loss. The principal process involved in theweight loss during this period is chemical
degradation (hydrolysis). The weight loss is less pronounced because low molecular weight polymeric
chains resulting from the thermal degradation and the chitosan particles were released during the first
stage. In this stage, the weight loss slows down because only low molecular weight fractions resulting
from the hydrolysis of the polyesters are released and the pH decreases. The polyester degradation
proceeds by chain scission resulting from hydrolysis of the ester links until the molecular weight has

decreased to the point where fragments are small enough to diffuse from the polymer matrix into the
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solution. Both these stages are characterized by a pronounced decrease in the UTS and modulus for all
the blends. The strain at break for blends increased in all cases. Although the moisture present in the
samples was stabilized before testing, some residual moisture was present. The residual moisture

probably worked as a plasticizer.

The composites containing HA experienced higher weight loss. The weight loss increases as the HA
content increases. This is related to the preferential attack at the polymeric—ceramic interface resulting
in leaching of HA to the solution. Similar results were reported for other biodegradable polymers
reinforced with HA 34351, During the extrusion processing of blends containing HA, 5% glycerol was
added to enhance the plasticization process. The glycerol was released in the first degradation stage,
contributing to the higher weight loss of chitosan-based blends containing HA. Furthermore,
morphological studies of composites indicate poor adhesion between the HA and the matrix ['!l. Hence,
during the sharp initial uptake of water due to the preferential location of chitosan in the outer
circumference of the core, the solvent molecules penetrate the cavities between the HA and the matrix.
This would lead to loosening of the HA from the matrix leading to increase in leaching and weight loss.
Since the addition of chitosan to the blends, results in higher water uptake (Figure 5.1), it also leads to
higher weight loss. The blends with 70% chitosan have the highest weight loss (except the ones with
HA), and the blends with 25% chitosan have the lowest weight loss. The increase in weight loss with the
increase in chitosan present in the blend can be due to two mechanisms: both polyesters and chitosan
degrade by hydrolysis. Higher water uptake promotes the hydrolysis and consequently the weight loss
increases. Higher water uptake also promotes the erosion and diffusion of the chitosan particles from
the matrix into the solution. The pH increased as a result of the release of chitosan particles into the
solution. In the first degradation stage, the pH was higher for the blend containing 70 chitosan/30 PBS
because the amount of chitosan released to the solution was higher. The fact that chitosan amount
affects the degradation behavior of the blend is an important result because by controlling the chitosan
percentage it is possible to tailor the degradation rate of the blend. In terms of weight loss, the blends

containing the same amount of chitosan but different polyesters had a similar behavior.

4. CONCLUSIONS

The water absorption and degradation characteristics of chitosan-based polyesters and HA composites
were studied. Pure polyesters showed hydrophobic behavior with low water uptake and displayed a

decrease in the mechanical properties without any appreciable weight loss. Among the various
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polyesters studied, PLA showed the largest decrease in mechanical properties while PCL showed the

least.

Increased chitosan content increased the water uptake and diffusion coefficient of the blends. For
blends with the same chitosan content, the lowest equilibrium water content was observed in blends
containing PCL, and the highest water uptake was experienced by the blends containing PLA. The
water absorption of all blends and composites deviated from the Fickian diffusion model and was
modeled using a two-stage sorption. Composites containing HA had a lower water uptake than blends

containing Chitosan but achieved equilibrium water uptake much faster than the blends.

Increased chitosan content significantly reduced the mechanical properties and increased the weight
loss as a function of immersion time. Chitosan/PCL showed the lowest degradation among the different
blends with the same chitosan amount, whereas chitosan/PLA showed the most severe property
degradation (corresponding to the lowest and the highest water uptake, respectively). This observation
is an indication that the degradation of properties with immersion time was directly related to the water
uptake of the blends. The composites containing HA experienced larger weight loss. The weight loss

also directly correlates with the HA content, as expected.
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CHAPTER VI.

Melt-based compression-molded scaffolds from chitosan—polyester blends and composites:

morphology and mechanical properties
Abstract

Blends of chitosan and synthetic aliphatic polyesters (polybutylene succinate, polybutylene succinate
adipate, polycaprolactone, and polybutylene terepthalate adipate) were compounded with and without
hydroxyapatite, a bioactive mineral filler known to enhance osteoconduction. The blends and
composites were compression molded with two different granulometric salt sizes (63-125 um and 250-
500 um) having different levels of salt content (60, 70, and 80%) by weight. By leaching the salt
particles, it was possible to produce porous scaffolds with distinct morphologies. The relationship
between scaffold morphology and mechanical properties was evaluated using scanning electron
microscopy, microcomputed tomography, compression testing, differential scanning calorimetry, small-
angle X-ray scattering (SAXS), and wide-angle X-ray scattering. The produced scaffolds are
characterized by having different morphologies depending on the average particle size and the amount
of NaCl used. Specimens with higher porosity level have a less organized pore structure but increased
interconnectivity of the pores. The stress—strain curve under compression displayed a linear elasticity
followed by a plateau whose characteristics depend on the scaffold polymer composition. A decrease in
the salt particle size used to create the porosity caused in general a decrease in the mechanical
properties of the foams. Composites with hydroxyapatite had a sharp reduction in yield stress, modulus,
and strain at break. The melting temperature decreased with increased chitosan content. SAXS results
indicate no preferential crystalline orientation in the scaffolds. Cytotoxicity evaluation were carried out
using standard tests (accordingly to ISO/EN 10993 part 5 guidelines), namely MTS test with a 24-h
extraction period, revealing that L929 cells had comparable metabolic activities to that obtained for the

negative control.

This chapter is based on the following publication: Correlo VM, Boesel LF, Pinho ED, Costa-Pinto AR,
Alves da Silva ML, Bhattacharya M, Mano JF, Neves NM and Reis RL, 2008, Melt-based compression
moulded scaffolds from chitosan-polyester blends and composites: morphology and mechanical
properties, Journal of Biomedical Materials Research: Part A (DOI - 10.1002/jom.a.32221)




1. INTRODUCTION

Tissue engineering has recently boosted the interest in producing porous structures for scaffolding in
tissue regeneration. The underlying principle in tissue engineering is that cells isolated from a patient
are cultured, expanded, and even induced to differentiate in vitro in a cell culture. Still in vitro, the cells
are seeded onto a scaffold being further matured in vitro, eventually in dynamic culture conditions, after
which is implanted back into the patient defect to act as an inductor for regeneration of the tissue [l. The
porous scaffold provides surface area for further cell expansion and colonization of the whole volume,

favoring diffusion of nutrients and metabolites and providing temporary support for the cells.

Ideal scaffolding materials for use in hard tissue engineering must satisfy certain requirements. The
materials (and their degradation products) must be noncytotoxic and allow production of biocompatible
structures adapted to the tissue to be regenerated. The materials should be biodegradable with an
adjustable degradation rate that should match closely the rate of tissue regeneration. The scaffold must
also possess mechanical properties adequate to support morphogenesis of the neotissue and also to
allow for manipulation of the device. It should provide appropriate surface chemistry to facilitate cell
attachment, proliferation, and differentiation. Moreover, it should possess the appropriate pore size and
interconnected pore network to facilitate extracellular matrix production and tissue ingrowth, enable

vascularization to develop, improve oxygen and nutrients supply, and metabolite removal 21,

Materials that have been evaluated for use in tissue engineering constructs include synthetic polymers,
natural polymers, ceramics, metals, and many combinations of the aforementioned types. However, it is
highly desirable that the constructs biodegrade, enabling designing temporary systems that maintain
available space for the regenerated tissue. Biodegradable aliphatic polyesters such as poly(lactic acid),
poly(glycolic acid), polycaprolactone (PCL), and their copolymers are the most widely used synthetic

polymers in the field of bone and cartilage tissue engineering.

A natural polymer that has received increased attention in the biomedical field is chitosan. Chitosan can
be obtained by alkaline deacetylation of chitin, the second most abundant natural polysaccharide being
extracted mainly from the exoskeleton of shellfish [8l. Because of the N-acetyl glucosamine repeating
units, the chitosan structure is similar to glucosaminoglycans and seems to mimic their functional
behavior. The scientific basis for the utility of N-acetylglucosamine in enhancing the promotion of wound

healing is well documented (5],
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Studies have been devoted to produce blends of synthetic polymers with chitosan to combine the
superior mechanical properties of the synthetic polymers with the biocompatibility and biological
interactions of the natural polymer 671, The properties of a scaffold depend not only on the selected
material but also on the technology used for its processing. Methods based on the leaching of soluble
particulates are widely employed in the fabrication of 3-D porous structures (scaffolds) -201, By these
methods, the porosity can be controlled by varying the amount of leachable particles. The pore size and
pore morphology can be adjusted, independent of the porosity, by using particles of different sizes and
different morphologies B2, To improve the structure and to increase the pore interconnectivity of the
porous scaffold, particulate leaching has been used in combination with other techniques, namely:
solvent casting 10, gas forming ['112] freeze-drying ['3], injection molding ['4], extrusion 1" and
compression molding 81617, Some of these methods require the use of organic solvents (e.g., solvent
casting followed by particulate leaching). Residual traces of organic solvents used in the process may
remain entrapped in the scaffold and eventually damage the cells seeded onto the scaffolds or tissues

at the transplantation site [18.19],

Significant efforts have been made to manufacture porous scaffolds without organic solvents for tissue
engineering applications [11.1218-201 One such technology involves melt-based compression molding
followed by particulate leaching. The process involves physically mixing a polymer (usually in the
powder form) with defined amounts of calibrated leachable particles and loading this powder onto a
mold. This is followed by the application of heat and pressure (compression) that result in the melting of
the polymeric phase. The compression maximizes the packing of the mixture. The heating process
causes the fusion of the polymer particles and promotes the formation of a continuous polymeric
network that provide mechanical stability to the structure. The last stage consists in immersing the
molded polymer—porogen composite in a solvent that selectively dissolves the porogen agent. This

methodology has been successfully applied in the production of natural origin starch-based scaffolds [21],

This study reports on the production of novel scaffolds made from blends of chitosan and biodegradable
synthetic aliphatic polyesters produced by the melt-based routine involving compression molding and
salt leaching. The motivation for this work was to develop and to produce a new range of chitosan
based scaffolds using novel polymeric matrices in an established melt processing technology. Most of
the approaches reported in the literature to produce scaffolds from chitosan-based blends or composites
involve the use of solvents, this work being the first reporting the use of a melt-based route. Moreover,

the methodologies described in this article are very versatile and avoid the drawbacks associated with
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solvents and allows producing a large variety of scaffolds with a wide range of porosities and pore
morphologies using different polymers. The scaffolds were made with different pore sizes and porosity,
aiming at applications in bone and cartilage tissue engineering. We report herein the mechanical and

thermal properties and morphology of the newly developed 3-D constructs.
2. MATERIALS AND METHODS

2.1. MATERIALS

The polyesters used in this study include poly-¢-caprolactone (PCL), poly(butylene succinate) (PBS),
poly(butylenes terepthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA). The
chitosan used had a degree of deacetylation of =85%. Polycaprolactone resins PCL 787 (MFI = 4),
commercially available as TONE™ polymer, were obtained from Union Carbide Chemicals and Plastics
Division, Bound Brook, New Jersey. Eastar Bio Copolyester 14766™, a butanediol, adipate, and
terephthalate copolymer (MFI = 20), was obtained from Eastman Chemical Company, Kingsport,
Tennessee. Bionolle™ 1050, a PBS copolymer (MFI = 20), was obtained from Showa Highpolymer Co.
Ltd., Tokyo, Japan. The melt flow indices were determined using ASTM test method D 1238 at 190 °C
using a 2.16 kg load. Hydoxyapatite (grade Capital S) was obtained from Plasma Biotal Ltd. (U.K).

2.2. PROCESSING OF SCAFFOLDS

The chitosan/polyester blends and composites were compounded in a twin-screw extruder. The details
of the processing conditions are described elsewhere 122231, Salt was obtained from a local grocery
store. The group of the larger range of NaCl particles (250-500 pum) was obtained by sieving the raw
material. The second group (63-125 um) was obtained by grinding the raw material that was further
sieved. The compounded blends or composites were ground, mixed with salt, loaded into a mold that
was further heated, and compression molded into discs. The salt content was 60 and 80% by weight for

blends and 60 and 70% by weight for composites containing hydroxyapatite (HA).

The aim of using two different salt amounts and two different salt particle size ranges was to produce
scaffolds with varying amounts of porosity and pore sizes and analyze the effect of these parameters on
the morphology and mechanical of the developed scaffolds. Some scaffolds were selected to analyze
the effect of compression-molding processing method on the crystallinity and thermal properties of the

polyester part.
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The compression-molded discs were further sliced to obtain cubes with nominal dimensions of 5 mm.
The cubes were then immersed in distilled water to leach out the porogen. The water was replaced
daily. Preliminary studies had shown that immersing for a period of 6 days would enable the entire salt
to leach out. The cubes were dried to constant weight and used for further testing. The various scaffolds

composition, levels of porosity and pore size are summarized in Table 6.1.

Table 6.1. Composition, porosity and pore size of the scaffolds produced from chitosan-polyester blends and salt particle

size ranging from 63 -125um or 250 -500um.

SALT PARTICLE SIZE SALT CONTENT PorosITY PORE sIZE
COMPOSITION
(um) (WT%) (%) )
60 - -
63-125
80 - -
25C-75PBS @
60 57.8+3.0 226.0£16.9
250-500
80 74223 236.247.4
60 543 +1.4 109.3+2.6
63-125
80 78.612.5 276.8452.5
50C-50PBS P
60 57.716.6 199.3+5.3
250-500
80 774422 280.5+42.9
60 54.6+1.5 125.4+1.4
63-125
80 75.8+1.8 258.5+15.8
50C-50PBTA ¢
60 55.7+4.6 202.2+3.7
250-500
80 73447 232.2+4.9
60 58.1£3.0 154.2413.1
63-125
80 80.6+1.9 336.0£35.5
50C-50PCL
60 62.8+2.1 212.8+6.8
250-500
80 76.9+7.4 266.3+32.7
60 47.9+0.7 98.6+2.3
63-125
80 - -
70C-30PBS ¢
60 51.7£19 221.3+4.2
250-500 8

aBlend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢Blend containing 50% by weight of chitosan and 50% by weight of PBTA
d Blend containing 50% by weight of chitosan and 50% by weight of PCL
e Blend containing 70% by weight of chitosan and 30% by weight of PBS

2.3. MECHANICAL PROPERTIES

Uniaxial compression tests were performed on the cubic scaffolds using a Universal tensile testing

machine (Instron 4505 Universal Machine, USA). Each specimen measured 5 mm in the direction of
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testing and was 5 mm square in crosssection. Samples were conditioned at room temperature for at
least 48 h before testing. A crosshead speed of 2 mm.min-! was used in the compression tests. The
values reported are the average of at least five specimens per condition. The compressive modulus was
determined in the most linear region of the stress—strain graph and in the cases that the yield stress was
not clear it was calculated as the stress at the intersection of a line drawn parallel to the linear region

and intercepting the x-axis at 1% strain.
2.4. MORPHOLOGICAL ANALYSIS

The cross-section of all the developed scaffolds was analyzed using a Leica-Cambridge S-360 scanning
electron microscope (SEM) for preliminary assessments on the morphology of the scaffolds. All the
samples were sputtercoated with gold prior to SEM observations. Microcomputed tomography (UCT)
equipment (SkyScan, Belgium) was used as a nondestructive technique for a very detailed analysis of
the morphology of the developed scaffolds using only chitosan-based blends. Four scaffolds of each
condition were scanned in high-resolution mode of 8.7 um x/y/z and an exposure time of 1792 ms. The
energy parameters defined in the scanner were 63 keV with a current of 157 pA. Isotropic slice data
were obtained by the system and reconstructed in 2-D images. These slice images were compiled and
analyzed to render 3-D images and obtain quantitative architecture parameters. A uCT analyser and a
MCT Volume Realistic 3-D Visualization, both from SkyScan, were used as image processing tools for
both uCT reconstruction and to create/visualize the 3-D representation. Regions of interest (square of
4.5x4.5 mmz2) were selected in each slice image and thresholded to eliminate background noise. This
threshold (to distinguish polymer material from pore voids) was chosen and maintained constant for all
the scanned specimens and samples. The threshold was also inverted to obtain pore volume and to

analyze both the pore morphology and its interconnectivity.
2.5. DIFFERENTIAL SCANNING CALORIMETRY

The differential scanning calorimetry (DSC) experiments were performed in a Perkin-Elmer DSC7
apparatus using a water cooling accessory and nitrogen as a purge gas (flux gas of ca. 20 cm3/min).
Both temperature and heat flux were calibrated with indium (99.99999% purity) at a scanning rate of
208C/min. The samples were obtained by cutting a small piece of the scaffold, with about 10 mg weight.
All the experiments were performed at 208C/min, starting from room temperature. Only the first run
samples were analyzed, which reflects both the type of existing materials and the general morphology

developed during processing.
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2.6. CRYSTALLINITY

Wide-angle X-ray scattering (WAXS) and small-angle Xray scattering (SAXS) experiments on some
representative scaffolds were performed using X-ray synchrotron radiation at the Soft Condensed
Matter A2 beamline of DESYHASYLAB (Hamburg, Germany). The experimental setup includes a
MARCCD detector for acquiring two-dimensional SAXS patterns (sample-to-detector distance being 280

cm) and a linear detector for 1D WAXS measurements (distance 23 cm).
2.7. CELL CYTOTOXICITY ASSAYS

A rat lung fibroblast cell line -L929-, acquired from the European Collection of Cell Cultures, was used to
perform cytotoxicity tests. Cells were grown as monolayers in Dulbecco’s modified eagle’s medium
(Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) and 1%
of antibiotic-antimycotic mixture (10,000 U/mL penicillin G sodium; 10,000 U/mL streptomycin sulphate;
25 pg/mL amphotericin B) (Gibco, Invitrogen, USA). Trypsin/EDTA (0.25% wi/v trypsin/0.02% EDTA,
Sigma) was used to detach the cells from the culture flasks before the experiments were conducted.
Cells were seeded in 96-well plates (n = 6) at a density of 1.8 x 104 cells/well and incubated for 24 h at
37 °C, in a humidified atmosphere with 5% CO».

The ratio of material weight to extract fluid was constant and equal to 0.25 g/mL. Latex rubber was used
as a positive control of cell death, because it has a strong cytotoxic effect leading to extensive cell
death. The ratio of latex material outer surface to extraction fluid was 2.5 cm?/mL. Culture medium was
used as negative control of cytotoxicity, considered to be the ideal situation of cell growth. Test scaffolds
(n = 6) and positive control were extracted for 24 h at 37 °C, using complete culture medium as the
extraction fluid. Before the tests, culture medium was removed from wells with cells adhered, and an
identical volume (200 uL) of extraction fluid was added. The cells were left to proliferate in the extract
fluid for 72 h. After this period, the extraction fluid was removed, and the serum-free culture medium
without phenol red and a substrate-3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4-
sulfofenyl)-2H-tetrazolium (MTS; CellTiter 96 One solution Cell Proliferation Assay kit; Promega,
Madison, WI), in a proportion of 5:1, was added to each well. This reaction is based on the reduction of

MTS, into a brown formazan product by an enzyme—dehydrogenase—active in all viable cells.
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CHAPTER VI. Melt-based compression-molded scaffolds from chitosan—polyester blends and composites

Cells were then incubated for 3 h at 37 °C in a humidified atmosphere containing 5% CO.. After this
period, optical density (OD) was measured with a plate reader (Biotek, model Synergy HTi) at 490 nm.

The mean OD value obtained was standardized taking into account the values for the negative control.
3. RESULTS AND DISCUSSION

3.1. MORPHOLOGICAL CHARACTERIZATION

The cross-sectional pore morphology of scaffolds after salt leaching was analyzed using SEM.

Figure 6.1. Representative SEM images of the scaffolds obtained with different amounts of salt and different granulometric size particles:
a) 60 wt% of NaCl particles with size 63-125 um; b) 60 wt% of NaCl particles with size 250-500 um; c) 80 wt% of NaCl particles with size
63-125 um; d) 80 wt% of NaCl particles with size 250-500 um.

No significant morphological differences were observed between the scaffolds of different polymeric
materials produced with both the same range of particle size and same amount of salt. This indicates
that material composition does not significantly affect the morphology of the developed scaffolds.
However, variations in the amount and/or in the range of NaCl average particle size affected the

porosity and pore structure of the scaffolds.
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CHAPTER VI. Melt-based compression-molded scaffolds from chitosan—polyester blends and composites

Considering that material composition did not affect porosity and pore morphology, the produced
scaffolds were divided into four groups in order to analyze the effect of the other two variables (salt
amount and range of salt particle size) into pore morphology and porosity. Representative SEM images
of the four different groups are presented in Figure 6.1. Qualitative analysis of the scaffolds architecture
can be made by studying these images. Increasing the amount of salt particles resulted in an increased
porosity and interconnectivity in both salt particle size ranges. Using salt particles with different size
range also affected the pore morphology. In the case of using larger salt particle size (250-500 um), the
pores in the scaffolds mimic the cubic salt crystals with a narrow distribution of average pore size that is

consistent with the size of the particles used [Fig. 6.1(b,d)].

Figure 6.2. Optical microscopy using phase contrast mode images of the different salt particles: a) particle size between 250-500 um; b)

particle size between 63-125 um.

Scaffolds obtained using smaller salt particles (63-125 um) do not show a clear relation between the
pore structure and the particle shape [Fig. 6.1(a,c)]. In these cases, a larger pore size distribution is
observed. The average pore size is larger than the particle size used, probably because of clustering of
the smaller porogen particles in aggregates. Although there are pores with sizes in the range of 63-125
pm as the porogen, when 80% of salt was used, the majority of the pores have a significantly larger
size. These larger pore sizes were observed probably due to aggregate formation of the salt particles
that were not disrupted during the mixing process. This observation may be connected with a tendency
of the smaller NaCl grains to aggregate in the presence of trace amounts of moisture. To better

understand these results, both groups of particles used in this study were analyzed by optical
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microscopy using phase contrast mode (Fig. 6.2), where the tendency to produce aggregates is

confirmed.

The grinding procedure also affected the morphology of the salt particles. The morphology of the larger
particles (just sieved) presented almost perfect cubic shape [Fig. 6.2(a)]. Conversely, the smaller
particles presented an irregular morphology because of the grinding process that mechanically
fragmented the crystals into smaller pieces [Fig. 6.2(b)]. It was also difficult to observe individual
particles when this group was analyzed, as most of them were aggregated in clusters. This indicates
that the small particle size had a tendency to aggregate in the presence of humidity, probably because
of the larger surface area of the particles. Attempts were made to minimize the agglomeration of smaller
particles, such as grinding the polymeric blends to a size similar to the porogen used. This methodology
was used for all the scaffolds. This procedure reduced the agglomeration but did not completely

eliminate its effects.

Recently, yCT was employed for the observation and analysis of 3-D porous scaffolds 24, Its
advantages include the fact that it is a nondestructive technique that allows analysis the scaffold interior
as opposed to SEM that requires sectioning. uCT allows visualizing and measuring the complete three-

dimensional volume of the structures without any further sample preparation or chemical fixation.

The 3-D scaffolds structure of chitosan-based blends was analyzed using X-ray and uCT. For each
processing condition, four scaffolds were scanned and analyzed. A representative 2-D X-ray image on
the region of interest (a square of 4.5 x 4.5 mm) of the four groups of scaffolds is shown in Figure 6.3.
The white regions of these images correspond to material-rich regions, whereas the darker areas
correspond to pores. Previous SEM observations were confirmed by analyzing these 2-D uCT images,
where a substantial difference exists between porous structures obtained with 60 and 80% by weight of
salt. Pores resulting from the leaching of the larger range of particle size have cubic shape [Fig.
6.3(b,d)], particularly the pores obtained using 60% of salt that have a very narrow distribution of pore
dimensions. The specimens with larger porosity have less organized pore structure, probably because
of contacting adjacent particles. As a result, an increased interconnectivity of pores is observed.
Samples obtained using the smaller particle sizes have pores with relatively unrelated shape [Fig.
6.3(a,c)]. The pores on those scaffolds indicate the leaching of clusters of particles. The resulting pores

resemble small tunnels interconnected across the entire scaffold volume.
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Figure 6.3. Representative 2-D uCT images (corresponding to the region of interest) of the scaffolds obtained using chitosan based
blends with different amounts of salt and different granulometric size particles: a) 60 wt% of NaCl particles with size 63-125 um; b) 60 wt%
of NaCl particles with size 250-500 um; c) 80 wt% of NaCl particles with size 63-125 um; d) 80 wt% of NaCl particles with size 250-500

um.

Because of the probable agglomeration, it appears that the scaffolds obtained with the smaller particle
sizes possess higher interconnectivity than the ones obtained using the larger particle size. This is

consistently observed for both porosities.

The images of the region of interest were threshold and binary images were obtained (figure not
shown). For all the analyzed scaffolds, a dynamic threshold ranging from 255-60 gray scale values was
used to distinguish polymer material from pore voids. This setting was used for all the scanned
specimens. Individual 2-D analysis of the binary images (with a region of interest of 4.5 x 4.5 mm?)
obtained along the scaffold cross-section consisting of 300 slices was performed for morphometry

calculations.
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Figure 6.4. Representative 3-D uCT images of the entire scaffolds obtained using chitosan based blends with different amounts of salt
and different granulometric size particles: a) 60 wt% of NaCl particles with size 63-125 um; b) 60 wt% of NaCl particles with size 250-500
um; c) 80 wt% of NaCl particles with size 63-125 pm; d) 80 wt% of NaCl particles with size 250-500 um

The total porosity and pore size of each scaffold specimen (Table 6.1) was obtained as the average of
the individual porosity and pore size of the 300 slices of each scaffold. For each condition, four scaffolds
were analyzed. As expected, the volumetric porosity depends on the amount of porogen particles used,
and in all the cases was very similar to the amount of salt used, whereas no significant influence of the
NaCl particle size was observed on those results. The average pore size of the scaffolds is strongly
affected by both particle size and particle amount. In scaffolds prepared with 60 wt % of salt with a
particle size range of 250-500 um, the observed average pore size is smaller than expected. This result
indicates that the sieving process is not sufficiently accurate to allow controlling the pore size in the

scaffolds after porogen removal. When the amount of salt was set at 80 wt %, there was a marginal

- 168 -



increase on the average pore size. However, this variation was more pronounced when 80 wt % of salt
with particle size of 63-125 um was used, being in most of the cases larger than when the porogen
particles with the granulometric size range of 250-500 um was used. This is a clear indication that the
smaller particles are more prone to agglomeration probably because of the environmental humidity. This
result also confirms previous SEM observations, where smaller porogen particles led to larger average

pore size in the scaffolds.

Using a uCT-analyser (CTan), 3-D models of the different scaffolds were made using a square region of
interest (4.5 x 4.5 mm2) and a length of 300 slices (Fig. 6.4). To analyze the morphology in the bulk of
the scaffold, 3-D models were made using only 50 slices (figure not shown). In both cases, a dynamic
threshold in the range 255-60 gray scale was used. No significant differences were observed between
the bulk and the global morphology of the scaffolds. As expected, the architecture of the scaffolds is

deeply affected by the amount of salt and by the salt particle size range used.

By inverting the threshold, a negative image of the scaffolds was created (figure not shown). This image
corresponds to the volume of the pores and allowed to visualize the pore morphology and also to
evaluate pore interconnectivity. As observed previously, the morphology of the pores changed when salt
amount and particle size range were varied. The pores obtained using the larger range of particles
mimicked the perfect cubic shape of the NaCl particles used (figure not shown). As the porosity was
increased from 60 to 80%, this effect was less visible due to the increased number of contact points
between the adjacent particles, causing more difficulties in identifying pores with perfect cubic shape.
This effect resulted in the improvement of the interconnectivity. The pores produced with the smaller
range of porogen particles resulted mostly from the leaching of clusters of NaCl particles. These pores

have an undefined morphology with a larger distribution of average pore diameter.

The use of smaller range of particles also resulted in scaffolds with a higher degree of interconnectivity

of the pore network. This is particularly visible when the higher porosity scaffolds were analyzed.
3.2. MECHANICAL PROPERTIES

The nominal stress—nominal strain curve for the various polyesters and their blends for differing
porosities and pore sizes are shown in Figures 6.5-6.9. Stress is defined as the load per total area of
the specimen, while strain is calculated on the entire structure and not on the microscopic strain in the

cell walls. The compressive modulus was calculated as the slope of the most linear region of the stress—
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strain curve prior to the yield point. The compressive stress was calculated as the maximum stress prior
to the collapse of the porous construct. All tests were conducted on the specimen with identical

dimensions, since the specimen size affects its mechanical properties 23],
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Figure 6.5. The effect of polyester type on the stress-strain plot of scaffolds having 50% chitosan and a porosity of 80% with particle size
range between 63-125 pm.

The stress—strain curves of most of the scaffolds exhibit qualitative characteristics similar to that of
metallic or polymeric foams [26-28], The shape of the curve varies with the amount of porosity, pore size,
composition, and the type of polyester. At the initial stage of compression, an elastic region is observed
that is followed by a peak stress for scaffolds obtained with all materials. This linear elastic region is
related to cell-edge bending in open-cell foams (26, The peak stress is typically associated with the
beginningof crack initiation where the cell walls start to buckle. A distinct yield point after the elastic
region may be observed in some cases. After this initial stage, the curve changes to a regime of very
strong plastic flow characterized by a significant change in the slope of the stress versus strain curve.
For some compositions (Fig. 6.5), the curve is horizontal, that is, the stress does not change during
large strain levels (blends containing PBTA and PBSA). In other compositions, the plastic regime is not

associated with a flat plateau, but the stress continues to monotonically increase with strain (blends
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containing PCL Fig. 6.5). In this region, as stress increases, the cells begin to collapse by elastic
buckling, yielding, or fracture, depending on the nature of the predominant cell wall material 291 This
region corresponds to a high-energy absorption, where the space occupied by the hollow pores is filled
by materials that are being compressed. Following the extended plateau regime (Fig. 6.5), the stress—
strain curve changes into the regime of densification. In this regime, the cell wall touches each other cell
walls, and it is accompanied by a steep increase in stress. At higher strain, the rupture causes the cell

walls to break into small pieces, squeezing it and causing the stress to increase.
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Figure 6.6. Stress-strain plot of polyester scaffolds with 60% porosity with particle size range between 250-500 pm.

Pure polyesters display a smooth stress—strain curve (Fig. 6.6). In these samples, the yield points are
less obvious. The plateau stress is not identifiable in these scaffolds as the materials did not fracture;
rather, the scaffolds continue to strain harden at all strains. This behavior is also observed for blends
containing 25% chitosan and 75% PBS (Fig. 6.7) and the low-porosity blends of 50% chitosan and 50%
PBTA (figure not shown). In these materials, a partial collapse of some parts of the scaffolds was
observed while the remaining part still behaved elastically. Alternately, the cell walls could undergo
plastic yielding throughout the deformation range. The strain at which densification occurs for pure

polyesters is larger than those that occur in the blends.
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Figure 6.7. Effect of chitosan content on polybutylene succinate scaffold with a porosity of 60% with particle size range between 250-500

Hm.

The stress—strain curves for blends of chitosan and polyester are shown in Figures 6.5 and 6.7. The
stress-strain behavior is affected by the type of polyester used in the blend. For blends of 50%
chitosan/50% PCL (at ~60% and ~80% porosity), 50% chitosan/PBTA (~60% porosity), and 25%
chitosan/75% PBS (~60% and ~80% porosity), the stress—strain behaviour is similar to that of the pure
polyester. For the scaffolds produced using larger salt particle size, as the chitosan content increased,
the modulus increased. The yield stress reached a maximum with 50% of chitosan, decreasing for the
material with 70% of chitosan (Fig. 6.7). For the scaffolds obtained with smaller particles, both the yield
stress and modulus decreased with increasing chitosan content. The addition of HA causes a significant
reduction in both the strength and the modulus. These are immiscible blends, and earlier studies have

already shown 23] that HA displays poor adhesion to the chitosan/polyester matrix.

The values for the compressive yield stress and modulus for various specimens are listed in Table 6.2.
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Table 6.2. Mechanical properties of the scaffolds produced from chitosan-polyester blends and salt particle size ranging from

63 -1250m or 250 -500m.

SALT PARTICLE SIZE SALT CONTENT COMPRESSIVE MoDULUS Y|ELD STRESS
COMPOSITION
(um) (WT%) (MPa) (MPa)
60 32.4+19.9 1.5+0.4
63-125
80 2.7+14 0.05+0.01
PCL2
60 481+:17.7 3.1+2.9
250-500
80 5.3+1.7 0.5+0.2
60 - -
63-125
80 - -
PBTA®Y
60 7.0£2.0 0.5+0.1
250-500
80 4.0+3.0 0.2+0.1
60 - -
63-125
80 - -
PBSA ¢
60 19.0+11.0 2.4+0.9
250-500
80 7.0+4.0 0.2+0.1
60 106.3+44.6 6.3£3.5
63-125
80 12.7+4.4 0.3+0.2
PBS ¢
60 212.2+77.5 14.947.2
250-500
80 - -
60 106+34 9.9+3.1
63-125
80 9.0£3.0 0.3+0.2
25Ch-75PBS ¢
60 64.3+22.9 2.8+0.5
250-500
80 124433 0.4+0.3
60 30.0+74 1.1+£0.5
63-125
80 17+04 0.05+0.01
50Ch-50PBS f
60 87.4+21.6 3.8+14
250-500
80 12.1+3.3 0.4+0.1
60 6.2+2.8 0.43+0.2
63-125
80 0.5+0.1 0.02+0.01
50Ch-50PBSA ¢
60 14.0+6.4 0.9+04
250-500
80 5.6+3.3 0.2+0.1
60 7.9+02.5 0.1+0.03
63-125
50Ch-50PBTA® 80 1.6+0.3 0.02+0.01
250-500 60 21.8+7.8 1.1+0.8
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80 6.3+1.3 0.3+0.1

60 42.0+12.8 1.3£0.8
63-125
80 5.7£3.1 0.05£0.02
50Ch-50PCL i
60 53.1+23.7 22416
250-500
80 55433 0.1+0.05
60 9.0+2.3 0.1+0.05
63-125
80 3.0+1.8 0.08+0.01
70Ch-30PBS i
60 47.0£27.1 1.1£0.7
250-500
80 5.0+5.0 0.04+0.02

a poly-g-caprolactone

b poly(butylene terephthalate adipate)

¢ poly(butylene succinate adipate)

4 poly(butylene succinate)

e Blend containing 25% by weight of chitosan and 75% by weight of PBS
fBlend containing 50% by weight of chitosan and 50% by weight of PBS

9 Blend containing 50% by weight of chitosan and 50% by weight of PBSA
h Blend containing 50% by weight of chitosan and 50% by weight of PBTA
i Blend containing 50% by weight of chitosan and 50% by weight of PCL

1 Blend containing 70% by weight of chitosan and 30% by weight of PBS

At similar pore size, increasing the porosity decreased the yield stress and the modulus. This was an
expected result, since a higher amount of porosity corresponds to a smaller volume of material
sustaining the stress. Scaffolds prepared using larger particle size ranges show higher compressive
modulus than the ones prepared using particles of lower size (with the exception of PBTA blends).
Similar results were reported in the literature by other research groups 180311, This result is in accordance
with the previous morphological analyses showing that the scaffolds prepared with larger particle size
possess pores with a more organized and defined structure and apparently having lower
interconnectivity than do the ones prepared using smaller particle size. Pore interconnectivity makes the
structure more brittle, reducing scaffold stiffness. Decreasing the salt particle size also decreased the
yield stress of the foams. Gibson and Ashby [29 analyzed the collapse stress of porous metal and
concluded that the collapse stress is unaffected by the pore size. Following the analysis outlined by
Landers et al. 32 it can be shown that for scaffolds having the same porosity the strut diameter is
proportional to the pore size. Euler's buckling load is proportional to the fourth power of strut diameter
and inversely proportional to the square of strut length (which approximately equals pore size). Hence,
scaffolds with smaller pore size have reduced yield strength (Table 6.2). In addition, it has been
reported that cell wall curvature reduces the mechanical properties below values that would be expected
if the walls were planar [28], It is apparent that the shape of larger salt particles is cubical while that of the

smaller size salt particle is less defined but without sharp edges (Fig. 6.2). This results in a scaffold with
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planar walls for larger salt particle [Fig. 6.3(b,d)] versus rounder walls for smaller particle size [Fig.
6.3(a,c)].

The addition of chitosan content into the blends increased the compressive modulus of the scaffolds
produced using the PCL and PBTA blends. In the case of the scaffolds produced using PBS and PBSA
blends, the addition of chitosan resulted in an opposite effect. This behavior was observed
independently of the pore size for both cases. The chitosan content caused a small variation in the yield
stress but a significant difference in the strain at yield (data not shown). This observation is common for
all the samples, independent of composition and porosity, except for samples containing 70% chitosan.
The stress-strain diagrams show no yielding point. The stress decreases sharply after the peak, and at
~20-30% strain, the samples collapsed (stress ~0). The scaffolds produced with other brittle materials
(50% chitosan/50% PBS, and 70% chitosan/30% PBS) have an oscillating plateau region. This region is
marked by progressive collapse occurring as a result of continued deformation of existing cracks as well
as by the formation of new ones. As strain progresses, the structure is further compressed, and
densification causes the stress to raise again until the next fracture that releases the stress again. This
is responsible for the oscillations in stress. The drop in stress is observed for stress levels between 50
and 60% of the peak stress. Reproducibility, particularly for the high porosity samples of the
aforementioned blends, is poor. This is probably because of difficulties in cutting the specimens as well
as by any unintended anisotropy of the pore structure. During the early stages of compression, at the
initiation of crack, the brittle nature of the scaffolds leads to the formation of powder material and some

mass loss due to fragments detaching from the scaffolds.

The stress—strain curves of scaffolds obtained using composites containing chitosan/polyester and HA
are shown in Figures 6.8 and 6.9. These scaffolds were produced using just the higher salt particle size
range. The value for yield strength and compressive modulus is given in Table 6.3. Composites of
chitosan and hydoxyapatite with either PCL or PBTA are able to carry loads to strains well beyond their
ultimate strains. The exceptions are composites containing 50% chitosan and PBS with HA (Fig. 6.8)
where a linear increase is observed after which the stress decreases for increasing strains. In these

materials, the densification process, apparent in the more ductile material, seems to be absent.
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Figure 6.8. Effect of polyester type on the stress-strain behavior of 70% porosity scaffolds.
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Figure 6.9. Effect of hydroxyapatite content on the stress-strain behavior of 60% porosity scaffolds.
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The specimens fail by a brittle process and an abrupt loss of load carrying capacity after attaining peak
stress. The failure initiates in the region having the lowest density or clusters of defects or weaker
regions. The probability of weak regions is significantly higher in the highporosity samples than in
samples with lower porosity. As the HA content in the blend increased (Fig.6.9), both yield stress and
strain at failure decreased. Addition of HA led to a decrease in the compressive yield stress for all
blends. The compressive modulus was also lower for blends containing HA, except for scaffolds
containing PCL. Similar results were observed on compact injection-molded tensile testing samples (23],
Morphological observations using SEM indicate 23 that HA particles have minimal adhesion to the
chitosan/polyester matrix and debond easily during deformation, thus not contributing significantly to the

stiffening of the material.

Table 6.3. Mechanical properties of scaffolds containing hydroxyapatite produced using salt particles with size ranging from
250 - 500pum.

SALT CONTENT COMPRESSIVE MODULUS YIELD STRESS

COMPOSITION

(%) (MPa) (MPa)

60 100+19 4.6+1.8
70PBS-30HA @

70 52+20 1.3+1.1

60 67+14 2.7£0.5
17.5Ch-52.5PBS-30HA »

70 35425 0.9+0.5

60 39+9 0.3+0.2
45Ch-45PBS-10HA ¢©

70 21+10 0.2+0.1

60 85+9 0.6+0.4
40Ch-40PBS-20HA ¢

70 25+11 0.4+0.1

60 48+12 0.6+0.2
35Ch-35PBS-30HA ¢

70 38+29 0.5+0.3

60 102+18 2.1+0.7
35Ch-35PCL-30HA f

70 74127 0.5+0.2

60 4345 0.5+0.1
35Ch-35PBTA-30HA ¢

70 25+18 0.1+0.04

a Composite containing 70% by weight of PBS and 30% by weight of hydroxyapatite

b Composite containing 17.5% by weight of chitosan, 52.5% by weight of PBS and 30% by weight of hydroxyapatite
¢ Composite containing 45% by weight of chitosan, 45% by weight of PBS and 10% by weight of hydroxyapatite

4 Composite containing 40% by weight of chitosan, 40% by weight of PBS and 20% by weight of hydroxyapatite

e Composite containing 35% by weight of chitosan, 35% by weight of PBS and 30% by weight of hydroxyapatite

f Composite containing 35% by weight of chitosan, 35% by weight of PCL and 30% by weight of hydroxyapatite

9 Composite containing 35% by weight of chitosan, 35% by weight of PBTA and 30% by weight of hydroxyapatite
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The foams can be construed to be made up of interconnected beams. In open-cell foams, the cell edges
initially deform by bending. Cell struts in foams subjected to compressive loading fail either by elastic
buckling when the maximum compressive stress exceed the Euler buckling load, or by crushing when
the maximum stress exceeds the modulus of rupture 13, that is, the strength of foams is dependent on
the strength of the struts parallel to the direction of the applied load. Euler buckling load depends on the
elastic modulus and slenderness of the individual cell walls. Hence, materials with lower elastic modulus
also display lower compressive yield strength. Brittle crushing occurs when the critical skin stress
exceeds the cell-wall modulus. The failure stress and cell-wall modulus depend on cell size, relative
density, and Weibull modulus, which is related to the properties of cracks and flaw size distribution

within brittle solids [2%]. The elastic buckling strength of foams is given as follows [29I:

2.2F 2
o = ni L Prosm
=

12

Psorip

where E; is the elastic modulus of the solid cell struts (assumed in our case to be equal to the modulus
of the solid material) and n? is the end constraint factor that depends on stress state and buckling mode.
The value of n2 for biaxial compression is taken to be 0.36. The buckling stress computed from Eq. (1)
(data not shown) when compared to experimentally measured yield yielded a correlation coefficient r2 =
0.925. Possible reasons for deviations include inhomogeneous density distribution leading to density

gradient [28], kinks and wriggles in cell walls 341 or nonuniform material distribution in cell walls [34],
3.3. DIFFERENTIAL SCANNING CALORIMETRY

For DSC analyses, scaffolds from chitosan/PBS blends and processed using salt particles of higher size
range and with 60% porosity were selected. Normalized DSC scans of PBS-based materials were
shown in Figure 6.10. The melting peak of the PBS fraction is visible in the thermograms, and the

corresponding melting temperature and melting enthalpy are shown in Table 6.4.
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Figure 6.10. Normalised DSC thermograms (heat flow divided by the sample mass) of some PBS-based scaffolds of 60% porosity,
obtained at 20 °C.min-".

Table 6.4. Melting temperature and heat of fusion of the PBS-based scaffold materials. The degree of crystallinity within the

PBS fraction is also included.

MATERIAL Tm (°C) AH (J/g) X%
PBS @ 104.3 60.8 55.1
25Ch-75PBS P 102.3 52.9 63.9
50Ch-50PBS © 100.1 375 68.0
75Ch-25PBS ¢ 99.3 19.6 711

a poly(butylene succinate)

b Blend containing 25% by weight of chitosan and 75% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBS
4 Blend containing 70% by weight of chitosan and 30% by weight of PBS

The crystallinity degree of the PBS component was calculated by knowing the theoretical value of AHm
for 100% crystalline PBS, that was taken as 110.3 J/g, calculated on the basis of the group contribution
method proposed by Van Krevelen [¥61. The melting temperature is found to decrease with increasing
chitosan content, as detected before in injection-molded samples with the same composition [22, The

same trend was also observed in blends of poly(3-hydrpxybutyrate) and chitosan 7! and attributed to
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strong intermolecular interactions between the chitosan and the polyester chains, resulting in thinner
lamellar thickness crystals. However, despite this reduction of crystalline perfection, it was found that
the total degree of crystallinity in the PBS fraction increased with increasing chitosan content. This
suggests that, in this case, chitosan could act as a nucleating agent for PBS. The results (Fig. 6.10) also
suggest that the melting peak may reflect the presence of two processes as, with increasing chitosan
content a lower temperature shoulder is progressively enhanced. This may be an indication that
chitosan may induce, in fact, the development of crystalline structures with a different lamellar
morphology than that appearing in pure PBS. As such structures melt at lower temperatures, they
should be composed of thinner lamellae. Comparing the thermal behavior of the scaffolds and the
injection-molded compact samples made of the same materials 221, we may conclude that the former
present lower melting temperature, indicating that shear can induce the production of more

perfect/thicker crystalline structures.
3.4. CRYSTALLINITY

Small angle X-ray scattering

25ch/75PBS

Is” /a.u.

L 1 L
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Figure 6.11. Lorentz-corrected SAXS profiles of some chitosan/PBS blends (60% porosity), where the effect of chitosan content is
investigated. Inset: 2-D-SAXS pattern for the 25/75 chitosan/PBS blend.
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SAXS may provide further insights on the microstructure at the lamellae scale. The inset of Figure 6.11
shows, as a representative result, the 2-D SAXS pattern of the 25/75 chitosan/PBS sample. As found in
all the analyzed scaffolds, the results are consistent with the conventional lamellar structure, where the
well-defined Debye ring is indicative that no preferential crystalline orientation exists. The 2-D patterns
were integrated using the X-ray software, version 1.0, allowing obtaining the intensity as a function of
the scattering vector, s. Figure 6.11 shows some Lorentz-corrected scattering profiles for some
analyzed PBS-based materials. The position of the peaks were used to calculate the average long
period, L=1/smax. A slightly higher value of L was found for the 50/50 chitosan/PBS scaffold (L = 9.6 nm)
with respect to the other two materials (L = 8.9 nm). An interesting result arises when one compares the
morphology of such materials with those processed by injection molding, where the long period was
found to be around 7.5 nm [22I. This finding demonstrates the importance of the processing conditions

on the developed morphology.

Wide angle X-ray scattering
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Figure 6.12. WAXS patterns for two different blends of chitosan and PBS (25/75 and 50/5) of scaffolds with 60% porosity.

Figure 6.12 shows the diffraction diagrams for some PBS-based scaffolds. The typical diffraction

features of PBS are observed: peak at 26 = 19.3° assigned to the (111) and (002) planes, a peak of
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(110) at 26 = 22.2°, with a shoulder at lower angles associated with the (012) planes, a peak of (121) at
28 = 25.9° and a peak of (111) at 26 = 29°. An electron diffraction study showed that PBS chains
crystallize in monoclinic crystal lattice, with a = 0.523 nm, b = 0.908 nm, ¢ = 1.079 nm, and 6 = 123.87°
38, No change in peak position is found when the chitosan content changes. However, a close
inspection on the half-width of the two major diffraction peaks, 8, leads to the conclusion that the peaks
are broader for the blend with 50% chitosan than the blend with 25% chitosan. This would indicate that
the size of the crystalline structures, Lnk, is higher in the sample richer in PBS, as Lnw is intimately
related to b by the Scherrer's equation B9 Lny = kA/(B cos 8), where k is an instrument constant and A
is the wavelength of radiation used. This result correlates well with the DSC results, where from the
analysis of the melting temperatures, it was possible to conclude that, with increasing chitosan content
in the blends, the global crystalline structure of PBS would be more imperfect or characterized by

thinner lamellae.

3.5. CYTOTOXICITY EVALUATION

Figure 6.13. Cytotoxicity results of the 72h extracts of scaffolds with pore size ranging between 250-500pum, namely 50C/50PBS-60,
50C/50PBS-80, 50C/50PCL-60, 50C/50PCL-80, 50C/50PBTA-60, 50C/50PBTA-80, 25C/75PBS-60, 25C/75PBS-80, 50C/50PBS/10HA-60,
50C/50PBS/20HA-60, 50C/50PBS/30HA-60 and positive control of cell death, latex. Results are based on optical density measurements,
at O.D. of 490nm and normalized for the negative control (n=6; +sd; p<0.05).
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Figure 6.14. Cytotoxicity results of the 72h extracts of scaffolds with pore size ranging between 63-125um, namely 50C/50PBS-60,
50C/50PBS-80, 70C/30PBS-60, 25C/75PBS-80, 50C/50PCL-60, 50C/50PCL-80, 50C/50PBTA-60 and positive control of cell death, latex.

Results are based on optical density measurements, at O.D. of 490nm and normalized for the negative control (n=6; +sd; p<0.05).

Cytotoxic tests are a very important tool to evaluate a biomaterial in terms of toxic effect over cell growth
and viability. L929 cells were exposed to extracts from the scaffolds for 72 h and the cellular response
evaluated by MTS viability assay. In general, the MTS test results showed that L929 cells produced
large amounts of a brown formazan product after incubation with the tested extracts. These results

demonstrated that cells were viable, once they were able to incorporate and metabolize the substrate.

All materials, except the scaffolds composed by 50C/50PCL-60, 50C/50PCL-80 with pore size ranging
between 63 and 125 um (Fig. 6.14), presented a high percentage of cell viability. The extracts of
scaffolds with larger pores (Fig. 6.13) showed cellular viability higher than 50% relative to the negative
control. Extracts of scaffolds composed with HA (Fig. 6.13), irrespective of the percentage of HA,
evidenced no adverse effects on cell viability and shown high values of cellular viability of 80% with
respect to negative control. A significant variability in the results of cytotoxicity of extracts from scaffolds
of the same blend mixture was observed, with pore sizes ranging between 63 and 125 um (Fig. 6.14),
evidenced by large standard deviation bars. This observation may be related with the morphology of the

scaffolds, namely the pore size. Those scaffolds were produced by salt leaching using finer salt
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particles. The porogen size being smaller it may be more difficult to leach out all the salt particles, and it
might be possible to have more particles entrapped in the scaffold structure. This may significantly
influence the toxicity by the leachable components released to the extract that will be in direct contact

with cells.

Blends with PBS show the highest results of cell viability. In fact, an increase on the percentage of
polyester is observed not to have direct influence in cell viability. A recent study of our group 40 reports
the osteogenic behavior of mesenchymal stem cells (MSCs) seeded and cultured onto 60% porosity
scaffolds produced with 50C/50PBS, 50C/50PCL, and 50C/50PBTA. The porogen size was in the range
of 250-500 um. Results evidenced a remarkable cell behavior upon those chitosan-based scaffolds, in
terms of cell adhesion and viability, as well the formation of mineralized extracellular matrix. The same
compounds, but with 80% porosity and porogen particles with size of 65-125 um, were studied for
chondrogenic applications, with MSC differentiation toward a chondrogenic lineage 1], also showing

excellent cell viability and activity when seeded at the surface of those materials.

The present study has shown only in one case, PCL/chitosan with smaller pore size, high values of
toxicity of extracts from the scaffolds. However, it must be noted that this result was not confirmed for
the same material in scaffolds with larger pore size. Thus, this exception in terms of cytotoxicity of
extracts must be specifically caused by either the morphology of the scaffold or the preparation method

and probably not by the materials.

Thus, the results herein reported of cytotoxicity of extracts from the scaffolds produced from novel
developed chitosan-based blends show overall good viability of the cells (greater than 50% of the values
of negative control) and those scaffolds will be further developed for various tissue engineering

applications.
4. CONCLUSIONS

In the present study, chitosan-based porous scaffolds with different architectures were produced by
melt-based compression molding followed by salt leaching. The microarchitecture of the developed
scaffolds was accessed by SEM and pCT. By changing both the amount and average particle size of
the porogen agent used, it was possible to prepare scaffolds with different macroscopic architecture
using a melt-based approach. As expected, the amount of porosity was inversely proportional to the

final mechanical properties of the developed scaffolds. For the scaffolds produced using similar particle
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size range, increasing the porosity decreased the yield stress and the compression modulus. Scaffolds
prepared using particles of smaller size were observed to have lower compressive modulus than the
ones prepared using a larger particle size range. Although contrary to the expected result, it was shown
by analyzing the morphology to be consistent with the pore interconnectivity observed. Addition of
chitosan increased the compressive modulus of the scaffolds produced using PCL and PBTA, but
reduced the compressive modulus of those developed using PBS and PBSA. Addition of HA led to a
decrease in the compressive yield stress and compressive modulus, probably because of the low
interface adhesion. Thermal properties of chitosan-PBS-based scaffolds were analyzed, and it was
found that the melting temperature decreased with increasing chitosan content. Microstructure analysis
(WAXS and SAXS) demonstrated that with increasing chitosan content in the chitosan-PBS blends, the
global crystalline structure of PBS would be more imperfect or characterized by thinner lamellae.
Cytotoxic evaluation by means of MTS test revealed that L929 cells had similar metabolic activities to
that obtained by the negative control. Therefore, the leachables released from the tested scaffolds could

be considered as nontoxic and clearly cytocompatible.
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CHAPTER VL.

Melt processing of chitosan-based fibers and fiber-mesh scaffolds for the engineering of

connective tissues

Abstract

Three-dimensional porous scaffolds play a pivotal role in tissue engineering of human tissues like for
instances bone and cartilage. The scaffold provides the necessary support for cells to attach, proliferate
and maintain their differentiated phenotype. Numerous techniques have been used to produce porous
scaffolds including fiber bonding methodologies. We report herein the production of chitosan based
fibers and chitosan fiber mesh structures by melt processing (solvent-free) to be used as tissue
engineering scaffolds. Fibers from a blends of chitosan with poly(butylene succinate) (Ch- PBS) in two
different ratios (25/75 wt% and 50/50wt%) and chitosan with poly(butylene terephthalate adipate) (Ch-
PBTA) (50/50 wt%) were produced using a micro-extruder. The surface roughness of the fibers is
directly proportional to the chitosan content. Conversely, the mechanical performance (tensile strength
and modulus) is inversely correlated with the chitosan fraction. The type of polyester used clearly
affected the mechanical properties of both the fibers and the scaffolds. The melt based approach used
to produce the scaffolds did not change the main characteristics of the fibers including its surface
roughness and microporosity. Moreover, no significant morphological differences were observed
between scaffolds produced with fibres of different composition. The porosity, pore size,
interconnectivity and mechanical performance of the scaffolds are all within the range required for
various tissue engineering applications. Biological assessment was performed in direct contact assays,
using a human osteosarcoma cell line (SaOs-2). Cells were able to fully colonize the scaffold, not only
at the surface but also in the inner porous structure of the different scaffolds. Furthermore, the cells
showed high indexes of viability in all the scaffold types. The results give us confidence to further

develop those scaffolds for various tissue engineering applications.

This chapter is based on the following publication: Correlo VM, Costa-Pinto AR, Sol P, Covas JA,
Bhattacharya M, Mano JF, Neves NM and Reis RL, 2009, Melt processing of chitosan-based fibers and

fiber-mesh scaffolds for the engineering of connective tissues, Acta Biomaterialia, submitted




1. INTRODUCTION

In the last two decades, tissue engineering (TE) has emerged as a promising alternative to treat or
replace tissues and organs that lose their function either by disease or by trauma. The most studied
strategy involves the use of an artificial extracellular matrix (the scaffold) frequently intended to be
temporary and thus produced from biodegradable or bioresorbable polymers. The scaffold will support
the cell attachment, growth and proliferation, and acts as a template to guide the morphogenesis of the

new tissue ['- 2.

A successful scaffold needs to combine different specific requirements. Among those the chemical
composition and the surface chemistry have been suggested to play important roles in promoting the
proliferation and differentiation of cells [Bl. Moreover, the porous architecture and morphology of the
scaffold including the amount of porosity ], pore size ¥, pore accessibility and pore tortuosity ©! are
widely recognized to be important parameters conditioning the formation of new tissue. Many

characteristics of the scaffolds are dictated by the processing method used in its production.

Fiber-based scaffolds were among the first templates proposed for tissue engineering [- 8. The fibers
can be produced by wet ! or dry—wet spinning ['% from polymeric solutions or by melt spinning ['1]. The
fibers can be further processed by a great variety of processing methods involving knitting [12. 13,
physical bonding (by the combined application of pressure and temperature) ['4l. The aim is to create an
interconnected 3-D porous structure with a large surface area for cell attachment and proliferation.
Several studies have shown that scaffolds produced from fibers have adequate porous interconnectivity

and mechanical properties for various tissue engineering applications [ 191,

Although fibre mesh chitosan based scaffolds ['6. 171 and some chitosan blend fibers ['8. 19 have been
produced from polymeric solutions (wet spinning), to the best of the authors knowledge, no reports exist

in the literature on the production of chitosan fiber mesh scaffolds using melt processing methods.

The main aim of the present work is to report on the production of chitosan based fibers and chitosan
fiber mesh scaffolds using only melt based technology and its mechanical and morphological
characterization. We have also assessed its biological performance using osteoblastic like cells to
conclude about the potential of those scaffolds to be used as templates for the engineering of

connective tissues.

-192 -



2. MATERIALS AND METHODS

2.1. FIBERS PRODUCTION

Blends of chitosan with poly(butylene succinate) (Ch-PBS) at two different ratios (25/75 wt% and
50/50wt%) and blends of chitosan with poly(butylene terephthalate adipate) (Ch-PBTA) (50/50 wt%)
were compounded on a twin screw extruder. Processing parameters used in this compounding stage
were detailed previously elsewhere 20, The chitosan based blends were extruded into fibers, by using a
prototype single screw micro-extruder 211 coupled to a capillary die. Although the machine is capable of
producing extrudates with only a few grams of material in powder form, it was designed to induce
thermo-mechanical stresses of the same order of magnitude of those developed in bigger machines.
Moreover, the screw contains a multi-pass barrier section that greatly improves the dispersive mixing

capacity.
2.2. SCAFFOLDS PRODUCTION

The scaffolds were fabricated into mesh structures by a fiber compression method. Briefly, the extruded
fibers were chopped in 1 cm long sections and loaded into a mould. The mould is heated above the
melting temperature (Tm) of the thermoplastic composite during a specific time period. The next step
involves applying pressure to allow the fibers to weld at the junctions forming a stable fiber mesh

structure. The porous mesh structure is further cut into 1.5 mm thick discs, with diameter of 7 mm.
2.3. OPTICAL MICROSCOPY

To analyze the chitosan phase distribution within the fibers, cross sections were prepared and analyzed
in a procedure similar to the one reported in a previous study [29. Briefly, chitosan based fibers were
mounted in epoxy resin. After the curing stage, thin slices of material were removed from the surface of
the fibers entrapped in the epoxy resin using a microtome. The procedure continued until approximately
half the diameter of the fibers was sliced. After this procedure, the fibers with the exposed surface were
stained with a 0.10 (w/v) eosin solution for 10 min at 32+0.5 °C. Stained samples were examined by
light microscopy (Olympus BH-2) in reflection. Photomicrographs of the stained surfaces were obtained

using a digital camera Olympus DP11 directly mounted in the microscope.
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2.4. SCANNING ELECTON MICROSCOPY

The morphology of the produced chitosan based fibers and fiber mesh scaffolds was analyzed using a
Leica-Cambridge S-360 (UK) scanning electron microscope (SEM). Previously to the SEM analysis, all

the samples were sputter-coated with gold (Fisons Instruments, Sputter Coater SC502, UK).
2.5. MICRO-COMPUTED TOMOGRAPHY

Chitosan-based fiber mesh scaffolds were analyzed using a high-resolution micro-computed
tomography (uCT) Skyscan 1072 scanner (Skyscan, Kontich, Belgium). Five scaffolds of each condition
were scanned in high resolution mode using a pixel size of 8.24pm and integration time of 2.0 ms. The
X-ray source was set at 80 keV of energy and 124 pA of current. For all the scanned specimens
representative data sets of 150 slices were transformed into binary using a dynamic threshold of 60-255
(grey values) to distinguish polymer material from pore voids. This data was used for morphometric
analysis (CT Analyser v1.5.1.5, SkyScan). The morphometric analysis included quantifying the porosity
and mean pore size quantification (Table 7.3). 3-D virtual models of representative regions in the bulk of
the scaffolds were also created, visualized and registered using both image processing softwares (ANT
3-D creator v2.4, SkyScan).

2.6. MECHANICAL TESTS

The tensile properties of the produced fibers were determined using a Universal tensile testing machine
(Instron 4505 Universal Machine, USA). A crosshead speed of 5 mm.min-' was used up to rupture of

the fiber. The results presented in Table 7.2 are the average of the testing of 10 specimens.

The compression testes of the developed chitosan based fiber mesh scaffolds were performed using a
Universal tensile testing machine (Instron 4505 Universal Machine, USA). The tests were performed
under compression loading using a crosshead speed of 2 mm.min-" until 60% strain was reached. The

results presented in Table 7.3 are the average of at least five specimens.

Both the tensile and the compressive modulus were determined in the most linear region (between 0

and 1% strain) of the stress—strain curve using the secant method.
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2.7. CELL CULTURE

A human osteoblast cell line (SaOs-2) was used to conduct the cell culture studies. Cells were grown as
monolayer cultures in a culture medium consisting of DMEM medium, 10% FBS and 1%
antibiotic/antimycotic mixture. When the adequate cell number was obtained, cells were detached with
trypsin, centrifuged and ressuspended in cell culture medium. Cells were seeded at a density of
2,5x105cells/scaffold under static conditions, using for this purpose 1mL of cell suspension. Two hours
after seeding, the cell seeded scaffolds were changed into new plates and 1 ml of culture medium was
added to each well. The cell seeded scaffolds were maintained in a humidified atmosphere at 37°C,

containing 5% CO during the remaining testing period.
2.7.1. Cell adhesion and morphological analysis by SEM

Cell adhesion, morphology and average distribution at the surface and at the bulk of the scaffolds were
also analysed by SEM, after 24, 48, 72 hours and 7 days of culture. Cell-seeded scaffolds were washed
in 0.15 M phosphate buffered saline and fixed in 2.5% glutaraldehyde in phosphate buffered saline.
After rinsing 3 times in phosphate buffered saline, the constructs were dehydrated using a series of
graded ethyl alcohols (30, 50, 70, 90, 100% ethanol) for 15 minutes each, twice. The samples were
further subjected to 2 changes for 15 minutes each with 100% hexamethyldisilazane (HDMS; Electron
Microscopy Sciences, Washington, USA). Finally HDMS was removed and let to air dry for 2h.
Afterwards, the constructs were sputter coated with gold (Fisons Instruments, Sputter Coater SC502,

UK) and analyzed with a Leica Cambridge S360 (UK) scanning electron microscope.
2.7.2. Cell viability by MTS assay

Cell viability was assessed after 24, 48, 72 hours and 7 days, using the MTS test. Cells cultured onto
tissue culture polystyrene (TCPS) with standard culture medium were used as negative control. At each
time point, cell-seeded scaffolds (n=3) were rinsed in 0.15M phosphate buffered saline (Sigma, USA)
and immersed in a mixture consisting of serum-free cell culture medium and MTS reagent at 5:1 ratio
and incubated for 3h at 37 °C in a humidified atmosphere containing 5% CO2. After this, 200 ul (n=3)

were transferred to 96 well plates and the optical density (O. D.) determined at 490 nm.

3. RESULTS AND DISCUSSION

3.1. FIBERS PRODUCTION AND CHARACTERIZATION
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Usually, fibre or monofilament melt extrusion involves two stages: i) initially, the melt is forced through
the die and a circular extrudate is obtained, ii) then this extrudate is stretched axially while being cooled
down by forced convection/immersion in a water tank, in order to induce some degree of molecular
orientation and thus improve the molecular properties. Simultaneously, the final diameter of the

fibres/monofilaments becomes significantly smaller than that of the initial extrudate.

Unfortunately, fibers with high chitosan content cannot withstand the usual drawing ratios involved in
conventional extrusion, which means that it is necessary to use capillary dies to obtain immediately
small diameter extrudates. However, since chitosan particles are usually around 400um in size, this

limits the lowest die diameter to adopt, if operation steady state is to be achieved.

In this work, the chitosan-based fibers were produced using a prototype micro-extruder that could be
coupled to capillary dies of different diameters. The extrudates were air-cooled without any significant

stretch and winded. The extruder operating conditions are summarized in Table 7.1.

Table 7.1. Processing conditions of chitosan based fibers using a micro-extruder.

COMPOSITION BARREL TEMPERATURE (°C) SCREW SPEED (RPM)
25Ch-75PBS @ 140-150 35
50Ch-50PBS ° 140-155 35
50Ch-50PBTA ¢ 155-160 35

a Blend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA

The morphology of the obtained fibers was analyzed by SEM and representative micrographs are
shown in Figure 7.1. Chitosan based fibers present a peculiar morphology that is clearly affected by the
particulate chitosan content. As the chitosan content increases, the surface roughness also increases

creating some level of microporosity at the surface (Figs 7.1a and 7.1b).

To confirm what was the main parameter controlling the surface roughness, the fibers were mounted in
epoxy resin and sliced to obtain longitudinal sections of the fibres. The sections were further immersed
in eosin solution aiming at staining the chitosan domains and analyzing them by optical microscopy. The

images of the stained longitudinal sections are shown in Figure 7.2. As observed on previous studies 1201
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for injection molded samples, the fibers are composed of a continuous phase consisting of the polyester

that surrounds the chitosan particles or domains (dispersed phase appearing in orange in the images).

a) L= SEL  EHT=15.0 KV WD=27 mm  FAG= ¥ 50.0 PHOTO= 29 L= SE1  EHT=15.0 KV WD= 27 mm X 150, PHOTO= 22
500 pm —— 4
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b) = SE1 EHT= 15.0 KV WD= 24 mm NAG 50.0  PHOTOD= 20 L= SE1 EHT= 15.0 KV  WD= 24 mm MAG= ¥ 150.  PHOTO= 22
500 pm b—————————| 00w
{HO

UNIY. MINHD

C) L= SE1 =150 KV HD=27 m ifi .0 PHOTO- 25 L= SEL EHT- 15.0 KV WD= 27 mm MAG= ¥ 150.  PHOTO- 27
500 pm 00um b—mH
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Figure 7.1. SEM images of the morphology of the fibers: a) Fiber of the blend 25Ch-75PBS; b) Fiber of the blend 50Ch-50PBS; c) Fiber of
the blend 50Ch-50PBTA.
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CHAPTER VII. Melt processing of chitosan-based fibers and fiber-mesh scaffolds for the engineering of connective tissues

Figure 7.2. Optical microscopy micrographs of longitudinal sections of the fibers after being stained with eosin: a) 25Ch-75PBS; b) 50Ch-
50PBS; c) 50Ch-50PBTA.
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No significant differences are observed between fibers produced with the same content of chitosan and
different polyesters (Figs 7.2b and 7.2c). The fibers produced with PBS with different contents of
chitosan present significant morphological differences (Figs 7.2a and 7.2b). Thus, it is very clear to
conclude that as the chitosan content increases, the chitosan domains aggregate and are more
predominant, causing an increase on the fiber surface roughness. As the chitosan amount increases,
there is less polyester available to embed and surround all the chitosan domains, exposing the chitosan

phase at the surface and increasing the surface roughness.

The mechanical performance of the different fibers, determined in tensile tests, is shown in Table 7.2.
As expected, both the fibres obtained with various chitosan contents and with different polyesters have
significant differences on the mechanical performance. The fibers obtained from Ch-PBS, as the
chitosan content increases the ultimate tensile strength (UTS) and the modulus decreases significantly.
These results are not in accordance with the properties obtained by us in previous studies 0. The
difference on the results may be explained by the specific processing routine and to the constraints
caused by the 2-D fibrous geometry with small diameters. Those small cross-section dimensions when
using larger chitosan contents (50%wt) may lead to the formation of chitosan-rich aggregates with
dimensions close to the diameter of the fiber. Those aggregates may reduce the quality of the interface
with the polyester phase (the continuous phase) leading to a lower efficiency of stress transfer to the
chitosan phase. Furthermore, the surface roughness also indirectly affects the evaluation of the

mechanical properties by the over-estimation of the cross-section area of the fibers.

Table 7.2. Mechanical properties of the chitosan based fibers.

COMPOSITION UTS (MPa)d Es(MPa)e

25Ch-75PBS @ 139+3.0 795.2 £ 178.2 2705
50Ch-50PBS ® 59+23 499.7 £92.0 27+09
50Ch-50PBTA ¢ 53+04 268.9 £ 46.3 36+09

a Blend containing 25% by weight of chitosan and 75% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBS
¢ Blend containing 50% by weight of chitosan and 50% by weight of PBTA
4 Ultimate tensile stress

e Secant modulus

f Strain at break
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From the group of fibers with the similar chitosan content, the ones produced with PBS have higher
modulus and UTS than the ones produced with PBTA. This result was expected since it confirms the
differences in modulus of the two polyesters. Similarly, the elongation at break was by the same
reasons higher in the case of Ch-PBTA fibers. Those results are all consistent with the fact that PBTA is

a more compliant matrix than PBS.
3.2. SCAFFOLDS PRODUCTION AND CHARACTERIZATION

Scaffolds were produced only with fibers having a chitosan/polyester ratio of 50/50 wt. Fiber mesh
scaffolds were produced after cutting, heating and compressing the extruded fibers. The porous
morphology of the novel chitosan based fiber mesh scaffolds was analysed by SEM (Fig. 7.3). The SEM
migrographs allows concluding that the fiber compression process was successful in welding the fibers
together into a mesh structure. It is also clear fom the SEM micrographs that no significant differences
are detected between the Ch-PBS and the Ch-PBTA fiber mesh scaffolds. In both cases, the
characteristic roughness of the fibers was maintained after the production of the scaffolds. The surface

microporosity is preserved after the production of the scaffolds.

.0 PHOTO= 1 L= SE1
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Figure 7.3. SEM micrographs of Ch-PBS (50/50wt%) fiber mesh scaffolds

A more detailed and quantitative analysis of the internal structure of the scaffolds was performed by
micro-computed tomography (UCT). uCT images (2-D and 3-D) of the Ch-PBS fiber mesh scaffold are

shown in Figures 7.4 and 7.5.
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Most details observed in SEM micrographs were further confirmed in the uCT analysis. No significant
differences were observed between both types of scaffolds by this very accurate technique.
Furthermore, uCT allowed to confirm the existence of micropores (<20um) on the fibers composing the
scaffolds. Interestingly, these small pores are not only confined at the surface, but are also observed in
the inner structure of the fibers (Figs 7.4 and 7.5). The presence of those micropores can cause an
increase of the surface area what usually facilitates the cell adhesion. In fact, smoother surfaces are
frequently less efficient in allowing the adherence of cells to the surface of fibers. Although the fibers
were not specifically intended to have rougher surfaces, its surface morphology is interesting in
facilitating the interaction with cells. This characteristic imight be very positive for the envisaged

application.

Controlling cell adhesion and proliferation at the surface of scaffolds constitutes a key issue for tissue
engineering. Surface topography, including the surface roughness, is recognized as a parameter that
may have a dramatic influence over the cellular behavior. Different studies concluded that an increase in
the surface roughness (keeping constant the surface chemistry) resulted in an improvement on cell

adhesion, proliferation and differentiation of bone cells [22. 23],

Figure 7.4. Representative 2-D uCT images of: a) Ch-PBS fiber mesh scaffold; b) Ch-PBTA fiber mesh scaffold
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Figure 7.5. Representative 3-D uCT images of: a) Ch-PBS fiber mesh scaffold; b) Ch-PBTA fiber mesh scaffold

More recently, due to the advances in microfabrication it has been even more emphasized the analysis
of the effects of nano-structured topographies. For example, endothelial cells and osteoblasts were
shown to preferentially adhere to both nanometer and sub-micron structured titanium surfaces when
compared to flat (smooth) titanium surfaces 24l Other study used pit-patterned surfaces of polystyrene
(PS) film with diameters 2.2 and 0.45 mm and islands-patterned (with similar dimensions) on PLLA
surfaces. The results also confirm that the cell adhesion is enhanced in PLLA and PS surfaces with

nano-scale and micro-scale roughnesses compared to the smooth surfaces on the same materials 1251,

As previously referred, micro-porosity is also a parameter with a favorable affect on cell adhesion and
proliferation [26. 271, One probable hypothesis is that the micropores significantly increase the surface
area of the material and this may enhance the protein adsorption process creating a larger number of
anchorage points for cells. This effect contributes to the increase on the opportunities for cell adhesion

and for proliferation.

An ideal scaffold should meet a large number of requirements that enable for their use in the tissue
engineering of connective tissues. Three of these prerequisites are related with the degree of porosity,
the pore dimensions and the level of interconnectivity of the porosity. The results of the morphological
analysis are shown in Figures 7.3,7. 4 and 7.5 and confirm that the novel fiber mesh scaffold exhibits a
good level of interconnectivity. The interconnectivity enables for an easy access of cells, nutrients and
metabolite removal from the whole volume of the scaffold porous structure. The observed
interconnectivity (also favoured by the fiber structure that limits the packing level) is suitable for an
adequate support of cell attachment, growth and proliferation. The porosity and pore size of the

scaffolds was determined by uCT and the results are shown in Table 7.3. An extensive porous area is
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an advantage by facilitating the penetration of cells into the bulk of the scaffold, keeping the viability of

cells by the diffusion of nutrients and removal of metabolic residues.

In addition to the requirements related with the porosity, other important scaffold features are related to
their mechanical properties. Scaffolds should possess sufficient initial mechanical strength and stiffness
to ensure minimal mechanical function. The minimum level of mechanical properties is related with the
easy manipulation of the scaffold but also to the structural integration with the extracellular matrix of the
tissue that intends to repair or regenerate. It is not strictly necessary that the mechanical properties of
the scaffolds perfectly match the ones of the healthy tissue, but the stiffness and strength should be

compatible with the stresses existing at the healing site 1281,

The values of compressive modulus for both types of scaffolds are shown in Table 7.3. In both cases
the scaffolds stiffness are within the range of modulus of the human cancellous bone and human
cartilage and considerably lower than that of human cortical bone 29, In any case, the mechanical
properties, pore sizes and level of porosity are all compatible with the values required for the

regeneration of bone and cartilage.

Table 7.3. Porosity, pore size and mechanical properties of the chitosan based fiber mesh scaffolds.

SCAFFOLD COMPOSITION MACROPOROSITY (%) PORE SIzE (um) Es (MPa)°
50Ch-50PBS 2 448+2.1 260.4 +27.0 32.6+12.8
50Ch-50PBTA ® 483+4.6 246.0 £ 485 124 +4.6

a Blend containing 50% by weight of chitosan and 50% by weight of PBS
b Blend containing 50% by weight of chitosan and 50% by weight of PBTA
¢ Secant modulus

3.3. CELL ADHESION RESULTS

SEM images allowed to determine that SaOs-2 cells were able to adhere to the surface of both types of

chitosan-polyester based scaffolds (Fig. 7.6).
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Figure 7.6. SEM micrographs of SaOs-2 cells morphology and adhesion at the surface of Ch-PBS scaffolds after a)1, b)2, ¢)3 and d)7
days of culture; and onto Ch-PBTA scaffolds after e)1, f)2, g)3 and h)7 days of culture. Lower figures correspond to the non-seeded of

each type scaffolds.

Already after 1 day of cell culture, extensive cell colonization can be observed (Figs 7.6a and 7.6e).
Cells completely covered the microfibers surfaces (Figs 6b and 6f) on both scaffold formulations. After 1
week of culture, further development of cell numbers and surface density are observed (Figs 7.6d and
7.6h), indicating that the SaOS-2 cells massively adhered and proliferated within both types of chitosan

based scaffolds. It is also notorious a progressive and extensive cell proliferation over time (Fig. 7.6).

EDer z

Figure 7.7. SEM micrographs of the cross-sections of cell cultured Ch-PBS scaffolds after a) 3 and b) days; and Ch-PBTA scaffolds after
d)3 and e)7 days. High magnifications micrographs of the cell cultured Ch-PBS e) and Ch-PBTA f) at 3 days of culture. Lower figures

correspond to the non-seeded of each type scaffolds.
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It should be highlighted that the porosity size and interconnectivity are both adequate, since no pore
occlusion was observed. The cells also proliferated to the interior regions of the scaffolds, as can be
observed on Figure 7.7. At higher magnifications it is possible to observe already some extracellular
matrix (ECM) produced by the cells (Figs 7.7c and 7.7f).

The present scaffold formulations were previously explored using other processing methodologies such
as compression moulding followed by salt leaching 39, Direct cell contact assays with those scaffolds
showed to promote the attachment, proliferation and osteogenic differentiation of a mouse
mesenchymal stem cell line 1l A different study using the same source of cells showed that these cells
cultured on those scaffolds, also differentiated into the chondrogenic lineage and maintained full viability
1321, However those previous scaffolds did showed limitations in the porosity size and interconnectivity.
The present fiber based scaffolds showed a strong improvement both in the porosity and on the
morphology and mechanical properties. Therefore, this study provides the first biological evaluation of

the enhanced efficacy of these novel 3-D fibrous structures to support cell viability and proliferation.
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Figure 7.8. Viability of the SaOs-2 cells seeded and cultured onto the Ch—PBS (grey), Ch—PBTA (white) following 24, 48 and 72h and 7

days after cell seeding. Single asterisk (*) indicates a significant difference (p<0.05) between conditions at the same time point. Double

O.D. (490nm)

T2h d

asterisks (**) indicate a significant difference (p<0.05) of each material for 7days compared with the other time points.
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In our previous studies evaluating the potential cytotoxicity of leached extracts from the developed
scaffolds have we observed a non-cytotoxic effect when fibroblastic cell line was cultured during 72 h of
incubation period (data not presented). This evaluation of the viability/activity of the cells seeded on the
scaffolds since the initial seeding until the implantation is a subject of critical importance for the
development and optimization of bone tissue-engineered constructs 133, We herein also analysed the
cell viability on the scaffolds during this experiments by the MTS test. This assay follows the reduction of
substrate, 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4-sulfofenyl)-2H-tetrazolium (MTS),
into a brown formazan product by dehydrogenase enzymes active only in the viable cells. The results
showed that the tested SaOs-2 were able to reduce MTS, showing increasing metabolic rates with

increasing time of culture (Fig. 7.8), and denoting a high viability and proliferation profile.

Cells at the surface of the Ch-PBS scaffolds showed the highest values in terms of cell viability for all

time periods when compared with the Ch-PBTA scaffolds in particular for the longer time point.

The results show a continuous development of the cell seeded population over the time period in culture
at the surface of both scaffolds. It is clear that the attachment of cells is easier in the case of Ch-PBS
scaffold, since in the earliest time point we observe a significantly larger cell activity on those scaffolds.
The two initial time points show a comparable cell activity in both scaffold types. However, longer time
points clearly confirm that the Ch-PBS outperforms the Ch-PBTA scaffolds. This result also confirms

data obtained in the SEM analysis of the constructs scaffold/cells.
4. CONCLUSIONS

This study evidenced that it is possible to produce chitosan based fibers and chitosan based porous
scaffolds using only melt based technologies and avoiding completely the use of solvents. The chitosan
content in the blends plays an important role on the morphology and mechanical properties of the fibers:
as the chitosan content cause increase in roughness but decrease in the mechanical properties. The
scaffolds produced by fiber hot compression have shown an interesting distribution of micro and
macroporosity that can play an important role on cell adhesion and proliferation. Morphological analysis
confirmed that the fiber mesh scaffold exhibit adequate pore size and interconnectivity allowing for the
penetration of cells into the bulk of the porous scaffold. The mechanical performance of both scaffolds is

within the range of properties of the human cancellous bone and the human cartilage. Moreover, the
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results obtained in direct contact assays revealed that the two types of chitosan-based fiber mesh
scaffolds promoted the adhesion, proliferation and migration of the osteoblastic like cells into the interior
of the scaffolds. In addition the Ch-PBS composite showed enhanced biological performance in terms of

a more massive production of ECM, and in terms of viability numbers.

In conclusion we can say that these novel chitosan based fibrous scaffolds processed by melt in a
completely solvent-free routine herein described evidenced properties of great interest to be used in

solutions involving the engineering of connective tissues.
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CHAPTER VIII.
Summary and general conclusions
1. SUMMARY AND GENERAL CONCLUSIONS

Considerable effort has been directed towards the development of scaffolds using natural polymers for
bone and for cartilage tissue engineering. Nevertheless, the use of natural polymers still has some
disadvantages that limit their application. Even tought chitosan exhibit a range of properties that make it
suitable for use as alternatives to currently used biomaterials, its mechanical properties and
processability are less than ideal which precludes its use as material in load bearing applications. The
development of hybrid materials that combine naturally occurring polymers with biocompatible synthetic
polymers is expected to minimize the mismatch of mechanical properties and preserve biocompatibility.
Little research has been conducted in the melt blending of synthetic polyester and chitosan. The main
objective of this thesis was to: i) compound and evaluate the properties of chitosan and biodegradable
aliphatic polyesters blends and composites processed using melt based technologies; ii) study the water
absorption and degradation characteristics of the produced blends and composites; iii) produce
chitosan-based scaffolds with different architectures by melt based technologies.; iv) to evaluate their
cytotoxic behaviour and conduct direct contact assays aiming to validate their potential use in bone or

cartilage tissue engineering applications.

The general conclusions of the research work produced in the present thesis, which extends from

Chapter Ill to VII, are summarized as follows:
1.1. PROPERTIES OF MELT PROCESSED CHITOSAN AND ALIPHATIC POLYESTER BLENDS

Chapter Ill describes for the first time the processing of chitosan-polyester based blends using melt
based methods. In this work, chitosan was melt blended with several aliphatic polyesters including PCL,
PBS, PLA, PBTA, and PBSA. Morphological analysis has shown that chitosan displayed intermediate
adhesion to the polyester matrix and its addition to the blends decreased the tensile strength but
increased the tensile modulus. The same analysis indicated that the skin layer of injected samples is
polyester rich, while the core is a blend of chitosan and polyester. The chitosan phase agglomerated
into spherical domains or were clustered into sheaths. Pull-out of chitosan particles was evident in

tensile-fractured surfaces for blends of chitosan with ductile polymers but absent in the blends with PLA.



With this study allowed to conclude that it was possible to produce chitosan based belnds with

interesting properties.
1.2. HYDROXYAPATITE REINFORCED CHITOSAN AND POLYESTER BLENDS FOR BIOMEDICAL APPLICATIONS

Chapter IV reports the preparation of hydroxyapatite, chitosan, and aliphatic polyester composites by
melt blending methods. The polyesters include PCL, PLA, PBS, and PBTA. These composites were
injection molded and evaluated for thermal, morphological, and mechanical properties. The addition of
hydroxyapatite decreased the crystallinity in chitosan/PBS blends, while in blends containing
chitosan/PCL, the crystallinity increased. The two main diffraction peaks observed using WAXS are
unaffected by the amount of chitosan or hydroxyapatite. The produced materials presented a range of
acceptable properties but the addition of high volume fraction of fillers (both chitosan and
hydroxyapatite) led to processing difficulties that made for poor dispersion, particularly for the HAIn the
composite. This coupled with the lack of adhesion of HA to the matrix led to reduced mechanical
properties over blends of chitosan and polyester. Thus alternative processing techniques or the use
coupling agents or the functionalization of the ceramic needs to be considered in order to improve on

the properties since the current properties are the lower bound of what is reported for bone.

1.3. WATER ABSORPTION AND DEGRADATION CHARACTERISTICS OF CHITOSAN-BASED POLYESTERS AND
HYDROXYAPATITE COMPOSITES

The work described on Chapter V aims at reporting on the water absorption and degradation of the
newly developed polymer blends and composites since these properties are critical for their possible
applications as biomaterials. The water uptake and the degradation properties, as measured by the loss
in tensile strength, were evaluated as a function of time. In this study, the rate and the equilibriumwater
uptake were proportional to the amount of chitosan in the blend. Increased chitosan content increased
the water uptake and diffusion coefficient of the blends. For blends with the same chitosan content, the
lowest equilibrium water content was observed in blends containing PCL, and the highest water uptake
was experienced by the blends containing PLA. The addition of HA to chitosan and polyester
significantly reduced the equilibrium water uptake. The water uptake did not follow the classical Fickian
diffusion laws and could be expressed by a two-stage sorption non-Fickian diffusion model. Contact
angle measurement was used to quantify the changes in surface hydrophilicity as a function of chitosan
and polyester composition. The glycerol contact angle decreased with increasing synthetic components

in the blend. The blends and composites also showed increased degradation, as quantified by a loss in
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their mechanical properties, with increase in natural content. The degradation of properties was directly
related to the water uptake of the blends; the higher the water uptake, the higher the degradation. Pure
polyesters, while having low water uptake, nevertheless showed significant degradation by a precipitous
drop in the strain at break. Among the polyesters, poly(lactic acid) displayed maximum degradation,

while polycaprolactone displayed the least.

1.4. MELT-BASED COMPRESSION-MOLDED SCAFFOLDS FROM CHITOSAN-POLYESTER BLENDS AND COMPOSITES:
MORPHOLOGY AND MECHANICAL PROPERTIES

On what concerns to the production of novel scaffolds made from blends of chitosan and biodegradable
synthetic aliphatic polyesters produced by the melt-based routine involving compression molding and
salt leaching the following remarkes can be made. By changing both the amount and average particle
size of the porogen agent used, it was possible to prepare scaffolds with different macroscopic
architecture using a melt-based approach. The mechancial properties of the produced scaffolds could
be taylored by varying the type and amount of porogen used: i) for the scaffolds produced using similar
particle size range, increasing the porosity decreased the yield stress and the compression modulus; ii)
for scaffolds prepared using particles of smaller size were observed to have lower compressive modulus
than the ones prepared using a larger particle size range. Although contrary to the expected result, it
was shown by analyzing the morphology to be consistent with the pore interconnectivity observed.
Addition of chitosan increased the compressive modulus of the scaffolds produced using PCL and
PBTA, but reduced the compressive modulus of those developed using PBS and PBSA. Addition of HA
led to a decrease in the compressive yield stress and compressive modulus, probably because of the
low interface adhesion. Thermal properties of chitosan-PBS-based scaffolds were analyzed, and it was
found that the melting temperature decreased with increasing chitosan content. Cytotoxic screening by
means of MTS test revealed that L929 cells had similar metabolic activities to that obtained by the
negative control. Therefore, the leachables released from the tested scaffolds could be considered as

nontoxic and clearly cytocompatible.

1.5. MELT PROCESSING OF CHITOSAN-BASED FIBERS AND FIBER-MESH SCAFFOLDS FOR THE ENGINEERING OF

CONNECTIVE TISSUES

Three-dimensional porous scaffolds play a pivotal role in tissue engineering of human tissues like bone
and cartilage. The scaffold provides the necessary support for cells to attach, proliferate and maintain

their differentiated phenotype. Numerous techniques have been used to produce porous scaffolds
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including fiber bonding. In Chapter VII we report the production of chitosan based fibers and chitosan
fiber mesh scaffolds by melt processing (solvent-free) to be used as tissue engineering templates. As
observed in the previous studies, the chitosan content in the blends plays an important role on the
morphology and mechanical properties of the fibers: as the chitosan content cause increase in
roughness but decrease in the mechanical properties. The scaffolds produced by fiber hot compression
have shown an interesting distribution of micro and macroporosity that can play an important role on cell
adhesion and proliferation. Morphological analysis confirmed that the fiber mesh scaffold exhibit
adequate pore size and interconnectivity allowing for the penetration of cells into the bulk of the porous
scaffold. The mechanical performance of both scaffolds is within the range of properties of the human
cancellous bone and the human cartilage. Moreover, the results obtained in direct contact assays
revealed that the two types of chitosan-based fiber mesh scaffolds promoted the adhesion, proliferation
and migration of the osteoblastic like cells into the interior of the scaffolds. In addition the Ch-PBS
blends showed enhanced biological performance in terms of a more massive production of ECM, and in

terms of viability numbers.

The main motivation for the work described on this thesis was to develop and to produce a new range of
chitosan based scaffolds using novel polymeric matrices in an established melt processing technology.
Most of the approaches reported in the literature to produce scaffolds from chitosan-based blends or
composites involve the use of solvents, being this work the first reporting the use of a melt-based route.
Moreover, the methodologies described in this thesis are very versatile and avoid the drawbacks
associated with solvents and allows producing a large variety of scaffolds with a wide range of porosities
and pore morphologies using different polymers. The scaffolds were made with different methods
allowing to obtain scaffolds with different architectures and consequentely with different pore sizes and

porosity.

As a final remark, we can say that this thesis is a ‘proof-of-concept’ showing that these materials (novel
chitosan based blends and composites) and scaffolds processed by melt in a completely solvent-free
routine herein described evidenced properties of great interest to be used in solutions involving the

engineering of connective tissues.
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