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palavras- Quitosano, fosfatos de calico, hidroxiapatite, cosifes “scaffolds”, porosidade, bioativida
chave comportamento mecéanico, libertagdo controlada aedéos, regeneracdo 6ssea, engenharia de tecidos

resumo A investigagdo em engenharia de tecidos (ET) tesnysado solucdes para as necessidades de t
e de regeneracgdo dos tecidos recorrendo por vesebstéincias bioactivas que podem favore
proliferacdo celular. Os avancos recentes em ET bemefiéado da utilizagdo de matriz
tridimensionais porosas (scaffolds) que permitemdesao, proliferagédo e regeneracao das célula
como a vascularizagéo, estimulando a formacéo de tazido. A obtencdo de scaffolds de quito:
(CH) para a regenerac@issea tem merecido especial interesse devido apsnariedades bioldgic
e fisicas, apresentando no entanto o inconvenienfalta de resisténcia mecanica e de bioativida
obtencédo de scaffolds compésitos por incorporagéonatriz polimérica denateriais bioactivos ¢
fosfato de calcio, permite reforcar o scaffold, Ineeando o seu desempenho mecanico e .
osteocondutividade.

No presente trabalho, produzir-se scaffolds compdsitos de quitosano/hidroxiapptteprocessos
congelamento e liofilizacdo de suspensdes de st calcio (CaP) em solugdes de CH. Utilizaram
se CaP sintetizados laboratorialmente, quer nadatenfibras de hidroxiapatite (HA), quer de lam
de monetite, quer de mistura dos dois. Os CaP faeiatatizados poum método de precipitagdo
meio aquoso, tendo-se monitorizado a precipitagiéosfato de célcio durante 3 dias. AvalEri<
evolucdo das fases cristalinas e da morfologigpdesculas precipitadas por microscopia eletrodi
varrimento (SEM), difrac¢é@o de raios X (XRD) e poisorcdo de Nusando a isotérmica de BET.
resultados evidenciaram que o aumento da tempardeurefluxo acelera a transformagéo das f
de octacalcium fosfato em fibras de HA, permitingaluzir o tempo de precipitagdotal par:
obtencéo de fibras de HA

As solugfes de quitosano e as suspensdes de HA®Blagéo de CH, a dois valores de pH (pH:
pH= 5), foram congeladas a trés temperaturas difeseantes de serem liofilizadas. Caracterizesam-
os scaffolds por SEM, DRX, microtomografia compitada (LET) e espectroscopia
infravermelhos com transformada de Fourier (FTER)dose ainda avaliado o seu comportam
mecéanico em compressao. Obtiveraenscaffolds compdsitos macroporosos com porosisiagierio
a 80%, tamanho de poro na gama 50p25@ porosidade interconectada com grau de intexéone
91-98.5%. Verificouse que o tamanho e morfologia de poro dos scaféolosndicionado pelo pH ¢
suspensdes e pela temperatura de congelamentdoiCdeapH mi elevado (pH=5) e a temperal
de congelamento mais elevada (T=0°C) sao as caxl@de mais favorecem o crescimento de cr
de gelo e por conseguinte a formacdo de poros der rdanenséo. Verificolse também que
incorporacdo de particulas de RCaa matriz polimérica de CH aumenta a resistémzaanica d
scaffold, que é também condicionada pelo tamanhmode e pela morfologia da particula de Ca
estudo do comportamento bioactivo dos scaffoldspgmitos em solugbes simuladoras do ple
humano (SBF), monitorizando a variagdo das concedgsagde Ca e P na solucdo de SBF, evide
o contributo das particulas de CaP para a biodetil do scaffold. Os scaffolds compdsitos enr
coexistem brushite e HA (preparados a pH=2) evideam bioatividade superior & dos scaffc
compositos CH/HA.

Preparanse também scaffolds incorporando granulos de hialpatite carregados com um farm
modelo, a dexametasona (DEX), na solugéo iniciaCHe Os granulos obtiverase por atomizagi
de suspensdes de HA nanométrica em solucdo de O@&étruiramse os perfis de libertacdo da D
em solucdo tampdao fosfato (PBS) por determinacdcodaentracdo de DEX por espectroscopi
ultravioleta (UV) ao comprimento de onda de 242 iEmtre as varias curvas tlbertacdo de DE
decorrentes das diferentes metodologias testadascparegamento do farmaco, evidencseuun
perfil de libertacdo de DEX segundo o qual cerc8@k da DEX é libertado ao longo de ~30 ¢
assegurando-se assim uma libertagdo mata kermprolongada do que as referidas na literatara {
DEX

As caracteristicas dos scaffolds compoésitos prelparao presente trabalho apontam os mat
produzidos como promissores para aplicagdo em éagande tecidos, apresentando como pote
adicional a capacidade de se comportarem comorsistde libertagdo controlada de farmacos.
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abstract Tissue engineering research attempts to satisfynd#ezls of support, reinforcement and in s
cases organization of the regenerating tissue aittontrolled supply of bioactive substances
might positively influence the behaviour of incorated oringrowing cells. As demonstrated by
recent advances on biomaterials, the ideal scaffotdtissue regeneration should offer a
interconnected porous structure behaving as a &mpd promote cells adhesion and prolifere
and vascularisation as well thus stimulating the nissue ingrowthA special interest has be
focused on chitosan (CH the partially deacetylated derivative of chitin)aBolds for bon
regeneration due to its biological and physicalpprties, in spite of some drawbadkgarding it
lack of mechanical strength and bioactivityheT incorporation of bioactive calcium phosph
materials in the polymer matrix is expected rginforce chitosan scaffolds improving tt
mechanical performance and osteoconductivity.

In the present work, chitosan based scaffolds wm@duced by freezdrying CH solution
containing calcium phosphate (CaP) particles, eitefibers of hydroxyapatite (HA), platelets
monetite or a mixture of both. CaP particles wereppred by a wet prectption method. Tt
calcium phosphate precipitation was monitored byin a number of samples duringdays
Evolution of the morphology and crystal phase cositpmn of the precipitated particles w
followed by scanning electron microscopy (SEM),assorption using the BET isotherm (BET), i
X-ray diffraction (XRD).It was observed that the increase of refluxing terapre allowed a fas
transformation of octacalcium phosphate fibers it fibers, hence shortening the precipita
time required for obtaining HA fibers,

Chitosan based scaffolds suspensions at two diffepél values were frozen at three diffe
temperatures before freeze-drying (thermally inducghase separatiofiPS). SEM, XRD
microcomputed tomography (1-CT) and Fourier tramséd infrared spectrospy (FTIR) were use
to analyze the physical and chemical propertieth@fcomposite scaffolds. Compressive mecha
tests were also undertaken to characterize therialateBioactivity studies were performed
simulated body fluid (SBF) solutions bgonitoring the Ca and P concentration variation$SBF
solutions.

Highly interconnected macroporous scaffolds wittp@e size ranging from of 50 to 250}
interconnectivity around 998.5%, and porosity higher than 80% were obtainBue freezin
tempeature and the pH of chitosan solution/suspensivaaled to play a significant influence in
pore structure. The higher pH (pH=5) and the hidteszing temperature (T=0°C) were found a:
most favourable conditions for ice crystal growthieh resited in larger pores. It was also obsel
that CaP particles incorporation in the CH matrigreased the scaffold mechanical strength v
was also conditioned by the pore size and by thareing particle morphology. The bioactiv
studies revealethe CaP contribution for the scaffold bioactivilhe composite scaffolds hav
brushite and HA (obtained at pH=2) exhibited enleanbioactivity as compared to compa
CH/HA scaffolds based.

CH based scaffolds were also prepared by incoripgrai A granules loaded with dexamethas
(DEX), a drug model, in CH solution. The granulesrevobtained by spray drying HA nanosi
particles suspended in DEX solution. The drug ms#earofiles of DEX were determined
phosphate-buffered solution (PBS) by XEoncentration evaluation in the releasing medioy
Ultraviolet (UV) spectroscopy at the wavelength 262 nm. Among the different DEX rele:
patterns corresponding to the various DEX loadirgthmdologies which were tested, an adec
release profileould be selected: it showed that the release @f 80the DEX loaded amount co!
be ensured during30 days, thus enabling a prolonged and slowest D&E&ase as compared
literature reports. It is thus found that the Clafealds engineered with a lcaum phosphate bas
drug delivery system (DDS) provides the desiraldgoaiation of a bioactive and osteocondur
matrix with an in situ controlled release of a #pgutic agent. These results point out an addi
potential of the composite CH/HA scaffolds for being as a controlled drug release system (DDS).

vi
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Biomineralizatiol

In vitro

In vivo

Lyzozome

Osteoblas
Osteogenesis
Osteoconductivity :

Vascularization
Proliferation

GLOSSARY

The process by which living organisms proc mineral,
often to harden or stiffen existing tissues

Refers to study in experimental biology in whickdalace
in glass/plastic container in the laboratory (algsithe
living body)

Refers to study in experimental biology in the riyi
organism (opposite of in vitro)

: Enzyme responsible for breaking down the polysatugéa

walls of many kinds of bacteria and thus it progid®me
protection against infection; also degrade chitosan
Mononucleate cells which are responsible for
formation

:A process of new bone materials deposition whictiose

by osteoblasts
The ability of a material to support osteoblastiells
adhesion, growth, and differentiation

: The formation of new blood vessels in tissues
: The growth and reproduction of similar cells.
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CHAPTER 1: INTRODUCTION

Chapter 1
Introduction & Objectives

Tissue engineering (TE) is an important therapesitiategy aiming at replacing
and facilitating the re-growth of injured or disedstissu& The application of tissue
engineering comprises in a wide range area, sucfalascated skin, liver, pancreas,
cartilage, bone, ligament, tendon,%its basic concept started believing that cells loa
isolated from a patient, expanded in a culturedsddnto a carrier, and finally grafted
back into the patient. The goal of tissue engimgerwhich is to fabricate living
replacement parts for the body is achieved by comgithree main elements: biomaterials
(scaffold), cells, and bioactive/signaling molectile

One of tissue engineering applications is bone meggion. Bone loss due to
trauma or disease is one vital health problem.itdd States at least 6,3 million fractures
happen every year, bone problem due to osteoponasim over 10 million Americans,
and disease due to low bone mass affect anotherilBdns®. In all those cases and also
other cases, such as bone cancers, bone regeneistwitical in order to restore the
function.

Several medical treatments are available for bopgies, being autograft one of
them. In the case of autograft, implantation iseddwy harvesting bone tissue from one
certain site in patient’s body and fixing it to timured site. However, several limitations
were found in these treatments, such as loosingtibmin the place where the bone was
harvested, infection, and pain. Besides autogadltigraft and xenograft can also be done
for bone implantation where the bone grafts ara@iokbtl from another person and another
species, respectively. In this case, spreadin@ofier diseases and negative response from
the body might occdr Bone implantation can also be done by using hietalaterials,
such as iron, cobalt, titanium. Nevertheless, salrewvbacks mainly related to the
inappropriate mechanical properties appear. Ceramierials are also able to be utilized
for surgical implantations. However, besides theadequate mechanical performance,
several shortcomings from both ceramics and matalgheir low or non-biodegradability
and limited processing.

The development in TE area might be one of thetisolsi of the previous
problems. By utilizing scaffolds, cells, and or &itive molecules to support and facilitate
the growth of new bone tissue, a bone defect wallrbstored without the use of any
permanent implafit TE approach in general, including for bone regatien, can be done
in several ways as shown in Figure 1-1. Based an ekistence of cells prior to
implantation, systems can be divided into two:udell systems and acellular systémia
acellular systems, scaffolds are implanted direiatiynhe human body without cell addition.
While in cellular system, two approaches can beed¢h) seeding cell at point of delivery
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and (2) seeding and allowing cells to remodel tbaffeld into natural tissue in the
laboratory prior to implantation

i ?
Scaffold Therapeutic Targets
Her_‘mus Cardiovascular
Eﬂll_l'lﬁ : Cardiac muscle
: enpheral nerves Blood vessels
In vivo TE Spinal cord Heart valves
Digestive and
Endocrine
Acellular scaffold Liver
implanted Pancreatic islets
or Intestines
= Oesophagus
e .:' ! Parathyroid
F o :}' gands Urinary
’ Kid
Seeded with cells Ure?gf
al point of delivery Bladder
Musculo-
T Skeletal
v Bone
it Cartilage
Traditional TE Musdag Integument
g Ligament Skin
™ - Tendon
L ’ Intervertebral disc
bl
-
Seeded with celis '
and matured in lab \ .

Figure 1-1 Application of scaffolds in tissue engigering (TE) approach consisting of (1) in vivo
approaches with or without cells and (2) tradition& TE which involves seeding and growing cells in #
laboratory °

Based on explanation above, it is clear that téf@d has an important role in TE
approach. In order to fulfill its purpose, the $olaf has to meet several requirements, such
as: biocompatibility, bioactivity, biodegradabilitand appropriate mechanical properties.
Several materials, including ceramics, polymer, aedamics-polymer composite have
been used for preparing scaffolds. The advantadessimg ceramics, such as CaP
(Hydroxyapatite/HA, pB-Tricalcium phosphat/TCP) and bioglass, are their
biocompatibility, osteoconductivity and sufficienhechanical strength. HA is one
compound which is most used since its chemical amitipn is similar with inorganic
component of bone in human body. In the other hdrey; also have several shortcomings,
such as being slowly degradable and bfittlgtilizing polymers have some limitations,
mainly poor stiffness and compression strengthc@mpared to ceramics, some polymers,
such as polylactid acid (PLA, PLLA, PDLA), polyglylic acid (PGA), collagen, alginate,
and chitosan, may easily degrade. The adequateicatidn of ceramics and polymers is
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thus being addressed as a promising approach fmtuping scaffolds displaying the

desired characteristic for bone TE.

Another function of the scaffold in bone regeneratbesides its supporting
structure role for cells grow is as drug deliveygtem (DDS). During its function as cell
growth support, ideal scaffolds are supposed toadk$) ** *. Based on this nature, drugs
can be loaded into the scaffold and later reledseiinplantation sites during scaffold
degradation.

Among the most studied composite scaffold, it igthwp to mention chitosan/CaP
(CH/CaP) composite materials due to chitosan bigadihility and biodegradability and
to bioactivity of CaP (as HA and TCP). A numberstiidies on the area of CH/CaP has
been carried ofit® 1% ™ 7 % showing that the addition of CaP has improved the
mechanical properties of CHTCP scaffold, the biocompatibility and bioactivity of
CH/nano-HA scaffoldt “*. Furthermore it was also shown that CH scaffolaymplay a
retarding role during a drug release, i.e. gentamisulphate, which is kept under release
for more than 3 weeksthus pointing its potential for DDS applicatiodowever the
combination of scaffold and DDS performance in saene biomaterial device has been
scarcely exploited. Furthermore CH based scaffetdspresent relatively modest pore
sizes, very often less than 100hni® Studies aiming to improve CH scaffolds
microstructure are thus still welcome.

In the framework of the CH issues stated abovis itecessary to further exploit
both the composition and the manufacturing methbdld/HA composite scaffold in
order to improve its structural characteristics clfiing pore size, porosity,
interconnectivity) and potentialities as a DDS. Tiresent study is thus targeted to the
development of CH/HA composite scaffolds aimed anheéb regeneration, with the
following objectives:

1. To exploit and understand the role of processinmabées including the pH of chitosan
solution, and the freezing temperature on chitdxsesed scaffolds microstructure.

2. To combine the effects of processing variables ahd different types of CaP
reinforcing particles for engineering the scaffabicrostructure and bioactivity while
improving the mechanical properties of the scaffold

3. To evaluate the potentiality of CH scaffolds asgddelivery system.

For achieving these objectives, composite scaffolit different compositions
were produced under different experimental freegend conditions. The microstructure,
mechanical properties, and bioactivity of the aiedi scaffolds are here analyzed and
discussed. Furthermore, the scaffolds behavior asgy ddelivery systems using
dexamethasone as a drug model is also analyzed.

This report consists of five chapters. Chapterdreskes the interest and objectives
of the present study. In Chapter 2, literature e@viabout scaffolds, including its
requirements, raw materials and manufacturing tecties are set up to build up better
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understanding on this area. The problem formulatiérthis research is presented in
Chapter 3. Materials and methods of the experinhgmtecedure are explained in Chapter
4. The results and respective discussions are miexseén Chapter 5. Finally the main
conclusions and recommendations are summarizetiapters 6.
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Chapter 2
Literature Review

In the following section, basic knowledge and infation regarding to the topic
from recent publications and books are presentenidar to have better understanding. In
section 2.1 a number of issues related to porowdfodd requirements for bone
regeneration are explained. Section 2.2 describes mhaterial choices for scaffold;
information about chitosan and CaP are written .h&rel in section 2.3, a number of
scaffold manufacturing processes are illustrated.

2.1. Porous Scaffold for Bone Regeneration

In tissue engineering, scaffold has an importal&. r8caffold is designed as three-
dimensional biodegradable structure which possessesigh porosity and pore
interconnectivity. It performs as structural suggdor cells while they gradually degrade
and the new tissue being fornfed

As mentioned in chapter 1 about scaffold requiras)ethe criteria for choosing
materials to perform as scaffold are quite compdidaand challenging since it has to face
complex biological and sensitive system as the Murbady. In the case of bone
regeneration application, several requirementsldhmeifulfilled as shown in Table 2-1.

Table 2-1 Scaffold Basic Design Parameters for Boriéssue Engineering?

Parameter Requirements

Porosity Maximum possible without compromising imeeaical properties (typical
porosity around 90%)

Pore size 200-400um

Pore structur Interconnecte

Mechanical properties of cancellous b

Tension and compression Strength : 5-10 MPa

Modulus : 50-100 MPa
Mechanical properties of cotical bone

Tension Strength : 80-150 MPa
Modulus 1-20 CPa
Compression Strength : 130-220 MPa

Modulus : 17-20 GPa
Fracture Toughness : 6-8MRmn
Degradation Properties

Degradation time Must be tailored to match the igppibn in patients
Degradation mechanis Bulk dissolution in mediul

Biocompatibility No chronic inflammation

Sterizability Strerizable without altering matenmbperties
Bioactivity Bioactive

Basically, mechanical properties of scaffold shomldtch with the tissue at the
implantation sites and provide the correct stremsirenment for the neotissifes
Biocompatibility is needed; in which generationafy unwanted tissue response to the
implant is avoided so that not inflammatory resgonsccurd In the case of
biodegradability, scaffold is required to degradeaicontrolled manner to facilitate load
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transfer to develop bone and allow bone growth itite defect. Furthermore, it is
compulsory for the degradation products to be moictto the bod$; High interconnected
porosity structure and high surface area are netmedlow cell adhesion, proliferation,
facilitating cell contacts, and cell migration imder to encourage bone ingrowths and
repair?

Osteoconductive materials are preferable, in whiah properties of a material
show an ability to support bone growth by providangite for cell attachment and vascular
ingrowth®. Another requirement is bioactivity; bioactive mxaals allow and enhance the
formation of apatitic layer which allow bondingttze bone tissue.

2.1.1. Mechanical Properties

In the case of mechanical properties, porous dcaff@terials should match with
the properties of target sites. It should be ablgive enough strength to the damaged
locations and in the same time allow gradual loaddfer in order to facilitate the newly
growth tissue for bone recovéry

Bone has very unique mechanical properties whietodaginated from its chemical
components and hierarchical organizatfod* > As shown in Figure 2-1, bone is a
complex biological material which consists of cgka fibril and HA crystal. Inorganic
material which is mainly HA covers 60% compositiohbone, organic material covers
30%, and the remaining 10% is water. This compwsithakes bone with outstanding
mechanical properties in which the compressivengtreis originated from the rigid HA,
while collagen fibrils are capable of energy diasipn and impart the tensile properf‘ies

Collagen

Collagen Collagen Triple Hehix

molecule fibers

Level |
Major Components

Crystal HA

Level 2

~ Osteocyte Mineralized

lacuna

Hydroxyapatite = ey s
cr:'mary Canaliculi Al Collagen Fibril
L 1 1 1 | r i
1nm 100 nm 1pm 10 um 200 pm .
Size scale

Figure 2-1 Hierarchically structured biological material in which the building components are
precisely arranged at scales (leftf. Nanocomposite consisting of crystal HA and collamn fibril in bone
(right) *°
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Two types of bone exist in human body, i.e. cottimane and cancellous bone.
Cortical bone which covers 80% of adult skeletorhasd, compact, dense bone which
posses only 10% porosityits strength values are 79-151MPa in tensionl8id224MPa
in compression; its modulus is 17-20GPa in both m@ssion and tension. Cancellous
bone on the other hand is spongy and may have #)gosity. Its compressive strength
is 4-12MPa and its modulus is 0.1-0.5¢Pa

Figure 2-2 shows a comparison of mechanical pragsehtetween several polymer
and ceramic-based biomaterials with natural bonés shown that dense biodegradable
polymer has close mechanical properties with cémegl bone, and dense bioactive
ceramics with cortical boAt However, when it comes to porous materials, meichi
properties of both porous biodegradable polymer@ordus bioactive ceramics need to be
improved. By combining the two materials: ceramacs! polymer; porous biodegradable
composites are able to improve the mechanical ptiegecloser to cancellous bone.

1000 g
100 |Dense |
E Bioactive Ceramics

= 10 ; [] Cortical Bone
% 3 Dense
= F . Biodegradable Polymers
2 1t Porous Biodegradable
S Composites
8
E 01 Porous
3 s Biodegradable Cancellous
£ 001 Polymers Bone
w F

0.001 4|_|_| Porous Bioactive Ceramics

0‘0001- ' 1 Ll L Ll 1 Ll i sl 1 Al ' L il L Ll aaianl
0.01 0.1 1 10 100 1000 10000

Compressive Strength [MPa]

Figure 2-2 Mechanical properties (both compressivetrength and elastic modulus) of biodegradable
polymer, bioactive ceramics and composité

A huge number of materials including the classyuitisetic polymers (PLA, PGA,
PCL, PPF), natural polymers (chitosan, collageigadtive ceramics, bioactive glass, and
polymer-ceramic composftthave been investigated to imitate the propertfésoae. In
the area of porous biodegradable composite, nuraeresearches have been done; for
instance amorphous CaP, HA, Bioglass were useeinforce PLGA, PLLA, and PLA,
chitosad'® and collagelf. Boccaccini and Maquet achieved three times higher
compressive modulus of PLGA by addition of 50%wthidglass’, Zhang and Zharig
were able to improve compressive modulus of chitdsam 0.967 to 2.191 MPa and the

yield strength from 0.109 to 0.208 MPa with reiciEment of3-TCP.
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2.1.2. Scaffold Morphology

Control of scaffold morphology is very crucial faots application in tissue
engineering since it influences its degradatioretias, mechanical properties, and also
controls the cellular colonization rates and orgatidon within an engineered tis$tie

High porosity and critical pore size are essentiijh interconnected porosity is
needed to facilitate diffusion of nutrients and teagegraded materials); it also supports
the vascularization of ingrown tissue. A typicalrgmity of 90% is obligatory for good
vascularization and cell penetration. Large surfaesa is needed for cell attachment and
growth; while large pore volume is required to li¢gaie sufficient place for tissue repair. A
certain pore size is necessary to be fulfilled delpgg on the type of applications; in the
case of bone optimum size should be in the rang@00t350pum, 20-125um for adult
mammalian skin, 5-15 for fiberblast ingrowth, %etc

Table 2-2 illustrates the pore size and porosityetelence of bone regeneration
development as summarized by Yang €t 4i.is known that porosity is one important
variable for bone regeneration after one reseatdbhnwshows that there was no new bone
formed on the solid particle, while in porous solf direct osteogeneis occurféd
However, it is not only porosity which influencertsogrowth as shown imable 2-2 but
also pore size. One material with porosity of 33.8% very small pore (2-6pm) shows
no tissue ingrowth.

In the point of view of pore size, from Table 2r@search from Klawitter et al.
which implanted calcium aluminate cylindrical pelte dog femorals showed that pore
size of ~100um is typical minimum pore for boneergration. Data provided by Whang
et al®® shows that higher pore size (<350pum) showed sagmif bone growth, however
this data is not complete since unavailability ed pore distribution. On contradiction to
Klawitter et al., one research with titanium platdsch were implanted to rabbit femorals
defects under non-load-bearing showed that all mizes (50, 75, 100, and 125 pm)
indicated no significant differences in the ingrbvkuonég. These suggested that ~100 pm
may not be the critical pore for non-load-bearimgplations. Whang et &f. also
succeeded to prove another method of bone grovetthgmatoma stabilization. In this
case, scaffold with porosity of 90% and pore siz¢he range of 16-32 um are capable of
osteoinduction to grow new bone.

From those descriptions, minimum pore size fonebregeneration may not be
~100 um for some cases: such as non-load bearimdjtmms and another mechanism of
bone growth based on hematoma stabilization. Howet/és suggested to have at least
100 um in order to allow proper cell penetratiord arascularization of the ingrown
tissué?!. Furthermore, pore size bigger than 300 pm ismesended due to enhance new
bone formation while small pores favored hypoxinditions in which there is a lack of
oxygen and ultimately can cause bone diséases
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Table 2-2 Studies defining optimal pore size for bwe regeneratiorf

Scaffold pore
Reference size (pm) Porosity Mineralize tissue ingrowth/comments
Klawitter et al * Type I: 2-6 um 33.5% No tissue ingrowth
Type II: 15-40 pm 46.2% No bone ingrowth, fibrous tissue ingrowth
Type III: 30-100 pm 46.9% 50 pm of bone ingrowth, osteoid and fibrous
80% pores < 100 pwm tissue ingrowth
Type IV: 50-100 pm 46.9% 20 pm of bone ingrowth by 11 weeks and 500
63% pores < 100 pm #m of ingrowth by 22 weeks, osteoid and fibrous
tissue ingrowth
Type V: 60-100 pm 48.0% 600 wm of bone ingrowth by 11 weeks and 1,500
37% < 100 pm #m of ingrowth by 22 weeks, osteoid and fibrous
tissue ingrowth
Whang et al.2* =100 pm 35.3% Not statistically different from untreated controls
=200 pm 51.0% Not statistically different from untreated controls
=350 pm 73.9% Statistically significant more bone than all other
groups

Figure 2-3 shows several typical morphologies ofope scaffold which are
produced with different manufacturing techniquegjufFe 2-3-a shows one typical 3-D
porous scaffold with interconnected open pore mexpavith freeze drying or particulate
leaching. Different structural types are also ald#; such as in nanofibrous matrix
(Figure 2-3-b) and microsphere (Figure 2-3-c). Eaghe is produced with different
techniques and also can be used for different egupdin. Nanofiber mesh type is usually
produced by fiber bonding method. Microsphere sddfftan be used with injection
method. Further information about scaffold manufaog methods will be presented in
section 2.2.

C Microsphere

Figure 2-3 Different forms of polymeric scaffolds ér tissue engineering: (A) a typical 3-D porous
matrix in the form of a solid foam, (B) a nanofibraus matrix, (C) porous microspheré’
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2.1.3. Scaffold Bioactivity

Implant materials which are placed ine injured sites have tendency to k
encapsulated by fibrous tissue and become isolfted the surrounded bo?. This
tendency depends much on type of materials; faaim®, in chitosan based materials,
occurrence is minimal to hap?. However, in the point of view of bone repasince this
adherence of implant materials and surrounding eecrucie®?, the occurrence of th
materials encapsulation should be avoided furthezntmonding with the surroundi
tissueshould be enhanced. This pomenon is related with the property of material
called bioactivity.

Bioactivity is the ability of materials to stimuéthe growth of apatite layer its
surface when placed in human body. This apatiterlaprmally consists of na-crystals
of carbonate-iorcontaining apatite that has a defective structacelaw crystallinity. This
biological active carbonate HA layer is chemicadlyd structurall equivalent to the
mineral phase in bone. Dde this similarity, bone producing cells, i.e., edblasts, ca
preferentially proliferate on the apatite, and afiéntiate to form an extracellular mat
composed of biological apatite and colla?®. Finally, as shown irFigure 2-4-a, the
surrounding bone comes into direct contach the surface apatite layer which connt
to the artificial materials.

Figure 2-4 (a) TEM photographillustrating the apatite layer in the interface between glas-ceramic A-
W and a rat tibia - 8 weeksafter implantation?? (b) SEM image showing HA formation in the surface
of 45S5 Bioglass®

Some materials atenown to be bioactive, such as: bioactive glasst@as Si(,,
Na&O, CaO, and fs) like, for instance 45S5 Bioglass® which contains 45% &,
24,5% NaO, 24,4% CaO, ai6% BOs; HA; and glasseramics (containinHA besides
components, such as CaO an0Os)**. Materials which don’t posses any bioactiv
addition or layer of bioactive materials are needed tarawe their propertie

10
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In vitro formation of apatite layer can be promot®dimmersing tested materials
in SBF (simulated body fluid). SBF is a fluid prepd with ion concentration equal to
those of the human blood plasma; as showrabie 2-3

Table 2-3 Nominal ion concentrations of SBF in comgrison with those in human blood plasm&

lon lon Concentration
Blood Plasma SBF
Na' 142.0 142.0
K* 5.0 5.0
Mg®* 1.5 1.5
ca’ 2.5 2.5
cr 103.0 147.8
HCO; 27.0 4.2
HPO,* 1.0 1.0
SO 0.5 0.5
pH 7.2-7.4 7.40

2.1.4. Scaffold Biodegradability

In most cases, implanted scaffolds are supposddgmade prior to the insertion to
the body. Instance or partially degradation is ekgto occur while the tissues or organs
remodel and groW®. In the view point of TE applications, understampbf degradation
mechanism is crucial. How these materials degrhde, long time is needed to degrade,
and what is the degradation product need to baestyatior to its application in human
body. Tunable degradation time and non-toxic wadtelegradation are urgent in TE
applications. Toxic waste of degradation procesghmnitrigger the occurrence of
inflammatory response

Ceramic and metal materials are known to have diché@nd non biodegradability.
On the contrary, most of polymers are biodegradalBasically, there are two main
mechanisms of polymer materials degradation in :vienzymatic and non-enzymatic
degradation process. Synthetic polymer such as PIGY, PLLA degrades through non-
enzymatic degradation which involves de-esterifizatprocess. One issue which
addresses to synthetic polymer degradation is tssipility of strong inflammation to
occur if the acidic degradation product is releaabdiptly. On the contrary of synthetic
polymers; natural polymers degrade mainly by enzignarocess; for example chitosan
which degrade through hydrolysis of acetylateddess by lysozynie

Biodegradation time of scaffolds is supposed toade to be tuned easily
depending on its certain application. By combinoegamics with polymers, for instance,
one can tailor the degradation time of the prodwszedfold. Boccaccini et al. succeeded
to retard the degradation time of PLGA by additidiioglass.

A wide range of degradation time depending on tgpenaterials is available.
PLGA basically degrades too quickly in which th@gtl 50% of their tensile strength
during two weeks; while PGA degrades too slowly wh&-6 years are needed for

11
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complete resorptidn Others example are poly(propylene fumarate) df PPwhich lose
about 13.6-27.9% of their weight during 12 hourdPBS immersion; poly(glycolide-co-
caprolactone) or PGCL lose 50% mass during 6 waeks

2.1.5. Scaffold as Drug Delivery System

Basically, human body has the ability of initiatiigsue regeneration after injury,
such as in bone marrow and skin. However, thistahihries much depending on size and
cause of injury, and also on the age of each iddadi. In this case, having drug which can
support and stimulate the regeneration processbailhdvantageous. Scaffold which can
combine synergies of the porous support structncedd the drug delivery for promoting
bone tissue regeneration may be envisaged thamofor this challenge.

drug release
by diffusion

—
)

=

/- three-dimensional ~

, scaffold

e : T

{1) bioceramic %, %

% N A
(i1) polymer E %«- ”4, controlled

Ll %‘;\?‘ drug release
/}'JIL — by degradable

{i1l) composite

microsphere/
matrix

= controlled drug release
\= - — by degradable scaffold

Figure 2-5 Schematic illustration of the most commo strategies to fabricate DDS in 3-D scaffold:
drugs adsorption either in their unprotected (a) orprotected (b) forms and drug entrapment either in
their unprotected (c) or protected (d) forms®

Delivery system has been applied in several thesaiuch as: delivery of insulin,
anticancer, anti-inflammatory agents, growth fastoreté®. Regarding to bone
regeneration, several bioactive molecules andfogsican be loaded into the carriers (i.e.
scaffold): (1) biomolecules or also known as grofebtors'* 2" 28 such as BMP/bone
morphogenetic protein, EGF/epidermal growth factBDGF/platelet-derived growth
factor, TGFB1l/transforming growth factor-betal, FGF/fibroblastovgh factors,
VEGF/vascular endothelial growth factor, (2) argtlis such as gentamicin, tetracycline,
ciprofloxacin, polymiyxin B and (3) anti-inflammato drug such as dexamethasone,
ibuprofers.

12
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Several types of carriers have been used in drligedg such as nanopatrticles,
microspheres, membranes, rods, hydrogels and dsscaffold$® ?° In the case of
scaffolds, the drugs can be loaded into the sahtiglusing several techniques, as shown
in Figure 2-5. The drugs can be adsorbed or ergchppnd also protected (with
microspheres) or unprotected. Furthermore, the goetion method also influences
whether the drug release is dominated by diffusiodegradation of the matrix.

Ideally the drugs are delivered locally into th¢umed sites in controlled release
manner which allows an adequate concentration levéle built up in a certain desired
time. This is the benefit of having controlled duejivery system, offering a tailored drug
release pattern. Without controlled release, thegdmight be released quickly thus
enabling the possibility of the entire drug amaotanibe supplied before the infection stop.

The materials which have been used as drug delaeryaried, from polymers to
inorganic materiafS. The polymers which can be applied as drug defiggstems can be
divided into two main groups: (a) natural polymeirscluding alginate, chitosan, and
collagen; and (b) synthetic polymers, including yesters, polyaminoamides,
polyacrylates, and their copolymers and blendstt#dse biodegradable materials degrade
during its application while releasing the loadeded

2.2. Scaffold Materials Choices

Basically, there are three main types of matenehch can be used to prepare
scaffolds, i.e. polymers, ceramics, and composites.

Both natural and synthetic polymers have been usedissue engineering
applications. Natural polymers; such as collageelatq, chitin, chitosan, alginate,
cellulose, starctt * have been widely applied. However poor mechamieslormance of
some of them limits their usage. Synthetic polymebelonging mainly to the
polylactic/polyglycolic acid group, have been inreusr more than 20 years in surgical
sutures.

A wide range of ceramics has been employed in biticaé applications. In the
field of bone regeneration, HA-based CaP compowamdk bioactive glass have been the
most widely used due to their bioactivity and ostealuctivity properties.

13
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Table 2-4 Summary of Scaffold Materials Choice$

Biomaterials Positive Negative
Ceramics
CaP (e.g. HA, triCaP, and biphasjcl. Excellent biocompatibility 1. Too fragile in amorphous
CaP) 2. Supporting cell activity structure
3. Good osteoconductivity 2. Nearly bioinert in crystalline
structure
Bioactive glass and gle-ceramics | 1. Excellent biocompatibilit 1. Mechanically brittle and weg
(e.g. bioglass, apatite-wollastonite,2. Supporting cell activity in glass state
ceravital) 3. Good osteoconductivity 2. Degrade slowly at crystalline
4. Vascularization structure
5. Tailorable degradation rate
Synthetic Polym:
Biodegradable polyme 1. Good biocompatibilit 1. Inflammation caused by ac
(poly(lactic acid)/PLA, 2. Bioresorbable degradation product
poly(glycolic acid)/PGA, 3. Good processability 2. Accelerated degradation rates
poly(propylene fumarate)/PPF) | 4. Good ductility cause collapse of scaffold
Surface bioerodiblpolymer 1. Good biocompatibilit 1. They cannot be complete
(poly(ortho esters)/POE, replaced by new bone tissue
poly(anhydrides),
poly(phosphazane)/PPHOS)
Natural Polymer
Polysaccharides (alginate, 1. Good biocompatibility 1. Mechanically weak
chitosan) 2. Good Biodegradability
Protein (collagen, fibrir
Composite 1. Excellent biocompatibilit Fabrication techniques can
2. Supporting cell activity complex
3. Good osteoconductivity
4. Tailorable degradation rate
5. Improved mechanical
properties

2.2.1. Chitosan

Naturally derived polymers are of special intenestinly due to their degradability,
biocompatibility, low cost, and availabiliy Besides, as natural component of living
structures, their biological and chemical similastto natural tissues are also the reasons
why they are used abundantly in*TE

Basically, there are two main classes of naturaimrpolymers which have been
widely used: protein-based polymers and polysaaddaror carbohydrate-based
polymer§®*® Protein-based polymers, such as collagen, gelatid fibrin, have the
advantage of mimicking many features of extracatluhatrix and thus have the potential
to promote better cell migration, growth, and oiigation during tissue regeneratifn
Polysaccharide class such as chitosan, alginatdutoynan, and starch, have very good
compatibility with blood (haemocompatibility propies) which might be due to their
chemical similarities with heparin (component afdu)* *°.

Chitosan is a linear polysaccharide, derived frdmtirc by (partial) deacetylation of
chitin in the solid state under alkaline conditijieOH concentrated) or by enzymatic
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hydrolysis in the presence of chitin deacetylask is composed of glucosamine and N-
acetyl glucosamine units linked Hy (1-4) glucosidic bonds The structure of both
chitosan and chitin can be seen in Figure 2-6.iCHbtthe second most abundant polymer
after cellulose. It can be obtained from exoska&l&tbarthropods, such as shrimp, and also
from the cell walls of fungi and yedst The properties of chitin and chitosan such as
biocompatibilty and nontoxicity make them importambaterials in biomedical
applications.

Chitosan can be used in the form of gel sponge, bname, bead, and porous scaffold.
Its easy processability by dissolving it in acidusion (pH < 6), makes chitosan become
one of the most used materials in biomedical appbas. The practical use of chitosan
has been developed recently by modification to owerits solubility or to introduce
desired properties. The main chemical modificatiapplied to chitosan work based on
graft copolymerization and chemical graftiig. Some examples of modified chitosan
applications are: (1) specific recognition of cedin be introduced to chitosan by sugar
modification; such as galactosylated chitosan fepdiocyte attachment, (2) sialic acid
bounded chitosan to inhibit influeriza(3) ethylene diamine tetraacetic acid (EDTA)
grafted onto chitosan increases the antibacted@igy of chitosari, etc. Furthermore,
functional biomaterials made from chitosan havenbesed in wide range of applications,
such as tissue engineering (both cartilage and)baaund dressing, drug delivery, and
cancer diagnosiy

H OH

HO
H OH H Nt y OH
HO ( ﬁ_ﬁy N0 HO
H Nha g H cLH o e I-|I
Chitosan

Figure 2-6 Structure of Chitin and Chitosar’™

The illustration of chitosan applications in tissrmgineering field is shown in Figure
2-7. Chitosan can be processed with cells and aeeabalso with other biomaterials (such
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as bioceramics: CaP; and other polymers like g®latChitosan scaffolds for tissue

engineering application are mainly produced by hiipation, as can be seen in Figure
2-7. Despite all advantages of using chitosan astioreed above, several drawbacks of
using chitosan are found, such as their poor mechlamproperties and absence of
bioactivity. In order to overcome these problemsd aobtain better properties,

reinforcement with inorganic bioactive particlegyitibe one of the solutions.

5 - @

{in-nitis] grolting Lyephilization Wet sinning LM{ Lyaphilizstion

Figure 2-7 lllustrations of selected examples of dosan scaffold processing in tissue engineering¢im
left to right): (1) in situ gelling, (2) lyophilization, (3) wet spinning, (4) and (5) lyophilizatiornof mixture
of chitosan solution and calcium phosphate and othgolymer (gelatin)®®

2.2.2. Calcium Phosphates

An extensive variety of ceramics has been utilirethe area of medical applications
due to their positive interactions with human baoglych as: CaPs, silica, alumina, zirconia,
and titanium dioxide. The characteristics of theseamics are usually high mechanical
strength, good-body response, and low or non-exjstiodegradabilitf’. One type of
ceramics which have been used widely is calciumsphate (CaP), mainly class of
calcium orthophosphatewhich naturally exist as the main compounds ofeband teeth.

Among wide range of CaP compounds (as showrabie 2-5, HA is one type of
ceramics which is applied most in bone tissue fettte around 60% of bone is made
from HA?* *°. HA have an outstanding biocompatibility due teiticlose chemical and
crystal resemblance to bone mineral. Besides [HACP and BCP (mixture between TCP
and HA) are also used extensively.

In the point of view of biodegradability; TCP degrades faster than HA. However,
when it is pHA (precipitates HA which contains shaalcrystallites size) compared to
sintered HA, the biodegradation is strongly enhdrige to higher solubility. Regarding
the mechanical properties, it depends on severatorfa porosity, composition,
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microstructure, and flaws/reliabilit} Increase in pore size and porosity lead to lower
mechanical strength. In the point of view of conipos, one study shows that in BCP,
increasing the amount g§-TCP resulted in lower mechanical strert§thRegarding
biological response, these CaP compounds might laés@ve differently. Kruyt et al.
investigated the bone ingrowth of HA, BCP, aid CP by addition of BMSC (bone
marrow stromal cells). The results show that bowggawth was better in BCP afidT CP
compared to HA.

Table 2-5 Abbreviations of CaP-compounds with corrsponding chemical formula and Ca/P-ratié®

Abbreviat Name Formula Ca/P-Ratio

ion

ACP Amorphous Calcium Phosphate - 1.25<x<1.55

BCF Biphasic (alcium Phospha Cée3(PCy)2+Ce1o(PCy)s(OH), 1.50<x<1.6'

CA Carbonated apatite, dah Ces(PC,CGC3)3 1.67

CDHA Calcium deficient Hydroxyapatite @A (HPOy)x(POy)sx(OH),« 1.50<x<1.67

DCPA Dicalcium Phosphate anhydrousCaHPQ 1.00
Monetite

DCPLC Dicalcium Phospha dihydrate, Brushit ~ CaHP(,.H,O 1.0C

HA Hydroxyapatite Ca(POy)s(OH), 1.67

MCPM Monocalcium Phosphate monohydrate GRE)s.H.O 0.50

OCF Octecalcium Phospha CegH,(PCy)s.5H,0 1.3¢

pHA Precipitated lydroxyapatit Ceox(HPCy)(PCyex(OH)px 1.50<x<1.6

o-TCP a-Tricalcium Phosphate, Whitlockite a-Ca(POy), 1.50

pB-TCP B-Tricalcium Phosphate, Whitlockite B-Ca(POy), 1.50

TTCP Tetrecalcium Phospha, Hilgenstockit Ca0.Cix(PCy), 2.0C

CaP compounds can be used in the form of grangesent (granules with
phosphate salt and water), and 3D scaffold. The of8D scaffold employed can be non-
porous or porous as can be seen in Figure 2-8. iemwa number of drawbacks are found
when using ceramics scaffold, such as: slow detwhiyaand too brittle mechanical
properties.

L g

Figure 2-8 Typical ceramic 3D-structure prepared by3D printing : a. contain only macroporous; b.
contain both macroporous & micropores®

HA Fibers Precipitations
Besides 3D scaffold, as mentioned before, CaP camgpoan be used in the form

of granules and cement. Furthermore, these dayB, fibers or whiskers are used to
improve mechanical properties of ceramic matrix.r Floese purposes, HA crystal
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preparation has been investigated extensively.cBHgj there are two main methods to
synthesize HA powders: (1) dry chemical method Wwhitlude solid-state reaction and
(2) wet chemical method which include hydrothermrahction, precipitation, and
hydrolysis methodd. By varying the synthesis route, HA particles noigplay different
morphologies (shape and size) as can be seen umeF39. Plate-shaped apatites can be
synthesized by the hydrothermal process using ganic medium. Spherical and fibre-
shaped apatites were prepared by ultrasonic spma}ygis, by homogenous precipitation
method, by solid state synthesis at high tempezatnd by sol-gel proce8s®®

= Ty

L

One popular way to prepare HA crystals is homogsryacipitation. It is claimed
to be an easy way to obtain uniform HA partiflend tailor the morphologi&s It was
found that additives can define the final precigita The additives can be organic solvents
(acetone, methanol, ethanol, buthanol, ethyleneogyand glycerin) and cations (Na<",
Mg**, SF*, B&", AI**, and ¥**). The final crystal can be spherical or fiber-littepending
on the additive¥.

Zhang et al® and Aizawa et af® succeeded to produce HA fibers with uniform
morphology and good crystalinity. A mixture of O71Gol/L calcium ions and 0,1 mol/L
phosphate ions were refluxed in a certain temperaa(NQ), was used as the source of
calcium; (NH,).HPQ, as the source of phosphate; and urea as additiamg et.al studied
different synthetic temperature and time (120h %C8 72h at 98C, and 48h at 9%&),
while Aizawa et.af® used 24h at 8C and followed by 72h at 0. It is temperature,
synthetic time, pH of the solution, concentratiérCe* and PQ* which become the main
factor to influence the HA morphology.
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Hydroxyapatite precipitation process may not bdraightforward process since
different types of CaP solid phases may precipiiafgending on the precipitating medium
composition and pH. The formation of HA follows alltistep route which includes solid-
solid transformatiortd' “°. The CaP phases involved are: dicalcium phospéalgdrate
(DCPA) or monetite, octacalcium phosphate (OCP) dmydroxapatite (HA). The
precipitation of any phase requires supersaturatomditions, being the solubility of each
phase a pH dependent parameter. At pH 2.22-5.92 pthcipitation order is usually:
HA>>0CP>>Monetité®.

Lg(TCa)

Figure 2-10 Solubility isotherms of calcium phosphi@ phases in the ternary system of Ca(OBH;PO,-
KNOs-H,0 at 37 C*. The most important CaP compounds may form and sudequently dissolve
depending on the solubility depending on this curve

2.2.3. Chitosan/CaP Composite

Combining polymers with ceramics to produce comgostaffold have became
one very interesting research approach. Polyméfodds have poor mechanical properties
and furthermore in the case of chitosan, lack oadbiivity. Conversely, ceramics scaffolds
are too brittle and less biodegradable than polgmEBnus composite scaffolds combining
these two kinds of materials are expected to ptdsetter properties. One problem may
arise from composite scaffold manufacturing ishés process might be complex.

A number of researches have been carried out ontdpie of chitosan/CaP
scaffold. Different phases of CaP were used togrepcaffoldp-TCP°% nano-HA? *3
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and some references used a mixture of CaP invasses (consists of CaQ, TiO, and
Na,0)"° Not only variation of the inorganic part, someearches were carried out using
chitosan/HA and combination of other polymers, sashyelatifi**>and alginat&.

Thermally induced phase separation (TIPS) whictolves freezing and freeze
drying is the manufacturing technique mainly usedptepare chitosan/CaP scaffold.
Composite scaffolds of chitosan afidTCP, HA, and invert glass were prepared by
addition of CaP powder to a chitosan solution (redlynin acetic acid). The solution was
put in a container/mold which afterward determittes shape of the scaffold. Instead of
using mold, Ang et &l used a robotic desktop rapid prototyping to fadtgcthe scaffold.
The next step prior to both methods is similar \whace freezing and subsequently freeze-
drying.

Composite scaffold of chitosan/nano-HA were pregaby two methods: (1)
addition of Ca(N@), and (NH),HPQO, to a chitosan solution; and nano-HA (140-260nm)
was formed during the procé&sthis process is calleid situand (2) addition of nano HA
powdef?. Chitosar-TCP was prepared by adding directly the powderchitosan
solution prior to freezing.

It was reported that several properties were imgaolry combining chitosan and
CaP. Regarding the mechanical properties, Zhangl.¥t succeeded to increase the
mechanical properties of chitosan scaffolds by tamidiof B-TCP. The adjustment of the
type and the amount of the reinforcement enablgtbduction of scaffolds with different
microstruture morphology, mechanical propertiesl @agradation rates too.

Not only mechanical properties, biocompatibilitydabioactivity of chitosan/CaP
composite scaffold were also improved. Bioactivégt by immersing composite scaffolds
on SBF showed (1) mass increase of the chitosansdd#fold which means apatite layer
were formell and (2) concentration decrease of the Ca and Reotrations in SBF
solution after immersion of chitos@T CP composite scaffold Biocompatibility study
by seeding pre-osteoblasts MC3T3*#* and human osteoblast-like MG83 shows
higher population of cell on composite scaffold diitosan/nHA. This means that
composite scaffolds have superior cytocompatibility

2.3. Scaffold Manufacturing Techniques

Various manufacturing techniques have been repottedproduce polymer
composite scaffolds, such as TIPS, solvent cag@mgtle leaching, solid free-form
fabrication, microsphere sintering, scaffold cogtinfiber bonding, high pressure
processing, hydrocarbon templating, electrospinnimicrosphere sintering, and melt
molding, eté ** ' Among those manufacturing techniques, solventirgswith or
without particle leaching and TIPS combined witkeize-drying are two very popular
methods for preparing polymer composite scaffold.
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2.3.1. Overview on scaffold manufacturing method

Solvent casting/particulate leaching and TIPS e rmethods that require the raw
materials to be soluble in order to be processetiieft casting procedure involves the
casting of a polymer/salt/organic mixture solutimiowed by solvent evaporation and
removal of the salt by dissolutith In solvent casting (as shown in Figure 2-11), the
polymer solution is poured into a bed of porogdme (porogen can be salt particles,
paraffin microspheres or emulsion drops of defisiee). To evaporate the solvent, freeze
drying can be applied. The porogen removal candbeesed by rinsing with distilled
water or with an organic solvéntn this way, the pore size can be tailored bysize of
the porogen and the porosity can be tailored by @tthe polymer and the amount of
porogeit’. However, two main limitations on using solvenstiag are harmful solvents
and limited thickness of porous scaffold (film) daaproduced.

** .
*®
Sieved )
effervescent —
salt particles  Polymer gel

paste

Gas foaming/
salt leaching

Figure 2-11 lllustration on scaffold manufacturingusing particle leaching method®

TIPS is one very popular technique to fabricate @Wous scaffold with high
volume of interconnected micropores. In TIPS, tludymer is dissolved in a certain
solvent. Liquid-liquid or solid-liqguid phase septwa is induced by lowering the
temperature. The solvent is then sublimated andkea porous polymer scafféid- The
limitations of this process are the following: quibng time is needed to sublimate the
solvent completely, and shrinkage issues are atemeern.
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Figure 2-12 Typical morphologies of porous scaffolthade by different methods: (a) thermally induced
phase separation, (b) solvent casting and particleaching, (c) solid-free-from techniques, (d)
microsphere sintering, and (e) cancellous bofk

Table 2-6 Scaffold Manufacturing Techniques List’

Fabrication Required Available pore  Porosity Architecture
Technology properties size (um) (%)
Solvent castin Soluble 30-30C 2C-50 Spherical pore
/particle leaching
TIPS Soluble <200 <97 High volume of
interconnected pores
Melt molding Thermoplasti 50-50C <80 Spherical por
Gas foamin Amorphout <10C 1C-30 High volume of
noninterconnected pore
Fused deposition Thermoplastic >150 <80 100% interconnected
modeling macropores
3-D printing Soluble 45-15C <60 100% interconnecte
macropores

For thermoplastic polymer that cannot be dissolvedlt molding, and solid free
form fabrication (SFF) techniques can be used. 86& known as rapid prototyping are
computerized fabrication techniques using data geee by CAD systems, computer-
based medical imaging modalities, digitizers ariteotlata makers. Several types of SFF
are Solid Laser Sintering (SLS), Three-Dimensiofainting (3-DP), and Fused
Deposition Modeling (FDM). The advantage of using SFF is the ability ofotilg
porous structures and the good interface with na¢dicaging.

There are still some other techniques availableh ss fiber bonding, membrane
lamination, melt molding, hydrocarbon templatindc. eFigure 2-12 shows a typical
porous polymer scaffold produced by different mdto Table 2-6 summarizes
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information on polymer scaffolds fabrication tedums. It is clear that by using different
materials, different methods, and also by contigliihe variable in each manufacturing
technique, the morphology of the scaffold can lderted depending on the requirements.

2.3.2. Thermally Induced Phase Separation (TIPS)

Among the wide range of methods for preparing stds$f chitosan-based scaffolds
have been mostly prepared by TIB% This probably reflects the easy preparation of
chitosan solutions by dissolving chitosan in dilatéd.

TIPS works based on the principle that a single dggnous polymer solution
prepared at higher temperature is converted viar¢heoval of thermal energy to two-
phase separated domains composed of a polymephiabe and a polymer-lean ptase
The removal of thermal energy is done by lowerimg multicomponent system so that it
becomes thermodynamically unstable and tends taraepinto more than one phase in
order to lower the system free enérfgyAfter fully frozen, lyophilization/freeze dryinig
applied to sublimate the solvent-rich phase andel@aporous polymer scaffold. The pore
morphology is controlled by any phase transitioat thccurs during the cooling procgss
i.e. solid-liquid phase separation or liquid-liqeparation.

Basically there are two types of TIPS: solid-ligupplase separation and liquid-
liquid phase separation. In solid-liquid phase sa&jgan, lowering the temperature induce
solvent crystallization from polymer solution; alsiefine as solid formation in liquid
phasé’. Example of solid-liquid phase separation is tepasation of chitosan-acetic acid
solution; ice of acetic acid solution are formedl aeparated from chitosan-rich phase.
Decreasing temperature can induce liquid-liquidgehseparation in the case of a polymer
solution with an upper critical solution temperaftirAn example of this case is a mixture
of dioxane and water which have been used to faleri®®LA & PLGA scaffold’.
However, combination of both separation types dap he used. Lim et af. prepared
porous chitosan scaffold from chitosan-acetic amidution with alcohol as the non-
solvent.

Figure 2-13 illustrates a binary phase diagramadymer solution undergo three
different cooling route. Depending on where the gmint of quenching is located,
whether (1) metastable region between binodal gntbdal curve or (2) unstable region
below the spinodal curve, two distinctive morphadsgcan be achieved: (1) poorly
interconnected bead-like structure by nucleatiod gnowth mechanism or (2) well-
interconnected open pore structiireSeveral parameters in TIPS influence the final
morphologies (pore size distribution and intercaivéy) of porous scaffold: polymer
concentration, quenching rate, and compositiorobfesit/non solverit:>*,
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Figure 2-13 Schematic phase diagram illustrating seral possibility of morphology depending on
cooling route™

After the occurrence of phase separation duringcib@ing process, the frozen
solution is freeze dried (or also known as lyopeitl), i.e. the solvent is removed at very
low pressure and temperature. Such conditions aligase change in which the frozen
solvent (i.e. water) is converted in gas, i.e. laimation process.
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Chapter 3
Problem Formulation

In the present work, a systematic study of chitosased composite scaffolds is
carried out. Pure chitosan and composite chitosaffadds using different reinforcing
particles (HA fibers, monetite platelets and migtusf fibers and platelets) and HA
granules loaded with drug) were prepared undeewdifft experimental conditions (pH of
chitosan solution and freezing temperature).

The HA fibers used to reinforce the scaffolds wprepared by a precipitation
method. In this research, two routes combiningediit time and temperature (4h°80
followed by 24h-98C and 24h-8fC followed by 24h-9%C) were applied. The chemical
and crystal phase composition and the morphologyhef precipitated particles were
studied.

Regarding chitosan based scaffolds, some experm@hpatameters were varied in
order to obtain better microstructure, mechanicedperties, and bioactivity of the
resulting scaffolds. During the preparation of Cbluson/suspension, the pH of the
solution and the type of reinforcement particlesemearied. Two pH values were used: pH
2 and pH 5. The reinforcement particles with defer shape and composition were
obtained by precipitation: HA-fibers, incipient nwdite thin platelets and a mixture
between those two types of particles. Furthermahaing TIPS, different freezing
temperatures (0, -15, and -285(liquid N,)) were also used. The effects of these variables
on scaffold microstructure, mechanical properti@sd bioactivity were analyzed and
investigated.

For exploiting the potentiality of chitosan scaffslas a drug delivery system
(DDS), dexamethasone (DEX) was selected as a niydgl HA was also selected as a
primary drug carrier. HA granules loaded with DEXere independently produced by
spray drying HA nanoparticles suspended in a DEMt&m. The spray dried HA granules
loaded with DEX where then suspended in chitosdatiea and subsequently freeze
dried. Three different routes for preparing thegdieaded scaffold were adopted and their
drug release profiles were studied.
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Chapter 4
Experimental Procedure

This re®arch is divided in three main p« synthesis ofCaP particle by
precipitation method, preparation «CaPC (calcium phosphatditosan) composite
scaffold and drudgeaded chitosan composite scafis. The CaPprecipitates obtaine
from part one was used to reinforce chitosan skis. While for drugoaded scaffold
HA granules preparebly spra-drying were used. The overall scheofethis research is
described in Figure 4-1.

Preparation of HA and HA-DEX granules by
spray-drying’®(previously prepared in

)
! 1

i Precipitation (section 4.2.1) and characterization }

I

1 Laboratory)
L

(,
|

} of HA fibers (section 4.3.1)
|

L

S A
S

Preparation of drug-loaded CH composite |
scaffold |

|

|

(section 4.2.3)

Preparation of CaPC composite scaffold
(section 4.2.2)

i
\
\
\
\
\
\
L

chemical composition; morphology; and drug
release test in PBS

chemical composition; morphology; mechanical

G N \
} Characterization (section 4.3.2) : b Characterization (section 4.3.3) : |
! B 1
| properties; and biactivity test in SBF | 1
\ ) | !

Figure 4-1 Scheme of experimental done: HA fibers precipitatio and its chitosan composite (left) an
HA granules preparation and its chitosan compositéright)

4.1. Materials

The materials which were used CaP synthesigxperiment are: ( ammonium
hydrogenphosphate, >&8 ACS reagent from Aldrich Chemistry, Germany; ¢2)cium
nitrate-4hydrate, analytical reagent from Rie-de Haen, Sigm&ldrich. Germany; (3
urea ((NB).CO) from Sigm-Aldrich, Germany; and (4) HN$65%, for analysis fror
Carlo Erba, Portugal.

For CaPCcomposite scaffolpreparation, the materials usagk (1) chitosan, fror
crab shells,deacetylation degree approximately 80practical grade fim Aldrich
Chemistry yiscosity > 200.000 cps). German2) acetic acid 96%, pro analy from
Merck, Germany; (3) etnol 96% from AGA, Portugal; (4) ammonia solutic5% from
Riedelde Haen, Germany. The reagents used in the prepax SBF testsolution are
listed in Table 4-3.
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In vitro release studies of drug-loaded CH compgositaffold experiments, the
following reagents were used: (1) HA Suspension (5P4p Nanoparticles) from
Fluidinova, nanoXIM, Portugal; (2) dexamethasong&36om ACROS organics, USA; (3)
NaHPO,.2H,0 from Carlo Erba, Milano; and (4) NalPiO,.H,O from Merck, Germany.

4.2.Preparation Methods

4.2.1. Precipitation of HA Fibers
HA fibers were prepared by a precipitation methodqueous solution, following a
procedure described by Aizawa et®@al.A solution of 0,167M Ca(N§),, 0,100M
(NHg)oHPQOy, 0,50 M (NH).CO (urea) and 0,1M HNfOwas refluxed for a certain time at
80°C and 96C.
Table 4-1 Raw Materials for HA Fiber Synthesize

Compositiol Raw Material for 250 mL solutic
Ca(NG), 0,167 v Ca(NG3)2.2H,0 9,85¢
(NH,):HPO, 0,100 M (NH)-HPO, 3,309
(NH,),CO 0,50 M (NH),CO 7509
HNO3 0,10 M HNG 65% 1,73 mL

The first experiment (so calldzhtch ) was carried out by refluxing (Figure 4-2-a)
the solution for 24h at 8@, followed by aging at € for 72h. The second experiment
(so calledbatch 3 was done by refluxing the solution for 4h af@0dollowed by aging at
90°C for 72h.

Small amounts of the suspension were withdrawthénmiddle of the refluxing
process in order to follow the phase evolution.sTprocedure involved mixing and
shaking the container to make sure that the sugpers uniformly sampled, and then
pouring a little amount to a beaker, filtering iacuum filter (Figure 4-2-b), washing the
solid cake with distilled water, and drying it ihet oven at 6XC. During the refluxing
process, the pH of the solution was monitored avdaling an increasing from ~1 to ~7,5
since NH was released by the hydrolysis of Gfea

For batch 1 samplings were carried out at 0,5h, 1h, 2h, 4h,20h, and 24h at
80°C; followed by 24h, 48h, and 72h at°@0 Forbatch 2 samplings were performed at 2h
and 4h at 8tC; followed by 24h, 48h, and 72h at°@0 All the obtained dried powders
were analysed by X-Ray Diffraction (XRD)Bdsorption using the BET isothe(BET),
and Scanning Electron Microscopy (SEM) to charamtethe powder crystal phase
composition and morphology.
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Figure 4-2 (a) Refluxapparatus : round glass container equipped with cding column immersed in
waterbath; (b) vacuum filter with water -driven pump

4.2.2. CH/CH Composite Scaffold Preparatio

The main steps of the chitosan scaffold preparatim shown inFigure 4-3.
Starting from chitosan solution, the next step Wa®zing to let the solvent solidif
subsequently followed by free-drying to sublimate the solvent and obtain the ps
scaffold.

| Preparation of CaPC Composite Solution in Acetic Acid

| \
| \
{ (Variation of pH & type of reinforcement) }

N

Freezing : Solid-Liquid Phase Separation (Variation of
Freezing Temperature)

N

Freeze Drying/Lyophilization (Sublimation of solvent)

N

Post-treatment with Ethanol

Figure 4-3Scheme of (aPC composite scaffold preparation
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Preparation of Chitosan solution/suspension

2 wt% chitosan solutions were prepared with twdedént pH values, i.e. pH ~2
and pH ~5. The chitosan solution at pH ~2 was pegpay dissolving 2g of chitosan in
98g acetic acid 2M (pH =2.5-2.6; further these fatd$ are referred with scaffolds pH 2).
The mixture was magnetic stirred at°60for 3-4 hours until complete dissolution.
Chitosan solution at pH ~5 was prepared by weigl@iggf chitosan powder, adding (1)
~70mL of distilled water, (2) acetic acid 25% drop drop while stirring at 5@ until
complete dissolution (pH ~3,5), and (3) ammoniarfemia 25% : HO = 2:1) drop by
drop until pH ~5 was reached. Finally, distilledterawas added until the total mass 100 g
of the solution.

Figure 4-4 (a) Chitosan Solution Preparation with Magnetic Stirer; (b) and (c) Differently shaped
containers used for preparing the chitosan-based affolds

The composite scaffolds were prepared with a (shitacalcium phosphate) ratio
of (2:1) by weight. Following the same proceduredascribed above, before adding the
distilled water to 100g of the total mass, 1 grafhrcalcium phosphate (hydroxyapatite
fibers which was obtained via precipitation metld 80C+24h 96C), monetite powder
(30min of reflux), mixture of HA fibers & monetitgowder and spray dried-HA granules
with or without DEX) were then added to the solnti@he resulting suspension was then
stirred for 1 to several hours in order to homogenTen minutes of sonication were also
allowed in order to ensure a complete mixing. Hynathe chitosan solution or the
chitosan/calcium phosphate suspension were pourex & container (a mold which
determines the final 3D shape of the scaffold) ¢p¢iren ready to be frozen.

Three different freezing temperature were usediiméxperiment, i.e. Q@ , -15C
and -196C (liquid N,). The freezing process at *@and -18C were carried out during
24h. Quenching in liquid Nwas carried out very rapidly, being the contaid&ectly
immersed in liquid Nfor ~4min. After freezing and quenching procedutés, solidified
chitosan solution/suspension was quickly transtetoethe freeze-dryer.
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Freeze-Drying/Lyophilization

Frozen chitosan solution/suspensions were placedieeze-dryer as illustrated in
Figure 4-5-a. Freeze drying (also known as lyopatilbn) is a process aiming to remove
the solvent through a sublimation process. Labcdraeze Dry System (operating at
~52C and 12x18 mbar) was used in this experiment. In order tocheaomplete
sublimation of the solvent, 3 days of freeze-dryigre applied to all the samples.
Particular attention was paid to ensure that ataohgressure is required; increase of
pressure will not allow phase transformation fram io water vapor directly but from ice
to liquid water. If this occurs in the beginning lgbphilization, the samples might be
damaged, since chitosan (in the presence of aceiigjt dissolve.

Figure 4-5 (a) Frezee-drying apparatus; (b) and (cYarious shape of CH/CH composite scaffold after
freeze-dried

Postprocessing with Ethanol

Freeze-dried samples were rehydrated and stabilizid ethanol treatment
following the procedure by Madihally et lwith modifications in order to remove the
acetic which still existing in the scaffold. Thieatment is needed in order to avoid
moisture uptake by the scaffold.

The first treatment was done by immersing the stdfin absolute alcohol (99%)
for 1 hour, followed by 30minutes in 70% ethanodl amother 30minutes in 50% ethanol.
After immersion in ethanol, the samples were subsetly quenched in liquid Nand
placed again in freeze-drying for 24h.
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4.2.3. Drug-Loaded Composite Scaffold

Drug-loaded composite scaffold was prepared with shme procedure as CH
composite scaffold (as written in section 4.2.2)ihich drug-loaded HA granules were
used instead of fiber to reinforce chitosan. Pufegranules and drug-loaded HA granules
were produced by spray-drying of HA and HA-drug parssior®. In this study,
dexamethasone (DEX, Figure 4-6) as one anti-inflatony drug was used as drug model
and spray-dried with HA suspension in the propartd 10%wt (DEX/HA).

Dexamethasone

Figure 4-6 Chemical Structure of Dexamethasorié

Different procedures were used in the preparatbrCH composite solution
containing drug-loaded HA granules: (1) pure HAmgilas and DEX were added to CH
solution (pH ~5), (2) drug-loaded HA granules wadeled to CH solution (pH ~5) without
any additional DEX, and (3) additional DEX was adld® CH composite solution
prepared with the second procedure (Table 4-2)

Table 4-2 CH Composite Scaffold Solution/Suspensiddomposition for DDS

Procedure 1 Procedure 2 Procedure 3
2%wt CH solutiol 10 ¢ 10 ¢ 10 ¢
HA granule: 100 mg pure H# 100 mg spray drie| 100 mg spray drie
granules HA-DEX granules | HA-DEX granules
Additional DEX - - 10 mg

CH composite solutions were magnetic-stirred arntdatdonicated in order to
prepare an homogenous solution. The solution wasirp@ mold (Figure 4-5-c) and
subsequently put in the freezeP@) for 24h. Frozen solution was then freeze-dried f
70h to sublimate all the solvent.

4.3. Characterization
4.3.1. Precipitation of HA Fibers

Characterization of the as synthesized calcium gt powder was carried out
by several methods, including: X-Ray diffractionRR), N, adsorption with the BET
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isotherm, and Scanning Electron Microscopy (SEMRDXwas performed in order to

identify the powder crystal phase composition. Tieist was carried out in a equipment
Rigaku Geigerflex DMAX 1lI/C using monochromatic Ku (1.54056 A) radiation at

40kV. The @ scan range was 3-8@ith the scanning speed/@in.

Relationship between shape of peaks in XRD speatrd crystallite size is
explained by The Scherrer equafibnThe peak broadening can be observed when
crystallite size is smaller than 100A. Smaller tajlte size and more random oriented
crystal will have broader diffraction peaks. Schegquation is written in equation 4.1.

L (4.1)
d(4) = B - cos0
_ (Zehigh - 2elow) - (4-2)
180

wherea is x-ray wavelength (1.54A in this case); c isaatér depending on crystal shape
(usually in the range of 0.9-1; 0.9 is taken); Bthe difference in angles at half of
maximum intensity or also called full width at hafax (FWHM; which is calculated
based on equation 4.2); afds the Bragg angle in radi¥nMonetite crystallites size were
measured based on peak (002), OCP based on peédk &ail HA based on peak (300).

In order to calculate the relative amount of eablase in one sample, the area
below each peak was calculated. For crystallite s&lculation, the same peak area of
monetite were measured based on peak (002)=at25.5, OCP based on peak (010) at
20=~4.6", and HA based on peak (30@232.5.

The surface area of the powder was accessed;adsbrption at 20C with the
BET isotherm in equipment from Micromeritics Gemini

The powder morphology was evaluated by scanningtrele microscopy Hitachi
SE-70 SEM. The powder samples were dispersed osaimple holder with the help of
carbon-tape and then coated with a conductive lafegold-palladium and finally
observed in SEM at 15kV using different magnifioas.

4.3.2. CH/CH Composite Scaffold

X-Ray Diffraction Analysis

X-Ray diffraction analysis (Rigaku Geigerflex DMAX/C) allowed to identify
the chemical composition of samples using monochtmnCuka (1.54056 A) radiation at
40kV. The @ scan range was 3-8@ith a scanning speed/Bin.

Density Studies

Densities of the scaffolds were calculated by dhgdthe mass of the scaffold by
their volume. The mass was measured in an andlystance with precision of 0.1mg and
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the size was measured by a micromeEach value oflensity was an average fror-5
specimens for each type sdaffolc.

Microstructure of Scaffold

Scafold morphology was evaluated by scanning electmitroscopy (SEN
Hitachi SU-70) Samples werimmersed in liquid nitrogengut into smaller piec,, and
glued tothe sample holder with ttuse of carbon-glue (as illustratedrigure4-7); coated
with conductive layer of go-palladium; and observed in SEM 15kV using differen
magnifications.

(=

. it | _ = = 1]
Figure 4-7 Prepared sample$or SEM observation: (a) CaP powders; (b) and (c) &/CH composite
scaffold

Average pore size aibtainedscaffolds were calculated using ImagFigure 4-8)
from 15-20 of pores.

SU-70 15.0kV 15.1mm 300 SE(M)

Figure 4-8 Pore Size Calculation using ImageJ

Threedimensional reconstruction of sceld structure was done by-CT
(SKYSCAN 1072) in Characterization Lab Il at 3B’s dgarch Group, Department
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Polymer Engineering, UMinho, Guimaraes, Portugalke Felected samples, CH-fibers/pH
5/(-15°C), CH-fibers/pH 5/8C, CH-fibers/pH 5/(-19%C), and CH-fibers/pH 2/(-1&)
were chosen to be representative to study theeinfle of pH and freezing temperature.
Each sample was cut into small cylinder in the size3mm in diameter and ~7-10mm in
height.

Compressive Test

The scaffolds compressive mechanical behavior Far &s prepared scaffold
(without ethanol treatment) was tested using a BRsart Test equipment as shown in
Figure 4-9. The specimens were cylindrical aboutl@mm high and 15-17mm in
diameter. The crosshead speed was set at Imm/mintha load was applied until the
specimens deformed to approximately 60-70% of rgimal thickness. At least three
specimens were tested for each type of samples.

Figure 4-9 Compression Test Apparatus

The strain-stress curves were built based on the alatained from the machine.
The compressive modulus was calculated as the sloe initial linear region; while the
compressive strength was taken from the intersedbetween the linear line and the
plateau region.

In vitro biomineralization studies

In vitro biomineralization in SBF (simulated bodyitl) was done to the selected
samples to observe the bioactivity of the scaffdlde selected samples: pure CH/pH 5/(-
15°C), CH-fibers/pH 2/(-1%C), and CH-fibers/pH 5/(-f&) were chosen to compare
different biomineralization ability between pure &omposite scaffold and also the
composite scaffold which were prepared at diffeht
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SBF with the composition shown in Table 2-3 werepared following the
procedure by Kokubo and Takaddtharhe reagents which were used to prepare 500mL
of SBF were listed in Table 4-3.

To prepare 500 mL of SBF, first of all, 350 mL c#ionized water was put in a
glass beaker and heated to 36,5%T,6nder stirring. Reagents 1 to 8 were dissolvea on
by one following their order. Reagent 9 (CNEH,OH);3) was added drop by drop while
monitoring until it reached pH 7,45. At this valthree addition of reagent 9 was stopped
and HCI 1M was added in order to lower the pH #27 Again reagent 9 was added until
pH raised to 7,45. This process was repeated alhtieagent 9 was dissolved. Finally,
HCI 1M was added to adjust the pH to 7,40. Thetsmuwas poured to volumetric flask
and subsequently deionized water was added uritilah volume of 500mL. SBF was
stored in fridge (5-11C) and shall be used within 30 days after prepamati

Table 4-3 Reagents for Preparing SBF

Order Reagent Quantity Supplier Purity (%)
1 NaCl 3,998 ( Merck 99,k
2 NaHCGC; 0,175 ¢ Riede-de Hai 99,7
3 KCI 0,112 ¢ Merck 99,k
4 KoHPO,.3H,0O 0,114 g Merck 99
5 MgCh.6H,0O 0,1525 g Merck 99-102
6 HCI 1M 19,5 mL Prepared in the lab
7 CaC}.6H,O 0,274 g Fluka 99
8 Na,SC,4 0,0359 Panrea 99
9 CNH,(CH,0OH); 3,0285 | Riede-de Hal 99,k
1C HCI 1M 0-5mL Prepared in the [

Figure 4-10 Samples for bioactivity test in SBF: lank SBF (left), chitosan/chitosan composite scaffwl
(middle and right)

Bioactivity test was carried out by immersing ataer size/mass of scaffold in
SBF (Figure 4-10). The scaffolds used were eth&neated scaffolds. As-prepared
scaffold from freeze-drying cannot be used sineedbetic acid left in the surface trigger
dissolution of chitosan scaffold.
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SBF was put in plastic bottles and placed in oeemaintain the temperature at 36-
37°C. The volume of SBF that was used for testing eedsulated based on equation 4.3.
Vs = Sq/10 (4.3)

where \{ is the volume of SBF (mL) and, $ the apparent surface area of specimen
(mnm?)?. For porous materials, the volume of SBF shouldytssater than the calculated
one.

After immersion for different periods of time (74,1and 21days), the scaffolds
were separated from the liquid part, washed witlordeed water, frozen with liquid
nitrogen, and freeze-dried for at least 24 houh& Morphology of the samples after being
immersed in SBF was investigated by SEM. Energpeatsve X-Ray (EDX)
spectroscopy analysis was performed on Hitachi @55EM equipped with Bruker AXS
Microanalysis. X-Ray diffraction analysis (RigakiweiGerflex DMAX 11I/C) and Fourier
transform infrared spectroscopy — attenuated ta#Hlectance (FTIR-ATR), using FT-
Infrared Bruker Optics Tensor 27 were performedltow identification of the chemical
phase or functional groups.

The liquid parts were collected with a syringe @geid with 0.22um filter and
analyzed by inductively coupled plasma spectroscigyP) to measure the Ca & P
concentrations

The variations of Ca and P concentrations are sspeeas\Ca andAP in mg/L
which are calculated based on equation 4.4. and 4.5

ACa = [Cal, — [Ca]; (4.4)
AP = [P]y — [P]; (4.5)

Where [Ca], and [P], are initial concentrations before sample immersaonl
[Ca]; and[P]; are concentrations after immersion of a certairetilf ACa andAP are
positif, it means that there are decreases ofgonsentrations.

4.3.3. Drug-Loaded Composite Scaffold

In vitro dexamethasone release in PBS

Release studies of DEX were conducted in PBS (gtaispbuffered solution) at
pH 7.4 and 37TC. PBS was prepared by mixing 405mL of 0.2 M.MRO;.2H,O and
95mL of 0.2 M NaHPO,.H0.

To perform the drug release test, specimens with around 10x6x4 minand
mass around 0.012-0.017g were immersed in 10mL PRB3astic bottles and kept at
37°C. Figure 4-11 illustrated the drug release teswlich a number of containers were
prepared. After predefined time intervals, the fatdfwas separated from the solution.
The solution aliquots were withdrawn using a syeiegjuipped 0.22um filter and placed in
a plastic container.
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5 min 10min  1hours ... 30days

BB

Figure 4-11 lllustration of drug release test in wiith one piece of scaffold is immersed in PBS for efa
time of sampling

The evaluation of the DEX concentration in the askd medium was carried out
by UV-Visible spectroscopy (UV-3100 Shimadzu) avavelength of 242 nm. A standard
calibration curve was obtained when DEX standardceotration solutions in PBS
medium were used.

Microstructure of Scaffolds

Scaffold morphology after and before PBS immersi@s investigated by Hitachi
SU-70 SEM. Samples were observed by SEM at 15kigudifferent magnifications.
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Chapter 5
Results & Discussions

In the present chapter, the results respecting ti@@ precipitation and
characterization of calcium phosphate (CaP) pasjc (ii) the preparation and
characterization of chitosan (CH)-based scaffolus @i) the drug (dexamethasone, DEX)
release behaviour of DEX loaded scaffolds will balgsed and discussed in the following
sections, i.e. sections 5.1, 5.2, and 5.3, respdygti

5.1. Precipitation of HA Fibers

The experimental results respecting the crystas@lmmposition and morphology
aspects of the precipitated calcium phosphate (@aR)cles obtained by the refluxing
method will be firstly presented. A comprehensivecdssion aiming to compare these
results with the previous ones reported for theesamathod by Aizawa et &lwill be then
attempted.

5.1.1. Crystal phase composition of precipitated CaP partiles

As mentioned in the experimental procedure, twdedkint methodologies were
followed aiming at obtaining HA fibers: (1) refling the precipitating medium at ®Dfor
24h and then at 9 for 72h and (2) refluxing the solution for 4h88PC and then at 9C
for 72h.

Figure 5-1 and Figure 5-2 show the evolution of XRD spectra for the CaP
precipitates withdrawn from the precipitating mediafter different periods of time. It is
observed that incipient monetite peaks start bdetgcted after 30min of refluxing which
then become more intense and sharper after 60ngur@=5-1). OCP diffraction peaks
started to be noticed after 20 hours. Both the pedkmonetite and OCP became sharper
with the increase of refluxing time. After 24h &°8 monetite and OCP are still the main
crystalline phases being detected. This crystalfihase evolution of the precipitates is
accompanied by a significant pH variation withie frecipitating medium, from ~1 to ~5
as depicted in Figure 5-3. When the particles okthiafter refluxing at 80°C for 24h are
now exposed to refluxing at 90°C during 72h, HAhs dominant crystalline phase with
some OCP still detected in the XRD. As shown inukég5-3, HA crystallization is
followed by a pH increase to 7.5.

Figure 5-2 illustrates the diffraction peak evadatifor the particles precipitated by
the second methodology, i.e. the CaP precipitat#aireed after 4h at 80°C and then
refluxed at 98C during 72h. After refluxing at 9C for 24h HA peaks become noticed as
well as a strong OCP peak. As refluxing at 90°Csgdé peaks become more intense
while OCP is unnoticed. After 72h at 90°C the #ated particles evidence HA as the
dominant crystalline phase with traces of monettt¢hus concluded that the increase of
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the refluxing temperature from 8D to 90C has speed up the formation of HA crystalline
phase.

,L 0 = monetite
¥ =QOCP
"
) °C + 72h-90°C
e ‘J 24h-80°C
©
i VLAQM | 20h-80°C
= .
c w 8h-80°C
9
£ w 4h-80°C
| 2h-80°C
P 1h-80°C
M P M 0.5h-80°C
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0 10 20 30 40 50 60 70 80

2theta (deq)
Figure 5-1 XRD spectra of CaP precipitates showingn increase of peaks’ sharpness of monetite and
OCP during 24hours-reflux at 80C
Table 5-1 shows the crystallite size developmenthef three main compounds
detected in XRD (monetite, OCP, and HA) during fpiation. It is observed that both
monetite and OCP present crystallite size variatiomves with maxima while HA
crystallite size values increase continuously duriefluxing at 90°C. Moreover it is
evident that regardless the used methodology HAtalites after refluxing at 90°C are
well developed with sizes in the range 170 — 180 A

Table 5-1 List of crystallites size which increasand decrease during reflux

Samples Monetite OCP HA
2h 8(°C 61.77A - -
4h 8(°C 151.39A - -
8h 80C 136.81 A - -
20h 80C 126.43 127.51 A -
24h 80C - 226.37 A 121.25 A
24h-86C + 72h-96C 133.18 A 186.43 A
4h-80°C + 24t-9C°C - 137.44A 133.24A
4h-80°C + 481-9C°C - 82.15A 143.55A
4h-80°C + 72h-96C 54.97 A - 170.08 A
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Figure 5-2 XRD spectra showing a decrease of OCPgdes and a increase of HA peaks during reflux at
9C’C
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Figure 5-3 pH dependence of the reflux time and teperature during the HA precipitation process
(24h 80C + 72h 96C)

5.1.2. Crystal Morphology
Figure 5-5 shows SEM images of CaP precipitateaindd after refluxing at 80
and 90C for different periods of time. Different morphgies are revealed as the
refluxing time increases: a mixture of sphericaitigcles and thin platelets assembled in a
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florrete-like structure is evidenced after a shgatiod, i.e. 30min, which then converts to
thicker platelet-like particles and later on to asmatic morphology as refluxing
continues; after longer periods fibers start tonbéced and become the dominant shape
after 24 hours. It is worthy to be mentioned thatrelevant morphology change is noticed
when the fibers obtained after refluxing at 80°@ aubsequently refluxed at 90°C.
Futhermore, it is observed that fibers are alsainbtl when the prismatic particles formed
after refluxing at 80°C are then submitted to &CO@fluxing.

The evolution of the specific surface area of Cefipitates during precipitation is
illustrated in Figure 5-4. The surface area de@@atrastically from 30?mg to 0.6rﬁ/g
during the first 4 hours of refluxing being thisMwalue maintained during the remaining
refluxing time. The subsequent refluxing at higbemperature (90°C) allowed a slight
increase of the specific surface area t6/gm
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Figure 5-4 variations of precipitates specific sudce area during HA precipitation process (4h 8T +
72h 90C)

5.1.3. Growth of HA fibers

HA particles precipitation from moderately acidmgion is also known as a soft
chemical route in which no subsequent high-tempegadinnealing process is required for
obtaining the desired crystal phas# fibers precipitation is a complex process siiice
might not only involve nucleation and growth of imgde crystalline phase but rather
secondary nucleation or phase transformatioA number of experimental conditions
which influence HA precipitation are known to begents concentrations, molar ratio of
precursor ions, pH, temperature, presence of addi@mong othel% 3%, In the present
work, Ca(NQ), and (NH,),HPO, were used as source reagents of calcium and patesph
respectively; HN@and urea were used as additives for pH control.

41



CHAPTER 5. RESULTS & DISCUSSIONS

SU-70 15.0kV 14.7mm x1.00k SE(M)

a. 30min-80°C

SU-70 15.0kV 11 .4mm x12.0k SE(M)

n

- F
N - F e N ¢
SU-70 15.0kV 15.2mm x2.50k SE(M)

il

20.0um

L N

SU-70 15.0kV 15.3mm x2.50k SE(M)

42



CHAPTER 5. RESULTS & DISCUSSIONS

4 iOOum

100um

. A
0

SU-70 15.0kV 14.5mm x300 SE(M)

8h-80°C

SU-70 15.0kV 14.5mm x1.00k SE(M)

™,

43



CHAPTER 5. RESULTS & DISCUSSIONS

e. 20h-80C

s

0 15.0kV 8. 4mm x1.00k SE(M)

W

SU-70 15.0kV 8.

4mm x1.00k SE(M

44



CHAPTER 5. RESULTS & DISCUSSIONS

g. 4hours-80C + 24hours-90°C h. 4hours-80C + 48hours-96C

SU-70 15.0kV 15.2mm x1.00k SE(M)

SU-70 15.0kV 15.1mm x1.00k SE(M)

i. 4hours-80C + 72hour<90°C

100um

SU-70 15.0KV 15.0mm x1.00k SEM)
Figure 5-5SEM Images of CaP precipitates with different timeand temperature of reflux. Figure a, c, d, e and f on the left side and ohe right side show CaF
precipitates in different magnifications. Figure b show the heterogeneity of samples formedtar 2hours-80°C reflux. While Figure g, h, i and j show CaP fibes for

further reflux with almost similar morphology
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arbitrary unit
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Figure 5-6 phase composition estimation and crystahorphology evolution during refluxing using two diferent pathways (a) 4h-86C+72h-9C¢°C and (b) 24h-
80°C+72h-90C
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Figure 5-6 puts together the properties variatibrthe precipitates during the
refluxing process, i.e. their crystal phase contpwsi particle morphology. For
comparative purposes, the relative amount of ehelse estimated trough XRD peak area
calculations is also presented. The overall reshitsv basically that CaP precipitation can
be divided into three main stages: (1) formatioplatelets shaped monetite, (2) formation
of fibers-like OCP, and (3) transformation of fisdike OCP crystal into HA.

In the first stage, as shown in XRD spectra on fEgb-1, incipient monetite
appeared after 30min refluxing. This is in line lwthe findings from H. Zhang et &.
which demonstrated that during this process, ureeomiposes and contributes to pH
increase until a critical (2,4-3,1) pH range wherenetite starts precipitating, the sooner
the higher is the temperature: after 12 min 4€928 min at 9%C, and 46 min at 8&. In
the present case crystalline monetite was obtaae®D°C after 1 hour at pH~ 2. Other
references which also studied HA precipitations Aimawa et af® *¢ However, none of
them followed the crystal morphology evolution agrithe precipitation process.

Monetite is the first CaP phase to be precipitatctording to CaP solubility
isotherms (Figure 2-10), at pH<4.5 monetite is riest insoluble CaP phase and thus is
the first to be precipitatét After 60min the XRD peaks became sharper indigat
higher crystallinity which is reflected by the iease of monetite crystallite size (Table
5-1). The existence of crystalline monetite is edgd by SEM images as thick platelet
shaped particles which are very clearly detecteer &hours of refluxing. The specific
surface area is seen to decrease drastically dtimmdirst two hours of refluxing being
then followed by a slower decrease until 4hourgyf@ 5-3). This surface area decreasing
reflects the growth of the large platelet shapedigas from the small sized spherical
particles and thin platelets detected at the esidge of the refluxing (Figure 5-5).

Figure 5-5 (b) also documents the heterogeneitthefprecipitates. Sphere-like
monetite on Figure 5-5 (b-left) and thick platdike shaped monetite Figure 5-5 (b-right)
coexists in solution after 2h of refluxing. Thish@mogeneous condition might indicate
that some overlap between nucleation and growtbgiy took place. Further, this fact
may also explain why the final HA fibers posseseelatively wide range of size (50-
300pm).

The second stage of the precipitation process wegothe formation of OCP. The
existence of OCP starts to be detected in the XB&xtsa (Figure 5-1) after 4h-8D
refluxing. The strong peaks of OCP observed in X&iactra after 20h-8G refluxing
corresponds in SEM images to fibers-like OCP (Fgbr5 (e-f)). At this stage, the
monetite thick platelets and prisms previously mefé transformed into fibers, being
evident that the grow of particles with fiber-likeorphology was already initiated after 4h-
80°C refluxing (Figure 5-5 (c)). According to sallity isotherms of calcium phosphate
phases in the ternary system Ca(&H)PO,-KNO3-H,O at 37°C (Figure 2-13), HA has
lower solubility than OCP in the 3 <pH<10 rangenSequently HA should be preferably
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formed instead of OCP at a precipitation tempeeatir37°C. As the current experiments
are being performed at a higher temperature it nscipated that the temperature
dependence of OCP solubility might account for sewlability variations as compared to
HA. Moreover it is also known that kinetic factomsay have a considerable effect in
determining the nature of the CaP phases thatptats, further helped by anions and
cations from solution which stabilizing role cant e ruled odt. These arguments may
explain why OCP preferentially precipitates in afadge where the solubities of OCP and
HA are supposed to be very close.

During the third stage of the precipitation thestay phase transformation from
OCP into HA fibers-like particles takes place. Ande seen in the phase composition
summary presented in Figure 5-6, that phase tremstion started to occur after 20h°60
refluxing. OCP transformation into HA is descriligdthe following equation 53%:

5CESH2(PC4)5.5H20 — 4C61()(PC4)5(OH)2+ 6H;PCy+ 1750 (51}
H—/ %f—/
(OCP) (HA)

For (4h-80°C+72h-90°C), the transformation of OQ@R iHA was completed
during refluxing at 90°C though not all monetitelh@een converted into OCP being thus
noticed in XRD spectra (Figure 5-1). Once agairuargnts based on the stabilizer role of
the precipitation medium ions may be put forwardetmlain the slow conversion of
monetite into other thermodynamically more stabl@PQphases. For (24h-80°C+72h-
90°C), the transformation of OCP seems to be notpteted yet, since a small peak of
OCP still exist The morphology variations during the last refluxistep at 90°C were
meaningless. It is thus concluded that OCP is aypser phase of HA, behaving like a
template for HA crystallization as HA fibers kedye tshape of OCP fibers.

Figure 5-5 shows SEM images of the fibers obtaiaier 4h-80°C refluxing and
then refluxed at 90°C during different times. litespf the differences underlying the two
routes, i.e. (24h-80°C+72h-90°C) and (4h-80°C+7HEGY the characteristics of the final
particles either in terms of morphology or of cafgphase composition are very alike: in
both cases HA fibers with similar size and cry#talsize are the main product of the
refluxing at 90°C regardless the duration of th€8@efluxing (Figure 5-5). It is thus
concluded that the incipient OCP, with fiber-like@mhology, early detected at 80°C after
a 4h refluxing was easily converted into HA fibets90°C, even after 24h. Therefore,
overall shorter precipitation times are requiredefluxing temperature/time relation is
conveniently manipulated. The present results detnate that 76hours, i.e.
(4h/80°C+72h/90°C = 76h) are required for obtairt®y fibers which would otherwise
require longer times (96hours), i.e. (24h/80°C+9Q@fC= 96h) to precipitate.

Temperature may be also manipulated towards loxaéres for obtaining HA
fibers. The work from Zharig has shown that precipitation of HA at temperatuoeger
than 90°C is possible but after much longer tiMd@€: hours under 85°C refluxing.
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Despite of its advantas of being easy to carry qutreparing HA fibersby this
precipitation methodhas one main drawback. Since several phase ti@msidire involvel
in this process, their coexistence in the finaldo is very likely to occur. For examp
as shown in the XRD spectra of Figure 5-2 the final HA fibers contain a small amot
of monetite. This is also illustrated Figure 5-7 that reveals the noniformity of the
final precipitate where some r-fiber particle corresponding to a monetite transgrase
which didn’t transform completely into HA fibers earstill observed. Besids
thermodynamic and kinetic issues contribu to this non-homogeneityit is worthy
mentioning that experimental conditions may alsmaat for this fact as precipitation w
carried out without any stirring. It is foreseermatthmproving experimental technique
future work in order to includuniform stirring may help to obtain pure HA fibewithout
other CaP phases.

Figure 5-7 SEM images ofihal precipitates after 4h-80°C + 72h-90C - HA fibers(left); other
transition phase ¢ight) which might be monetite as shown in XRD spect
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5.2.Chitosan based Scaffolds

To fulfill the requirements of a scaffold for bomegeneration, a number of
parameters should be met as statedrable 2-1 In the present research, four main
properties are addressed: (1) the chemical andtatryghase composition; (2) the
microstructure, including porosity, pore size, anterconnectivity; (3) the mechanical
properties, evaluated by compressive tests, andh@)bioactivity. Different chitosan-
based scaffolds, unloaded and loaded with diffetgme of CaP particles, prepared under
different experimental conditions of chitosan siolutpH and freezing temperature will be
analyzed and comparatively discussed in the preskapter. Table 5-2 presents the
scaffolds under study and their respective prejgaraonditions.

Table 5-2 Chitosan and Chitosan composite scaffoldbtained by freeze drying under different
conditions of : chitosan solution pH, freezing temerature and type of CaP particles loading

pH 2 | pH 2 loaded| pH 5 pH 5 loaded
HA HA | Monetite Mixture
Fibers Fibers| Powder (HA fibers +
monetite powder
LigN, | N N
-15°c) | v v v v
~0Cc | N N N

Note: the symbo1/ identifies the conditions combination effectiveised for scaffolds preparation.

5.2.1. Influence of pH and Freezing Temperature on CH Scébld Properties

CH scaffolds were prepared from chitosan solutiwith different pH, i.e. pH=2
and pH=5, and subsequently frozen at different taatpres, i.e. liquid nitrogen (-196°C),
-15°C and 0°C. All the samples collected from feedder looked like white spongy bodies
but exhibiting different shrinkage. As illustrated figure Figure 5-8chitosan scaffolds
prepared at pH 5 showed larger shrinkage as compargH=2 and consequently higher
geometrical density (Table 5-3

pH=5 pH=2 pH=5 pH=2

Figure 5-8 Top views (left image) and front viewsright image) of chitosan scaffolds prepared under
different pH conditions and frozen at (-15C)

50



CHAPTER 5: RESULTS & DISCUSSIONS

Table 5-3 List of CH composite scaffolds and and spective density values prepared with different pH
and freezing temperature

pH 2 pH 2 loaded pH5 pH 5 loaded
Mixture
HA HA Monetite | (HA fibers +

Fibers Fibers Powder monetite
powder)

-196°C - - 0.0524 0.0714 - -
-15°C 0.03686 0.05074 0.0541 0.0628 - 0.0689

oc - - - - 0.06167 -

These macroscopic differences were followed by ositucture variations, too.
The microstructures of the obtained chitosan stidgfaare imaged in Figure 5-10.
Interconnected porous structures are generallyrebdebut with differently sized pores,
thus denoting a significant effect of pH and fregzitemperature on the scaffold
microstructure.

For the freezing temperatures df0or (-15C), pH effects on pore size reveal a
slight tendency for larger pores to be obtainedighher pH (pH=5), as shown in Figure
5-10 (a b, d and e). The calculated average pores giresented in Figure 5-9 confirm that
scaffolds prepared from chitosan solution at ptdsdited in slightly smaller pore size.

The study of freezing temperature influence inagan and alginate has been done
previously by Madihally and Matthéftand ZMora et al®. The results shows similar
trend regarding to freezing temperature. Howeveratiempt to study the effect of pH,

haven’t been done so far.
300 4

250 | pH2 pHS
200 ~

150 -

100 -

Average Pore Size {um)

D -

(-196°C) (-15°C) (0°C) (-196°C) (-13°C) (0°C)

Figure 5-9 Effects of freezing temperature and pH fochitosan solution on mean pore size diameter of
chitosan scaffolds

Regarding the freezing temperature effects, a dkadency for smaller pores as
the freezing temperature decreases is observeteataffolds prepared at pH 2.
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Figure 5-10SEM images of pure CH scaffold at pH 5 (top images)nd pH 2 (bottom images) with freezing temperature~0°C(left); -15°C(middle); and -
196°C (right)
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However, scaffolds prepared at pH 5 do not follbhatttrend and a quite different pore
structure was obtained for the freezing temperatifirel96'C (liquid Ny): the pores are

larger and seem to be apparently less interconthettian in the other scaffolds.
Furthermore freezing scaffold at -f@6also resulted in thicker wall pore as can be g@en
Figure 5-11.

: i - B m.;
SU-70 15.0kV 16.1mm x300 SE(M) 100um J SU-70 15.0kV 15.0mm x300 SE(M)
Figure 5-11 Higher magnification of SEM images showvall thickness of: pure CH/pH5/(-196C) (left)
and pure CH/pH5/(-15°C) (right)

e SRS 4 A ——

It is known that the morphology of the scaffoldsmatactured by thermal induced
phase separation process depends on several egpalnvariables such as freezing
temperature, freezing rate, solution concentratemiyent type and polymer molecular
weight among othet® When a chitosan solution is frozen, the magnitwdethe
temperature gradienAT) imposed during freezing quantifies the equilibni deviation of
the solution so that the highafT the higher is the driving force for ice nucleatiand
growth. This reasoning anticipates that lowerirepfing temperature enhances nucleation
rate and thus favors smaller sized pores to beddrimhe results obtained at pH=2 (Figure
5-10 a, b and c) seem to fit well to this idea sirtlcey point out a trend of pore size
decrease with freezing temperature decrease. Howeseasing the chitosan solution pH
from 2 to 5 originates a deviation from that treAd.observed from Figure 5-10 (d and e)
pore freezing at 0 or -15°C resulted in pore sstigghtly larger than their counterparts at
pH=2, though less affected by freezing temperaar@tion. Furthermore, when freezing
at -196 the largest pores were obtained. As theselts reflect the joint effects of
temperature and pH variation it seems that chitssdution pH plays an important role in
the scaffold microstructure design.

It is known that pH variations modulate the amanintationic groups bounded to
chitosan molecule as described by equation 5-2:

Chit-NH, + H30+ — Chit-NH3+ + H,O (52)
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Chitosan bounded —NH groups impart to chitosan a polycationic condittbat
helps maintaining the chains free of attractiveeriattions among them. This cationic
condition explains the pH dependence of chitosabity®. At higher pH (pH=5),
bearing a smaller cationic [NH load, chitosan chains may agglomerate easieolirtion
and form polymeric structures. This will also cdmite to increase the viscosity of
chitosan solutioff as was experimetally observed indeed: after adifdgOH to chitosan
solution to increase its pH from 2 to 5, the rasglsolution showed to be effectively more
viscous. Thus, for interpreting the pH effect omepesize Figure 5-10 (a, b, d and e) it is
thus suggested that the more protonated chitosam<ipH=2) ensure a true chitosan
solution condition in which homogeneous nucleatibrce crystal occurs whereas the less
protonated chains condition (pH=5) are prone to frenation of polymeric structures
which might offer preferential sites for ice crjstacleation. In this condition (higher pH)
and under a very fast freezing imposed to the ol t196°C) it is here suggested that
cationic sites probably play as favorable sites if@ nuclei formation and thus, as
compared to the first condition (lower pH), a lovanount of ice nuclei is formed and
thus allowed to grow further.

The large pores obtained after freezing in liquiglindicate that freezing under
liquid nitrogen temperature did favor ice crystadwgth rather than ice crystal nucleation.
It is thus postulated that the scarcity of catiogioups limits the benefit of largkT in
nucleation rate which starts occurring at prefeadwationic sites; once nucleated, the ice

nuclei find appropriate conditions (largkT) to undergo a higher growing rate as
compared to the other freezing conditions.

5.2.2. Chitosan/CaP Composite Scaffolds

In the present section the effects of the procgssonditions (pH and freezing
temperature) and of the used CaP particles asoregrhent elements on CH/CaP
composite scaffolds characteristic are analyzeddswlissed. Two different reinforcement
particles were used in this current research: HgerB (4h-88C+72h-96C reflux),
florrete-like monetite powder (30min-8D reflux) and a mixture between these two
particle type was also used in order to understiaeid differences.

5.2.2.1. Scaffold Microstructure

Chitosan scaffolds loaded with different types aP(articles were produced from
CaP particles suspensions in chitosan solutions @ig@zing at -196°C, -15°C or 0°C. As
noticed before the variation of CH solution pH prodd a significant effect on the freeze
dried CH-HA scaffold either at a macroscopic lesher from the microstructure point of
view. Following the same tendency exhibited by @dffolds (discussed in the previous
section) the preparation from pH 5 solutions omaggu larger shrinkage. The calculated
geometrical densities values presented in Tablegdl&ct this pH shrinkage tendency.
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Figure 5-12 ilustrates the microstructure of the fre-dried chitosan scaffolc
loaded with different types of CaP particles ~HA scaffolds). Pictures of the used C
particles for scaffolds loading are also preseirigtie same figure: (i) HAibers produces
by the method (4h-80°C+780°C), and (ii) incipient monetite (30min-gDreflux).
Reinforcements pHS

SU-70 15.0kV 11.4mm x12.0k SE(M)

Reinforcement:

mixture between
HA fibers (a) and

Monetite Powder (f)

Figure 5-12SEM images of reinforcement particle: (a) HA fibers and (f) incipient monetite powder
and its produced scaffolds: CHfibers at -15°C/pH 5 (b, d) and -18C/pH 2 (c, e) incipient monetite at
~(PC/pH 5(g) and mixture of incipient monetite and HAfibers at -15°C/pH 5 (h)

In general, thescaffolds microstructures evidence porous bodidh differently
sized open poresniformly distributed with an apparent high degoéenterconnectivity
Higher magnification views of the pore walls aldlmas us to detect the presence of
fibers embedded in the polymeric vs (Figure 5-12 d and)ein the case of the scaffol
prepared at pH 5 where fibers are clearly reve¢Figure 5-12 g§ilwhereas for pH 2 fibel
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are less abundant and shoilfeigure 5-12 e). In line with CH scaffoltt®havio reported
in the previos section, the C-HA fibers scaffolds produced at pH 2 show smallere|
size as compared to those prepared at

Concerning freezing temperature effeFigure 5-13a,b and d), theore sizes of
the samples prepared &t9€°C (liq N,) (Figure 5-13 appear to bdargel than those
obtained at -1% (Figure 513 b) or OC (Figure 5-13 c).

Figure 5-13SEM images showing different pore sizes of CH/Fibsrscaffold prepared at pH 5 with
different temperature: (a) -196°C, (b) -15°C, and (c) GC

The 3D reconstruction obtained b-CT is shown in Figure 84 for selected
scaffolds. The resulting porosity, pore size, antkrconnectivity data are presentec
Table 5-4 Total porosity and interconnectivity are seendecrease as the fizing
temperature decreases tttsing lower pH is also seen to decrease the poee

Table 5-4 Data obtained fromp-CT analysis

Sample Porosity (%) Pore size (um) | Interconnectivit® (%)
CH-HA fiber/pH5/LigN2 80,6 190 91,¢
CH-HA fiber/pH5/-18C 90,7 152 98,t
CH-HA fiber/pH2/-18C 90,7 136 98,(

avqume of pores divided by sum of volume of prand scaffold x100%

56



CHAPTER 5! RESULTS & DISCUSSIONS

®yolume of interconnected pores divided by sum tértonnected pores and closed pore x 100% (irctiésilation,
pores smaller than 5um are neglected)

Figure 5-143D reconstruction made byu-CT, A: CH-fiber/pH 5/LigN2; B: CH- fiber/pH5/-15°C; C:
CH-fiber/pH2/-15°C; where 1 refers to total reconstruction and 2 redrs to reconstruction of the
mineral part only

Figure 5-14also shows that for the scaffolds preparec-15°C pH 2, the 3I
reconstruction both in total and mineral recondioms presents a more homogene
structure than for scaffolds prepare«-196°C; in this last case the interconnectivitylg®:
lower than in the previous on

Chitosan scaffoldprepared with addition of Caparticles viewed acomposite

materialsin which a continuous polymeric matrix hosts a drgmuous CaP phase aim
at reinforcing the scaffold structure. Compositegadies are strongly influenced by f
properties of the constituent materials, their ridistion, and the interaction betwe
thent® 2 Besides the properties of constituent materigis,alsonecessary to address |
geometry of the reinforcement (including shapeg sind distribution size). The geome
of the reinforcement plays an important role in $trengthening mechanis

The values of solution pH and freezing temperaiuileence thi pore sizes of Ct
composite scaffolds in a way similar to 1 observed for pure CH scaffolpH variation
showed that smaller pore are obtained at pH 2 aypared to pH 5. knce the pH role
discussed for CHsolutions seemso be maintained in CaP loaded dlutions. The
influence of temperature at pH Figure 5-13) revealed that freezing at {Qpresulted in
smaller pore size thar’© and Lig M. It is thus suggested that the incorporation of
particles in CHsolution did not alter significantly thice crystalnucleation and growt
rates as compared to pure chitosan solutionthermore the shrinkage behar of the
scaffolds was also corssent with that observed with ( scaffolds: the size reduction w
also larger for scaffold prepared at pH 5. Accagtirthe density values of the CaP loa
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scaffolds showed to increase with pH, being ob\iodsgher than those of their CH
scaffolds counterparts (in Table 5-3).

SEM images have revealed the samples pores sizée wiorosity and
interconnectivity could be accessed pyCT. CH composite scaffolds prepared by
quenching in liquid N showed to display the lowest interconnectivity gadosity which
confirmed the indication of SEM images (Figure 3-fiat this scaffold seems to be less
interconnected than the remaining ones. Composittads prepared at -6 under two
different pH values showed similar porosity valussarly similar interconnectivity and the
same tendency of pore size variation evidenceddM Sictures.

The obtained values of porosity and interconnegtivor the scaffolds CH-
fiber/pH5/-18C and CH-fiber/pH2/-1% are quite satisfactory. The porosity value which
is 90.7% is within in the range of the porosityitglly required for promoting proper new
bone growth (909%%. The interconnectivity degrees, i.e. 98.5 and &Spectively, are
extremely valuable for perfusion and cell migrafion

Quenching composite solution in liquid nitrogenulésd in lower porosity and
interconnectivity degree. The value of porosity ethis 80.6% is relatively low for bone
regeneration. Regarding to interconnectivity degeeelear reference to a minimum value
could not be found in the literature, so far. Fomparison, Darling and SEhobtained
PCL scaffold with interconnectivity degree in thenge of 98.16-99.59% and Ho and
Hutmachet gained 100% interconnectivity by preparing sddfofrom copolymer of
PEG, PCL and PLA with rapid prototyping. As compghr® these data, 91.6% of
interconnectivity seems to be apparently low.

5.2.2.2. Phase Composition
Figure 5-15 shows the XRD spectra of CH-HA fibesmposite scaffolds prepared

at different pH, i.e. pH=2 and pH=5. It is obsentbdt the scaffold obtained from pH 5
chitosan solution reflects the peaks of HA supedsga on a baseline showing the
chitosan hump at220°. However for the scaffold prepared at pH=2hbbBlA peaks and
brushite peaks are detected.

The presence of brushite in the CH-Fibers prepatguH 2 indicates that part of
HA transformed to brushite during the scaffold @negion. Such phase transformation
probably occurred via partial dissolution of HAdils in the acidic conditions (pH=2) of
chitosan solution followed by brushite. This pdrtihssolution/recrystalization of HA
fibers may also explain why less and smaller filsmes detected on the pore walls of the
scaffolds prepared at pH 2 as compared to pH 5uf€igh-12 d and e)). A phase
transformation was also observed on CH-incipientnetite scaffolds prepared at
pH=5.Monetite was seen to transform into HA as shawfigure 5-15 E. CaP dissolution
and recrystallization as a crystalline phase dffieffrom the initial one has been seldom
reported, depending on the pH conditiGn¥.
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Figure 5-15 XRD Spectra of (A) pure CH, (B) HA fibes, and (C) CH-HA fibers/pH 5, (D) CH-HA fibers/pH 5, (E) CH-Incipient monetite/pH 5, all frozen at
(-15°C), and (F) CH-mixture CaP/pH 5 frozen at 6C
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5.2.2.3. Mechanical Properties

In the case of composite scaffolds to be used pgostifor bone regeneration, the
improvement of mechanical properties while ensummgadequate microstructure with
sufficient large pores for vascularization anduesgngrowth is a critical issue. It is known
that the type of reinforcement together with thegessing variables may influence the
pore structure and porosity and hence the mecHaeigonse of the scaffold. Concerning
the particles used as reinforcement, dependingheim geometry, they may also affect
differently the porosifff and pore orientatiGh and thus the mechanical properties. To
exploit the simultaneous effects of these expertalewariables, different processing
conditions (pH and freezing temperature) and dffiéiCaP loading were selected for the
present study.

Figure 5-16 shows the stress-strain curves of uargraffolds, including CH and
CaP loaded CH scaffolds. The stress-strain curvielelece two main regions: (1) initial
linear loading regime denoting an elastic behaaiwt (2) a plateau region which refers to
the collapse or cell wall buckfe Two main properties may be calculated from these
curves: the compressive modulus — from the initredar behavior and the compressive-
strength — as the highest point which is taken ftbenintersection between linear behavior
and plateau region. It is generally shown that@ayling the chitosan matrix with calcium
phosphate particles resulted in higher mechanicgety; (2) the type of reinforcement
also affected the scaffolds mechanical propertieis(d) the CH-fibers composite scaffolds
prepared at pH 2 (-15°C) exhibited the highest qesgive modulus and strength.

2 wessm Pure CH/pH 5/(-15°C)
b mmmmmm CH-fibers/pH 5/(-15°C)

0.30 o © === CH-monetite powder/pH 5/(~0°C) e
d mesm CH-mixture CaP/pH 5/(-15°C)
1¢ CH-fibers/pH 2/(-15°C) d
0 25| [™==== CH-fibers/pH 5/(-196°C)
C
0.20- gt
=
S
% 0.151 b
E
73
0.10 a
0.054
0.00 — : T T T T T T T T T T 1
0 10 20 30 40 50 60

% deformation

Figure 5-16 Mechanical Properties of CH and CH comgsite scaffold
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Table 5-5List of Scaffold Mechanical Properties (M: modulus;S: strengtt; both in MPa)

pH 2 pH 2 loadec pH5 pH 5 loaded
HA HA Monetite Mixture
Fibers Fibers Powder (HA fibers +
monetite
powder)
-196°C - - - M= 0.616+0.10 - -
S=0.112+0.028
-15°C | M=0.2 | M=2.584#0.34 | M=0.65 M=0.79+0.4 - M=0.64+0.16
S=0.02| S=0.1588.02Z | S=0.025| S=0.048+0.007 S=0.07+0.007
oc - - - M=1.1+0.3¢ -
S=0.09+0.01

Table 5-5 summrizes th mechanical properties, i.e. the compressive modarhat
the strength of the various CH and CH compositeffalds prepared at differel
conditions. The rule of mixtu®® may explain the improvement of nfemical propertie
by loading CHscaffold with CaP particles: CaP phase is a ceramice brittle anc
stronger than chitosan polyr®™.

1mm x300 SE{M)

Figure 5-17 SEM image of CHHA fibers prepared at pH 2 (-15C) which has the best mechanice
properties among the prepared scaffolc

Regarding the pH effect, scaffolds prepi at pH 2 showed beti mechanical
properties than scaffolds prepared a 5. Their modulus and compressive strength ve
(M: ~2,58 MPa; S: 6,18 VPa) are comparable to the values reportedZhang and
Zhand®. It is worthymentioning that in spite of having smaller poreesiss compared |
the scaffolds prepared at pH5, their microstrucegems to be rather uniform with w
interconnected gqres as illustrated inFigure 5-17. These conditions enhance -
mechanical properties as reported by Yu € who investigated thimfluence of poe size
and porosity of PCL on scaffold mechanical progstti Thir results showed th
mechanical properties are influenced by pore gigepsity and interconnectivity. Small
pore size, lower porosity, and lower interconnattilead to higher modulus. Among t
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prepared scaffolds and in terms of biomedical apfilbns, the scaffold illustrated in
Figure 5-17 seems to be one offering a good comibmaf mechanical properties and
microstructure for tissue regeneration purposes.

Furthermore, it was also shown that a partial digem and recrystallization of
calcium phosphate fibers did occur. It is also tiduthat this fact may have favored a
stronger bonding between the recrystallized padichnd the polymer matrix thus
contributing for mechanical properties enhancentent It has been reported that the
interaction between the reinforcement particles taedmatrix is crucial for load transfer
between the two phases as a lack of adhesion hettheen results in early failure/low
mechanical properti€s Reinforcing chitosan polymer with HA particles dem two
different pH conditions may affect differently titbemical bonding between the matrix
and the CaP particles as chitosan cationic grougg @ffectively condition the bonding
strength between the two phases.

The results of Figure 5-16 also evidence that teezing temperature during TIPS
also affected the scaffolds mechanical propert@smparing the HA fiber loaded
scaffolds (pH5) frozen at different temperatures, 415°C and 196°C, an improvement of
compression strength accompanied by a decreaserapression modulus is observed for
the scaffold quenched in liquid nitrogen tempemtdihe reasons underlying this behavior
are not completely clear. Probably, taking intocact the results from SEM and p-CT
analysis (Figure 5-13 and Figure 5-12), it can bestered that close pores and thicker
wall of pores (Figure 5-11) might be important @@saccounting for this phenomenon, in
line with the findings of Yu et &P .

Two types of reinforcements were used aiming torow@ mechanical properties.
A pH 5 CH solution was used in order to avoid Cassalution. Different values of
mechanical properties were measured for scaffotdgldd with HA fibre, incipient
monetite and mixture of HA fibers and incipient ratite (HA: monetite = 3 : 2).The
results show that the incipient monetite powded @& mixture with HA fibers loading
enabled higher compressive strength compared tofiligis. As pointed out before,
properties of a composite depend on several vasablich as reinforcement size, size
distribution and shape. It has been reported thagular shape is preferred to spherical
shape since it can form better interfacial bondiitly the polyme?. Figure 5-12 (a and f)
shows the two type of reinforcements which weredus#A fibers and incipient monetite
powder. It is here suggested that the better mécdlaproperties achieved with the
mixture of HA fibers and incipient monetite powdeompared to the reinforcement
provided by HA fibers alone may be due to the uftag and non-smooth surfaces of
incipient monetite powders which may favor a bettennection between these particles
and the polymer itself. The fibers flat surfaces trought to ensure a lower mechanical
interlock with the polymer as compared with mormegarticles.
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5.2.3. Bioactivity Test
In the beginning of the SBF soaking process thepsssrunderwent a fast swellir

Hydrated scaffals thus present a larger volume as compared t-hydrated onesFigure
5-18 shows how CH composite scaffold swelled due to &tyodin process during SE
immersion during thé vitro biomineralization test.

Figure 5-18CH Composite scaffold: (a) fully hydrated and (b) a preparec/after ethanol treatment

Figure 5-21, 822, and -23 show the pore structure evolution of the scdff
during bioactivity tests. It is shown that the psteucture didn’'t change significantly f
the majority of the samples ring SBF immersion except for Cfibers/pH 5 after 21 day
(Figure 5-21d) which exhibited enhanced degradation behe

Higher magnification of a pe wall surface region allows observing the N
precipitates which were observed in all the scdffolThe existence of NaCl was a
detected in XRD (Figure 82) and EDS analysis (Figure 520n spite of the repeate
wash procedures, some NacCl crystals still persi:
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SU-70 15.0kV 16 3mm x5.00k SE(M,LA1 0)I I 10.(|)urln SU-70 15.0kV 18.0mm x7.00k SE(M,LA10)

Figure 5-19 NaClfomation on the wall of pure CHafter 7 days (A) and CHf{ibers/pH after 14 days(B)
of SBF immersion
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b
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SU-70 15.0kV 17 .2mm x30.0k SE(M,LA10)
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Figure 5-20 SEM imagef scaffold after 21days of SBF immersior(a) pure chitosan; (b) CF-
fibers/pH 2 showing rough wall in which the EDX specrum showing Ca and P peaks (Ca/P = 1.6

Besides NaCl precipitation, other type of surfacerphology modification:
occurred for the composite scaffolds during SBF &rsion, but not detected in pure (
scaffold (as shown in Figute20a). Rougher walls are shown for the composite et
(Figure 5-20b). EDX analysis on C-Fibers/pH 2 scaffolds after 21 days of immers
detected that CaP phase with a Ca/P of 1.65 iepte§his value reflects the surface
underneath adjacent region compositions is clos¢éhab ol stoichiometric HA (1.64)
However EDX analysis of pure CH scaffolds afterdilys immersion did not eviden
any presence of Ca or P.
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after SBF immersion

CH-Fibers/pH 5

CH-Fibers/pH2

SU-70 15.0kV 18.0mm %100 SE(M)

Figure 5-21SEM images showing poroustructures of different type of scaffolds after 14 and 21 day
of SBF immersion. Structure damage can be seen citain Figure d.

FTIR-ATR and XRD spectra of the scaffolds after 21dafySBF immersion ar
shown in Figure 5-22 arfeigure5-23 XRD spectra indicated the existence of HA on |
composite scaffolds. However, HA peaks were founte better defined in C-fibers/pH
2 as compared to Chbers/pH 5. In the pure CH scold, only NaCl peaks wel
observed.
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250_— A 4 4> =HA
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CH-Fibers/pH 2
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Figure 5-22 XRD pattern of scaffolds (A) CH-fiberspH 2, (B) CH-fibers/pH5, and (C) pure CH frozen
at (-15°C) after immersion in SBF for 21 days, showing HA paks (*) on composite scaffold; and NaCl
peaks (#) on pure CH scaffold.

Figure 5-23 and Table 5-6 shows the FTIR spectrd the list of the most
important absorption bands. The spectra evidemoager peaks at 635 ¢hand at 1024-
1095 attributed to the bending vibration of O-HHA and to stretching vibration bands of
phosphate group respectively, on composite scaffolds as compévepure CH. These
bands are particularly intense in the scaffoldpared at pH 2.
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a: Pure CH

b: CH-Fibers/pH 5

c: CH-Fibers/pH 2
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Figure 5-23 FTIR spectra scaffolds (A) CH-fibers/pH2, (B) CH-fibers/pH5, and (C) pure CH frozen at
(-15°C) after immersion in SBF for 21 days.

Table 5-6 Assignment of FTIR spectr¥ presented in Figure 5-23

IR absorption bands Description

(cm™)
~3450 Stretching vibration (N-H) Chitosan
~1650 Stretching vibration (-C=0-) Amide | Chitosan
~1590 Amine Chitosan
~1420 Bending vibration (C-H) Chitosan
~1153, 1070, 10: Strecthing (-O-C) Chitosal
~1024109¢ Stretchingvibration (F-O) PC,* (HA)
~956 Stretching vibration (P-O) RO(HA)
~635 Bending vibration (O-H) (HA)

The Ca and P concentration variations in the immermedia (SBF) during the
soaking period are expressed in Figure 5-24 astieplamounts. It is observed that for
CH-fibers composite scaffolds, the SBF solutionplel#ons increase with the immersion
time whereas they are not significant in the cdspuoe CH scaffolds. In the case of the
composite scaffolds, the CH-fibers/pH 2 scaffoldwbld to promote a larger depletion of
SBF P ions as compared to CH-fibers/pH 5.
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Figure 5-24 Variations on Ca and P concentrationsetrease (G-C;) of the immersion media after 0, 7,
14, and 21 days

The decrease of SBF Ca and P concentrations ieditett these ions were
withdrawn from SBF solutions in the case of the posite scaffolds and precipitate on the
scaffold pore walls as a CaP phase. For pure CHotis the concentration of both Ca
and P are relatively stable with negligible vanas. Comparing the values of batiCa
and AP of composite scaffolds (CH-fibers/pH 2 and ChHefdipH 5) and pure CH, the
bioactivities of the scaffolds under analysis may drdered as CH-fibers/pH 2> CH-
fibers/pH 5> pure CH. This result is in line withRB® and FTIR spectra, in which HA
peaks and phosphate stretching bands are shar&-iibers/pH 2, followed by CH-
fibers/pH 5, and then by pure CH.

Bioactivity qualifies the tendency of a materialfaom a chemical bond with the
host bon& and is experimentally denounced by the formatibram apatite layer. The
precipitation of such CaP layer requires nucleasites for apatite nuclei to be formed and
later start growing. CH composite scaffold/pH 2samet a smaller sized porous structure as
compared to the one prepared at pH 5. Moreoverag shown that the crystalinity and
crystal phase compositions of the CaP reinforcertfégure 5-22) is different from that of
the composite scaffold/pH5.

The studies on apatite nucleation in biomateria@sehrevealed that there are a
number of different mechanisms depending on theenad€>. For bioglass and glass
ceramics which are based on the,®aSiQ, or CaO-SiQ binary system, the SiOH
functional group favors the apatite nucleationtHa case of HA, Kokubo et &lstudied
the mechanism of apatite formation by monitoring tieta potential prior to immersion in
SBF. It was shown that in the early time, HA becamgatively charged due to its OH
and PQ* groups. Because of this negative chargé’ @am SBF were combined with
HA thus formed Ca-rich calcium phosphate which awgated and allowed a final
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positive charge. Further process was combinatioR@f to the existing Ca-rich calcium
phosphate to lower the Ca/P ratio until reachimgstoichiometric ratio of HA.

The above mechanism may explain a different statibn tendency of Ca
concentration as compared to P concentration. Tmdency is clearly shown in CH-
fibers/pH 2 scaffolds (Figure 5-24) as the Ca daptecurve started to stabilize after 14
days while the P depletion curve still showed amédasing trend until 21 days. Smaller or
slower depletions of both Ca and P were observe€tfibers/pH 5 during the first two
weeks. However after that initial period certainceleration is noticed in both ions
depletion. It is here suggested that the pore wadli&pse illustrated in Figure 5-21(d)
might have contributed for an enhancement of CaRaremoval from SBF solution. These
results also indicate that CH-fibers/pH 2 promatstér Ca and P SBF ions consumption.
However this tendency may be altered by polymeratiggion which seems to start earlier
for scaffolds prepared from CH solutions pH5.

Besides their different stabilization tendencie€afand P SBF concentration, it is
also evident that depending on the CH solution piH,2 and pH 5, differemoACa/AP are
observed. In CH-fibers/pH 2, theCa/AP value after 21 days is close to 1.85v{ /Awt)
or 1.4 Amol/Amol) while in CH-fibers/pH 5 is close to 3.20¢t/Awt) or to 2.9
(Amol/Amol). These values also qualify the bioactivityfelience between the scaffolds
prepared at different pH, as already confirmed BRDXand FTIR (Figure 5-22 and Figure
5-23). In CH-fibers/pH 2, the value a&fCa/AP (1.4) is below the ratio of stoichiometric
HAs (Ca/P= 1.6-1.7) while in CH-fibers/pH 5, thelua of ACa/AP (2.90) indicates a
different bioactivity in which the process of P afjgion is delayed. The obtained curves
anticipate that longer times will be required foH-@bers/pH 5 if a valueACa/AP
approaching that of stoichiometric HA is desired.

In the case of CH-fibers/pH 2, the as preparedfaichtontains brushite (XRD in
Figure 5-15 A). After 21 days of SBF immersion (XRD Figure 5-22 A), the peak of
brushite has disappeared thus indicating thatiggsotution and possible recrystallization
as a different CaP type. It is known that acidi®{li&ke brushite, is not stable at pH values
above 6. This reason explains why in SBF (pH ~i)shite transforms into a more stable
CaP? Zhang and Zhari§ studied the bioactivity of-TCP and glass reinforced chitosan
composite scaffold and monitored the variation€afand P concentration during the first
day prior to immersion. The results revealed theaia@d P concentrations increased due to
dissolution of glass anfl-TCP occurred during the first 20hours. Furthereobation
showed the Ca and P concentrations decreased widdated the formation of apatitic
layer in the scaffold.

As explained before, preparing the scaffolds atptdirned out to dissolve some
amount of HA fibers giving place to brushite pretipon during the later freezing step.
(section 5.2.2.). The existing brushite in the &gdfCH-fibers/pH 2 underwent dissolution
and precipitation during SBF immersion. The CaRnegipitation will originate smaller
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particles as compared to the original HA fibersmpared to CH-fibers/pH 5, in which

only HA fibers (in the size of 50-200um) are preasarthe scaffold, the existence of other
smaller sized precipitates in CH-fibers/pH 2 isuflo to offer more nucleation sites for
apatite formation. As mentioned by Alves efalsmaller sized bioactive particles which
reinforce in the composite enhance osteoblastfpration and differentiation and thus

further enhance biomineralization process.

70



CHAPTER 5: RESULTS & DISCUSSIONS

5.3.Drug-Loaded Composite Scaffold

A study of the chitosan based scaffolds preparadigwork for the application of
drug delivery system was carried out. HA granulébee loaded or unloaded with
dexamethasone were prepared in the laboratory @thérf mixed with chitosan solution.
Dexamethasone used as a model drug in this preetyt is one kind of anti inflammatory
drud. It is widely used in bone engineering applicatitnosteogenic media to direct the
differentiation of stem cells towards the osteogditieagé* & Drug delivery study on
this system was aimed to design locally the coletiolrelease of DEX in order to
effectively support the bone ingrowth.

5.3.1. Physicochemical Characterization
Figure 5-25 shows the hydroxyapatite-dexametha@idAeDEX) and HA granules

prepared by spray drying. Both microspheres hawdlasi appearance, with no clear
details information related to dexamethasone looatir appearance in the microsphere.
Both types of microspheres were used for the patjosr of chitosan based composites
loaded with DEX as a model drug. The as prepareffadds by freeze-drying chitosan
solutions with HA and HA-DEX granules, were subsagly immersed without any
rehydration process (ethanol treatment) in PBStieolufor assessing the DEX release
behavior.

10um

8U-70 15.0kV 7.8mm x3.00k SE(M)
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The macroscopic observation of the scaffolds altbwerifying that they swelle
and suffered dissolutiofor the drug delivery tes Such behavior is in agreement with
results of other authdis

The morphologies of dri-loaded chitosan based scaffolds (CH-BE&X) before
and after 7 days of immersion in PBS solution dmews in Figure 526. From the
micrographs it can be observed the dissolutionhifosan on the wall structure of t
scaffold as prepared (prior to 7 days immers

SU-70 15.00V 20 Ammx500 SEM) ' ' ' 100um | SU-70 15.0kv 20.1mm x500 SEM)
before PBS-immersion after PBS-immersion

Figure 5-26 Wall appearanceof drug-loaded chitosan based scaffol¢prepared by procedure 2) before
(A) and after 8 days ofPBS immersion B); indicating polymer dissolution in the wall structure

5.3.2. Drug Release Tes
As mentioned in literature review (sectic2.1.95, different materials an
morphologies can be used as drug carriers forub&amed release oftherapeutic agen
There are different possibilities of loading theiglin a composite scaffold: (1) by dire
mixing all the components, (2) by loading the dimugne of the components and mixing
with the other components or (3) by impregnatinccoating a preformed structure w
the drug®.
In the present study, threroutes were followed to prepaBEX loaded scaffolds
(1) pure HA granules and DEX were added to CH swiyt(2) DEX-loaded HA granule
were added to CH solution without any aconal DEX; and (3) procedure 2 wi
additional DEX added to CH solution. A schematiasiration of these 3 methods
shown in Figure 5-27In terms f DEX loadedamounts, procedure 3 uses the doubl
the drug amount corresponding either to proceduse tb procedure 2. The HA granul
(Figure 5-25 used in the experiments were obtained in ther&tbo,’® by spray dryinc
HA or HA-DEX suspension:
The in vitro DEX release profiles in PBS solutiomrh the differently loade
composite scaffolds were followed during 30 dayd are presented Figure5-28. In this
figure, two types of curves are presented: (1) ulative release percentage) and (2)
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absolute amount of released drB). The esults clearly show that the release patte
dependent on the drug loading proced
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It can be observed for all the types of drug loadedffolds that an initial burst
release occurred during the first 12 hours (Figh#28 and Figure 5-29). However, for
longer release time, the scaffold preparedpbycedure 1showed the faster release in
which after 2 days, the release curve startedatoilste. Forprocedures Zand3, the drug

release seems to be rather delayed , being thaseelpattern of procedure 3 a more
retarded one (Figure 5-28 A).

80 -
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50—-
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30+

20 A

Cumulative Release (%)
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® Procedure2
4 Procedure3

10

0

I ¥ T T T Al T v T ¥ 1
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Days
Figure 5-29 Higher amplification for shorter relea® time from Figure 5-28 A

The drug delivery profile from any delivery systel@pends on several factors: (1)
the microstructure of the system, (2) the drug lsitity, (3) the type of bond between the
drug and the matrix, and (4) the mechanism of diaiity of the matrix (if existind).
From the point of view of polymer carriers, threaimpossible mechanisms are available
for drug deliver: diffusion controlled, solvent-aettion (swelling-osmotically controlled)
and controlled by biodegradability (chemically-awtied)®. In the present study, the
scaffolds were seen to degrade superficially (Eigas26 (b)). This indicates that besides
diffusion, the biodegradability of the chitosanféaola will be also contributing to the drug
delivery.

In the procedurel, the initial burst release accounts for almosttfa released
drug. As the drug was dissolved directly in the posite suspension (CH + HA
microspheres), most of the drug remained probaidated in polymer matrix sites with
easy access to the release medium. Converselyg usieX-HA loaded granules
(procedure 2or 3) resulted in a less accessible location of the douthe release medium.
The drug loaded into the granules has now to diffttwough the granules and then
through the polymer matrix before reaching theasdéemedium. It can thus be considered
that the closer to polymer matrix surface, thediag the release. This is supposed to be
the case oprocedure Iwhich showed the fastest drug release, with aqmately ~80%
of the DEX being released in less than 2days.
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Furthermore the initial burst release during thist fiew hours exhibited by all the
scaffolds indicates that all scaffolds possessriiceamount of drug located in the near
surface region, including the scaffold preparedhycedure 2 For this ongeven though
the drug was loaded only into the HA granules,dghsra probability that a certain amount
of DEX diffused to the chitosan solution beforeeze drying and then precipitated within
the polymer matrix during freezing. Such behaviateied decreased the effectiveness of
drug loading into HA granules. Regarding the pdace 3, the addition of a certain
amount of DEX to the chitosan solution decreasesX D&bncentration gradients
throughout the whole system and thus minimizesDEX diffusion out from the HA
granules into the chitosan solution. By applyinig thethod, the DEX concentration inside
the HA granules is likely maintained and the diifunsfrom granules to chitosan solution
minimized. This is confirmed by the curves in figus-27 (B) which show that the initial
burst release in procedure 1 and 3 are essentislgame. This initial burst reflects the
delivery of equivalent amounts of DEX existing wiiththe polymer matrix which
correspond to the same M mg of DEX dissolved inGkesolutions of both cases.

Compared tqrocedure 1poth procedures 2and3 show the ability to retard the
drug release. The scaffold prepared usiracedure 2howed an initial burst drug release
of about ~45% of the total loaded drug during ting L2 hours (Figure 5-29), followed by
a slower release until 80% during the remaininga38dFigure 5-28 (A)). The results also
show that preparing the composite scaffoldpitmcedure 3.e. by adding an extra amount
of DEX to the CH solution, allowed to reduce thdiah burst release to ~30%, thus
enabling a larger amount of DEX to be released staduring the remaining period. This
fact demonstrates that the drug initially addedhi chitosan solution succeeded to keep
the drug confined to the granules during the ihgiariod of drug release thus slowing
down the overall release rate.

Fitting the initial burst release to Fickian diffosal release equation of the type:

Mt~ ken (5.3)

whereM, is the amount of DEX released at t tim&,is the total released amount
at infinite time, t is the release time, k is a stamt, and n is the diffusional exponent, it
was observed that the initial burst release dateesponding to the release time ~10hours
fit well the equation. The value obtained for n veésse to ~0.42. This value of n is close
to n = 0.5, which indicates a diffusion controllezleasé" " It is thus suggested that
diffusion controlled drug release occurs in all fepared scaffolds during the initial
release periods. Further studies are required ptaexthe mechanism applying to longer
release times.

The drug loading methods of chitosan scaffolds usebe present work improved
the DEX sustained release ability. Duarte & glrepared chitosan scaffold loaded with
dexamethasone using supercritical impregnation tlaedesult showed that almost 90% of
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the loaded drug was released after 2 hours. Chitosmposite scaffold witB-TCP and
glass which were loaded by gentamicin sulphated8ia of soaking showed initial burst
releasing ~80% of the drug during 2 days and falidvey slower release until ~20days
Comparing with these two methods, it is worthy temtion the advantages of loading the
drug into HA microspheres and further inserted thato the chitosan solution before
freeze-drying (botlprocedure 2and 3). The results pointed out that those slixfavere
able to retard the drug release evidencing a swustarelease profile of DEX, thus
suggesting their potential to be used as contralted release system.

76



CHAPTER 6: CONCLUSIONS & RECOMMENDATIONS

Chapter 6
Conclusions & Recommendations

A comprehensive study on chitosan based scaff@d$dne regeneration has been
carried out in the present work. Different typescbitosan based scaffolds were prepared
with different composition and under different cammhs. HA fibers and monetite thin
platelets were obtained by a precipitation metAdekse two types of CaP particles as well as
a mixture of them were used as reinforcing elemetshitosan scaffolds. HA granules
(loaded or unloaded with DEX) prepared by sprayirdyyvere also used to load the scaffolds
with DEX. Microstructure characteristics (pore siperosity and interconnectivity), crystal
phase composition, mechanical properties, bioagtiaind drug delivery performance of the
produced scaffolds were studied.

CaP particles precipitation

HA fibers with a size in the range of 50-150um wetuecessfully produced by a
precipitation method reported by Aizawa ef®%hand Zhang et &, in moderately acidic
solution. Three main stages were identified in ghecipitation (1) formation of platelet
shaped monetite, (2) formation of fibers-like O@Rd (3) transformation of fibers-like OCP
crystal into HA. The fiber morphology was definedthe first 24 hours of refluxing at 80°C
while increasing refluxing temperature to 90°C eeduhe transformation of OCP into HA.
It was also demonstrated that modifying Zhang nethy anticipating the 90°C refluxing
does enable to reduce the time required for oltgiHiA fibers.

Chitosan based Scaffolds

Highly interconnected macroporous scaffolds witlrepsizes in the range of 50-
300pm, interconnectivity around 91-98.5%, and poydsgher than 80% were produced by
freeze-drying. Three dimensional chitosan baseffadddoaded either with HA fibers, or
with monetite platelets or a mixture of both wetamcterized in terms of microstructure,
crystal phase composition, mechanical and bioachebaviors and compared to pure
chitosan scaffold. The pH of chitosan solution, fiteezing temperature during TIPS and the
type of loaded calcium phosphate particle were iomefd to have a significant influence in
the properties of the obtained scaffolds. Thesabbkas showed to play an important role in
defining the scaffold microstructure. Larger ponege normally obtained when using higher
freezing temperature, higher pH CH solutions anéiByfibers loading (pH 5).

The mechanical properties of the scaffolds wera sede highly dependent on pore
size and on the type of reinforcement. Low pH galand freezing temperatures resulted in
scaffolds of smaller pore and hence with betterhagaical properties. Conversely, high pH
value and freezing temperature resulted in largee put lower mechanical properties. The
morphology of the reinforcing-particles was alsor#ical variable. Monetite thin platelets
displayed a better reinforcing ability as compaetiA fibers, being this effect attributed to
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the irregular and smaller sized platelet shape hvhitowed a better bonding with polymer

matrix. From the point of view of bioactivity, cbhgan composite scaffold loaded with HA

fibers exhibited enhanced bioactive response aspamed to pure chitosan. Continuous
variation of Ca and P concentrations in SBF solutituring scaffolds soaking indicated

deposition of apatite layer in the materials. Tiehavior was not observed in pure chitosan
scaffold.

Some experimental conditions combinations were doappropriated for obtaining
scaffolds which porosity, pore size, interconnegtiand mechanical properties point out a
potential applicability in bone tissue engineeringH-fibers/pH 2 frozen at -26
demonstrated the best bioactivity and mechanicalpgties (compressive modulus:
2.58Mpa, compressive strength: 0.18Mpa) while digiplg an average pore size of ~136um.
Other produced scaffolds were found to have lapgee sizes such as CH-fibers/pH 5 frozen
at -15C (~152um) and CH-fibers/pH 5 frozen at -3@6~190um) but lower mechanical
properties. CH-monetite/pH 5 frozen &C0showing the second best mechanical properties
(compressive modulus: 0.7-0.87Mpa, compressivengtine 0.07-0.11Mpa) with an average
pore size (~170um) is also worthy mentioning. These size values are already close to the
size required (200-400um) for good cell prolifesati However, from the point of view of
mechanical properties, the obtained scaffoldsrstifld to be improved.

Chitosan based Scaffolds DDS

Loading dexamethasone as a drug model into HA dgarand inserted them further
in chitosan scaffold was proved to be a good giyate retard the drug release. Three
different methodologies of drug loading into to tkeaffolds were confirmed to affect
significantly the drug release rate. Immobilizirge tdrug in HA granules by spray drying
before combining with the chitosan solution demratetl slower release as compared to
mixing directly the drug with the CH solution. Amen slower release rate could be obtained
by adding DEX to the chitosan solution in ordemimimize DEX concentration gradients:
25% of DEX was released during the first 14houiisdpéollowed by a slow release of DEX
until 80% during the remaining 30days. This metebdwed to provide a slower release rate
as compared to other reports

This study underscores the chitosan based scadfold potential scaffold for bone
regeneration and drug delivery system.

Recommendations for Future Work
The results obtained in the present work reveatmdesneeds of further studies
aiming to clarify the following issues:
1. Freezing temperature during TIPS was shown to dréieal variable for determining the
pore structure which in turns determines the mechaproperties. However freezing at -
196°C is though to have a potential for pore oaton which was not exploited in the
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present work. It is thus suggested to test suffibydow freezing temperatures combined
with different freezing methologies for exploitinpe method potentialities for pore
alignment.

. The effects of increasing loads of CaP particle€lh scaffolds need to be investigated
for assessing its effect on both the scaffold gare and mechanical properties.

. Drug release studies with various drug concentatghould be undertaken for assessing
the active mechanisms during drug release for lornigees, It is expected that such
studies might contribute to identify the scaffoltgmeters that rule DEX release.

. Biocompatibility test (cell culture tests) should barried out in order to study the cell
response (attachment and or proliferation).depetelen the scaffolds characteristics.
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APPENDIX T — CH BASED COMPOSITE SCAFFOLDS

Table A-1 Average pore size (um) from SEM and puCTinterconnectivity, porosity of the
prepared scaffolds

pH 2 pH 2 loaded pH5 pH 5 loaded
Mixture
HA HA Monetite (HA fibers +
Fibers Fibers Powder monetite
powder)
- Pore Size Pore Size Pore size uCT:
196C | sEm: - SEM: 0,69 - -
57.9+10 220491 | Porosity: 80.6%
intercn: 91.6%
-15°C Pore Size Pore Size
Pore Size | SEM: 9_9'51'21 Pore Size | SEM: 136.5+23 Pore Size
SEM: MCT: 136 SEM: UCT: 152 SEM:
127+16 P oy 130435 | porosity: 90.7% 129.24+24
intercn: 98% intercn: 98.5%
oC Pore Size Pore Size Pore Size
SEM: - SEM: SEM:
154+37 166126 157+31

Table A-2 Mechanical properties of the prepared sdélds (M: Compressive Modulus;
S: Compressive Strength in MPa)

pH 2 pH 2 loaded pHS5 pH 5 loaded
HA HA Monetite Mixture
Fibers Fibers Powder (HA fibers +
monetite
powder)
-196°C - - - M= 0.616+0.10 - -
S=0.112+0.028
-15°C | M=0.2 | M=2.58+0.34 | M=0.65 M=0.79+0.4 - M=0.6410.16
S=0.02| S=0.158+0.022 S=0.025| S=0.048+0.007 S=0.079+0.007
ocC - - M=1.1+0.3E -
S$=0.09+0.01
Table A-3 Geometrical density (g/cr) of the prepared scaffolds
pH 2 pH 2 loaded pHS5 pH 5 loaded
Mixture
HA HA Monetite | (HA fibers +
Fibers Fibers Powder monetite
powder)
-196°C - - 0.0524 0.0714 - -
-15°C 0.03686 0.05074 0.0541 0.0628 - 0.0689
ocC - - - - 0.06167 -




Standard Curve of DEX

Standard curve was made by preparing DEX solutiGgeveral concentrations; such

as 5, 10, 20, and 30 pg/mL in PBS solution. Thediace was observed with UV-Vis

APPENDIX 2 — DRUG RELEASE TEST

Drug Release Test

spectroscopy and noted as follows:

Table A-4 Absorbance of DEX solution in PBS

[C] ug/ml | Absorbance
0 0
5 0.195
10 0.372
20 0.73
30 1.078

From the absorbance data written above, curve witsand line equation was made,

as shown in the figure below:

1.2 . : . | . ; . .

y = 0.0358x + 0.0097
0.8 -
u —

0.6

Absorbance

0.4 4

0.2 ]

L eSS}
o 5 10 15 20 25 30

Concentration (uL/mg)

Figure A-1 Standard Calibration Curve for DEX solution in PBS

With: y is the absorbance; x is the concentratiofuig/mL).
Based on the linear equation above, for one kndvaordance (from UV Vis spectroscopy),

the concentration can be calculated as follows:

x="g03sg C /mL)



APPENDIX 2 — DRUG RELEASE TEST

Drug Release Test

Table A-5 CH/HA Composite Solution/Suspension for DS

Procedure

Procedure

Procedure

2%wt CH solutiol

10 ¢

10 ¢

10 ¢

HA granule:

100 mg pure H#
granules

100 mg spray drie
HA-DEX granules

100 mg spray drie
HA-DEX granules

Additional DEX - - 10 mc¢

Procedure 1

Amount of DEX in freeze-dried scaffold:
Mass of freeze-dried scaffold is assumed to beséit & HA granules
# 10g CH composite solution contains 2%wt chito®agg) and 1%wt pure HA granules (0.19).
# Amount of added drug = 10mg/10 g CH compositatsm
# Amount of DEX in freeze-dried scaffold = 10mg#§.CH + 0.1g HA + 10mg DEX)
= 10mg DEX/0.31g freeze-dried scaffold.

Percentage of drug release:
# Drug release = Ct/Co x 100%
# Ct = concentration of DEX at certain time (ug/mL)
Ct (ng/mL) = (abs-0.0097)/0.0358
Abs = aborbance obtained from UV-Vis analysis
# Co = concentration of DEX if 100% drug releasg/pL)
Co (ug/mL) = (10mg/0.31g) x mass of scaffold x10Q0mL (PBS)

Table A-6 DDS Release Test — Procedure 1

No Mass Time Absorbance Drug Release
Scaffold (ug/mL)/mg of
(9) (%) scaffold

1 0.010¢ 5 min 0.141 10.72 0.34¢
2 0.015: 10 mir 0.16: 8.67 0.27¢
3 0.014« 60 mir 0.30( 17.57 0.567
4 0.015¢ 3h 0.48¢ 25.9¢ 0.83¢
5 0.016¢ 7h 0.82 42.8¢ 1.38:
6 0.010¢ 15h 30mit 0.73¢ 58.3¢ 1.88:
7 0.017¢ 25F 1.10¢ 53.3¢ 1.72(
8 0.014¢ 2day: 1.29¢ 76.6¢ 2.47¢
9 0.017" 4day: 1.61( 78.29( 2.52¢
1C 0.016: 7day: 1.437 75.82: 2.44¢
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Procedure 2

Amount of DEX in freeze-dried scaffold:

Mass of freeze-dried scaffold is assumed to beséit & HA granules

# 10g CH composite solution contains 2%wt chito®agg) and 1%wt pure HA granules (0.19).
# Amount of drug = in HA granules (10%wt) = (10%.1g) = 10mg

# Amount of DEX in freeze-dried scaffold = 10mg#§.CH + 0.1g HA)
= 10mg DEX/0.30g freeze-dried scaffold.

Percentage of drug release:
# Drug release = Ct/Co x 100%

# Ct = concentration of DEX at certain time (ug/mL)
Ct (ug/mL) = (abs-0.0097)/0.0358

Abs = aborbance obtained from UV-Vis analysis
# Co = concentration of DEX if 100% drug releasg/(pL)
Co (ng/mL) = (10mg/0.30g) x mass of scaffold x10Q0mL (PBS)

Table A-7 DDS Release Test — Procedure 2

No Mass Time Absorbance Drug Release
Scaffold (ng/mL)/mg of
(9) (%) scaffold

1 0.014" 10mir 0.20: 10.9¢ 0.36¢
2 0.011¢ 60mir 0.32: 23.0z 0.767
3 0.014¢ 2hour: 0.49¢ 27.4¢€ 0.91¢
4 0.013¢ 3hour: 0.52¢ 31.7¢ 1.05¢
5 0.016¢ 5hour: 0.657 32.2¢ 1.07¢
6 0.010¢ 14hour: 0.621 47.4% 1.58]
7 0.010¢ 1day 0.59 47.3:2 1.57i
8 0.014: 4day: 0.78¢ 45.81 1.527
9 0.009¢ 8day: 0.63¢ 52.92 1.76¢
10 0.010¢ 30day: 0.96¢ 74.3¢ 2.47¢

Procedure 3

Amount of DEX in freeze-dried scaffold:
Mass of freeze-dried scaffold is assumed to beséit & HA granules
# 10g CH composite solution contains 2%wt chito®agg) and 1%wt pure HA granules (0.19).
# Amount of drug
= in HA granules (10%wt) + additional DEX 10mg/d@H composite solution
=(10% . 0.1g) + (10mg) = 20mg
# Amount of DEX in freeze-dried scaffold = 20mg#§.CH + 0.1g HA + 10mg DEX)
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= 20mg DEX/0.31g freeze-dried scaffold.

Percentage of drug release:
# Drug release = Ct/Co x 100%
# Ct = concentration of DEX at certain time (ug/mL)
Ct (ug/mL) = (abs-0.0097)/0.0358
Abs = aborbance obtained from UV-Vis analysis
# Co = concentration of DEX if 100% drug releasg/(pL)
Co (ng/mL) = (20mg/0.31g) x mass of scaffold x10Q0mL (PBS)

Table A-8 DDS Release Test — Procedure 3

No Mass Time Absorbance Drug Release
Scaffold (ng/mL)/mg of
(9) (%) scaffold

1 0.014¢ 10mir 0.23¢ 6.5¢ 0.42:
2 0.013¢ 60mir 0.32¢ 10.3¢ 0.67(
3 0.011¢ 2hour: 0.53¢ 19.31 1.24¢
4 0.014¢ 3hour: 0.59¢ 17.4¢ 1.12¢
5 0.01¢ 5hour: 0.68¢ 20.97 1.35:
6 0.012¢ 14hour: 0.75¢ 25.2¢ 1.62¢
7 0.01:Z lday 0.857 30.57 1.972
8 0.014¢ 4day: 1.26¢ 37.51 2.42(
9 0.013¢ 8day: 1.35¢ 41.9¢ 2.70¢
1C 0.011° 30day: 2.1¢€ 79.57 5.13¢




