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CHAPTER1

INTRODUCTION

1.1 Background

Three-dimensional scaffolds are reguired in tissue engineering to support for
the formation of tissue as well.as to promote Cell-migration, adherence, and formation
of new extracellular matex-and-to foster the tramsport of nutrients and metabolic
wastes. Porous structuse” with interconnected porcs and appropriated pore size is
usually requested for seafiolds. Sufficient mechanical properties of the scaffolds are
also necessary to suppert tissue function and integration. Scaffolds also have to
biodegrade at a rate comparable with new tissue growth [1]. As a result, types of
biodegradable materials suitable to fabricate such scaffolds are widely explored.

Typical material used is c¢ollagen.

As silk fibroin has been used commercially as biomedical sutures for decades,
recently it has been  explored for many biomedical applications, because of its
impressive biological compatibility and mechanical properties. For example, silk
fibroin from Bombyx-amori silkworm 1s reported to support matrixes and ligament
using osteoblast, hepatocytérand fibroblast Sell for tissue engineering [2-5]. Therefore,
the preparation, of silk dibroin_porous: scaffolds, | having high porosity and

interconnected pores, has become one of the major.challenges in tissue engineering.

In Thailand, Thai native silkworms have been long cultivated and Thai silk is
well known in textile industry for many decades. Distinct characteristics of cocoon
Thai silk are its yellow color and coarse filament. There is more sericin or silk gum in
Thai silk (e.g. up to 38%) than in normal Bombyx mori silk (e.g. 20-25%) [6]. These
characteristics provide Thai silk a unique texture for textile industry. However, Thai

silk fibers have not much been reported for biomedical uses, especially in tissue



engineering application. It is therefore of our interest to explore the uses of Thai silk

fibroin as three-dimensional scaffolds for tissue engineering applications.

In addition, to enhance the biological properties of Thai silk fibroin-based
scaffolds, the concept of blending with gelatin is employed. This due to the fact that
gelatin 1s a derivative of collagen which is a major constituent of skin, bones and
connective tissue. Gelatin contains  arginine-glycine-aspartic acid (RGD)-like
sequence that promotes cell adhesion and migration [7]. Particularly, it does not
exhibit antigenicity and-it-—is widely apphlied in many industries such as
pharmaceutical, cosmetics, {oed and tissue engineering. Recently, crosslinked gelatin-

based scaffolds have been seported as a potential wound substitute [8].

Moreover, as known that natwral bone comprises about 70wt% of a mineral
phase, primarily hydroxyapatite, and 30wt% of an organic matrix [9]. Hydroxyapatite

was employed to strengthen scaftolds used forbone tissue engineering [10-12].

The purpose of this study is to develop silk fibroin and gelatin/silk fibroin
scaffolds using silk fibroin extracted from cocoon of Thai silkworm. The influence of
the type of gelatin (i e type-A-and type B )yand hydroxyapatite on scaffold fabrication
are studied. Chemical, physical, and biological properties of scaffolds will be
investigated in order to evaluate the applicability of Thai silk fibroin and gelatin/Thai

silk fibroin scaffolds jagia biomaterial fortissue engineening:

1.2 Objectives

1.2.1 To develop three-dimensional Thai silk fibroin and gelatin/Thai silk
fibroin scaffolds for tissue engineering applications.

1.2.2 To study chemical, physical, and biological properties of Thai silk
fibroin and gelatin/Thai silk fibroin scaffolds.



1.3 Scopes of Research

1.3.1 Prepare silk fibroin solution from cocoons of Thai silkworm.

1.3.2 Prepare Thai silk fibroin and gelatin/Thai silk fibroin scaffolds via
freeze-drying.

1.3.3 Prepare Thai silk fibroin, conjugated gelatin/Thai silk fibroin, and
hydroxyapatite-conjugated gelatin/Thai silk fibroin scaffolds via salt-
leaching.

1.3.4 Characterize the chemical properties of Thai silk fibroin scaffolds
including:

1.3.4.1 Attenuated total reflection fourier transforms infrared (ATR-
FTIR) speetroscopy
1.3.4.2 X-ray diffraction (XRD)

1.3.5 Characterize the physical properties of Thai silk fibroin, gelatin/Thai silk
fibroin and hydrexvapatite-conjugated gelatin/Thai silk fibroin scaffolds
including:

1.3.5.1 Morphology {porous structure analysis)
1.3.5.2 Compression modulus
1.3.5.3 Water swelling

1.3.6 Characterize the biological propertics of Thai silk fibroin and gelatin/
Thai silk fibroin scaffolds including in vitro biocompatibility of bone-
marrow derived mesenchymalstem cells'(MSCs)and mouse osteoblasts-

lik& cells (MC3T3-E1).



CHAPTER1II

RELEVANT THEORY

2.1 Three-dimensional scaffolds |1, 5]

Three-dimensional scaffolds are requered. in tissue engineering to support the

formation of tissue relevant-mimics las well as to promote cellular migration,

adherence, formation of mew extracellular matrix, tissue ingrowth and to foster the

transport of nutrients and'metabolic wastes. Ideally, scaffolds should:

support cell attachment, migration, cell-cell interactions, cell proliferation
and differentiation;

be biocompatible to the host immune system where the engineered tissue
will be implanted;

biodegrade at a Contrelled rate to match the rate of neotissue growth and
facilitate the integration of engineered tissue into the surrounding host
tissue;

provide structural support for cells and neotissue formed in the scaffold
during the mitial stages of post-implantation,-and

have wersatile processing options-to alter structure and morphology related

to tissue<specificineeds.

2.2 Biomaterials'for scaffold fabrication [13]

There are many natural, synthetic polymers and ceramics which have high

potential as biocompatible and biodegradable materials for scaffolding.



2.2.1 Synthetic polymers

Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymers
poly(lactic acid-co-glvcolic acid) (PLGA) are a family of linear aliphatic polyesters,
which are most frequently used in tissue engineering. These polymers degrade
through hydrolysis of ester bonds. There are other linear aliphatic polyesters, such as
poly(e-caprolactone) (PCL) and poly(hvdroxy butyrate) (PHB), which are also used in

tissue engineering.

2.2.2 Inorganic materials or ceramics

These materials can be categorized as porous bioactive glasses and calcium
phosphates. Within the@alcitina phosphates, (B-tricalcium phosphate (B-TCP),
hydroxyapatite (HAp) and jits derivatives, and their combinations are the most
frequently used. In many natural'material such as bone, cartilage, shells, and skin, are
composed of inorganic minerals anid organic molecules. These inorganic materials are
widely considered to be osteoconductive (their surface properties support osteoblastic
cells adhesion, growth, and differentiation). Howewver, these inorganic materials are
often difficult to process-mto-highly porous structures-and are mechanically brittle. To
overcome these disadvantages, composite materials with synthetic or natural polymers

have been explored for bone tissue engineering.

2.2.3 Natural macromolecules

Natural polymers, such as proteins and 'polysaccharides, have also been used
for tissue engineering applications. Collagen is a fibrous protein and a major natural
extracellular matrix component. It has been used for various tissue regeneration
applications. Another category of well-known natural fibrous proteins is silk.
Silkworm silk has been used in textile production for centuries, and has been used as
nondegradable sutures for decades because of its excellent tensile mechanical

property. Polysaccharides such as alginate, chitosan, and hvaluronate are another class



of natural polymers that have been used as porous szolid-state Hissue engineering

scaffolds.
2.2.31 §ilk [14-15]
=ik 15 generally defined as a protetn polymer that 13 spun into fibers by some

lepidoptera larvae such as silkwom\\wifyggsiorpions, mites and flies. Silk proteins

are usually produced within \“bé?‘faﬁfed er biosynthesiz in epithelial cells,
ﬁ.:‘s.

followed by secretion 1n@1&n of these-glands where the proteins are stored
prior to spintung into 6 / Br % lv in composition, structure and

1f 1

Figure 2.1 B-sheet secondary stricture of silke [16]



Silk consists of two main parts called silk sericin and silk fibroin.

{(a) Silk sericin

Silk sericin or silk gum is a minor component of fiber (i.c. 20-25 wi% of raw
silk) and it also has some impurities such as waxes, fats, and pigments. Sericin 1s a
yellow, brittle, and inelastic substance. It acts as an adhesive for the twin silk fibroin
filaments and covers the luster of silk fibroin as shown in Figure 2.2. Sericin 1s known
as an amorphous structure. It can be dissolved in a hot soap solution.

{(b) Silk fibroin

A major constituent-of raw sille'fiber, aboui 75-80 wt%, is silk fibroin is an

insoluble protein in most solyents; including water, dilute acid, and alkaline.

LY Leaflet structure

Fibroin stgands

Rawsilk filament

Figure 2.2 Structure of raw silk fiber [6]

Structure of silk fibroin

Silk fibroin contains at least two major proteins, light and heavy chains, 25
and 325 kDa, respectively. The heavy chain protein consists of 12 repetitive regions
called crystalline regions and 11 non-repetitive interspaced regions called amorphous

regions. The crystalline regions of the domestic silk proteins contain several



repetitions of the basic sequence —(Gly-Ala-Gly-X)-, with X: Ser or Tyr. The
amorphous regions contain most of the amino acid residues with bulky and polar side

chains. Silk fibroin has a highly oriented and crystalline structure.

Amino acid compositions of silk fibroin

Silk fibroin is composed of 18 amino acids (Table 2.1). The isoelectric point is

around 3.

Table 2.1 Amino Acid Compesitions of Bombyamerisilk fibroin [17]

Amino Acid Svmbol Charge Sydroptiobief Amount
Hydrophilic (g/100 g silk fiboin)
Alanine Ala neutral hydrophobic 32.4
Glycine Gly neutral hydrophilic 42.8
Tyrosine Tyr neutral hydrophilic 11.8
Serine Ser neutral hydrophilic 14.7
Aspartate Asp negative hydrophilic 1.73
Arginine Arg positive hydrophilic 0.90
Histidine His positive hydrophilic 0.32
Glutamate Glu negative hydrophilic 1.74
Lysine Lys positive hydrophilic 0.45
Valine Val neutral hydrophobic 3.03
Leucine Eeu neutral hydrophobic 0.68
Isoleucine Ile neutral hydrophobic 0.87
Phenylalanine Phé neufral hydrophobic 1.15
Proline Pro neutral hydrophobic 0.63
Threonine Thr neutral hydrophilic 1.51
Methionine Met neutral hydrophobic 0.10
Cysteine Cys neutral hydrophobic 0.03
Trytophan Trp neutral hydrophilic 0.36




Characteristics of silk fibroin

Characteristics of silk fibroin as for industrial materials can be summarized as
follows.

¢ Pure silk proteins can be obtained from silkworms.

o Silk fibers from Bombvx wmori silkworms can be dissolved in
concentrated necufral salt golutions. After dialyzing against water a
pure silk fibrein selution can be obtained.

o Various forms of silk proteins, such as powder, gel and film can be
produced by.eonirolling the cast-dry speed of the silk fibroin solution.

e Silk protein can be made insoluble by immersing it in alcohol
solution. This technigue 18 interesting for the application of silk fibroin

as a biematerial sincethis agent is not harmful to living tissues.

Applications of silig fibroin as a hiomaterial

Silk fibers have been used as sutures for a long time in the surgical field, due
to the biocompatibility of silk {ibrein fibers with human living tissues and its good
tensile properties. In-addition, it has been demonstrated that silk fibroin can be used as
a substrate for enzymie immobilization in biosensors and as a blood-compatible
material. A more complete understanding of silk structure provided the possibility to
exploit silk fibroin for_new uses, such as the production of oxygen-permeable

membranes and,biocompatible materiald for various medical applications.

Begradation.of sillefiber

Treatment of silk fibers with acid or alkaline substances-causes hydrolysis of
peptide linkages. The degree of hydrolysis is based on pH factor, which is at
minimum between 4 and 8. Degradation of the fiber is exhibited by loss of tensile
strength or change in the viscosity of the solution.

Hydrolysis by acid is more extensive than alkaline. Acid hydrolysis occurs at
linkages widely distributed along protein chains, whereas the early stages of alkaline
hydrolysis happens at the end of chains. Hydrochloric acid readily dissolves silk

fibroin especially when heated. Hot concentrated sulphuric acid, while rapidly
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dissolving and hydrolyzing silk fibroin, also causes sulphation tyrosine. Nitric acid
readily decomposes silk fibroin, due to its powerful oxidizing properties and
concurrently causes nitration of the benzene nuclei. Organic acids have few effects at
room temperature when diluted, but in a concentrated form, silk fibroin may be
dissolved, along with a certain amount of decomposition.

Proteolytic enzymes do not apparently attack silk fibroin in fibrous form
because the protein chains in silk ai!e[ l‘l ly packed without bulky side chains.
Serious degradation may be caused by WE&% at 100°C.

— ’7 S

y}grs contain some impurities. Therefore,
e plmﬁed fibroin fiber. Sericin removal
e 2 3. This process 1s called degumming.

; a%si-ﬁed mﬂi’ﬁﬁe meth%)ds as follows:
A Jﬂu

i HH, r

Figure ‘?,53 M
- fiber [ 15]

S @bl ek o, b degramme

e Degummed with hot water

Sericin can easily soluble in boiling water. However, this process gives a
risk of the fibroin being damaged when the treatment time is prolonged. Another
disadvantage is that this process gives incomplete degumming.
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¢ Degummed with soap

Marseilles soap, olive oil soap, is a favorable soap for degumming. For
example, this process may be carried out using 10-20g/1 soap at 92-98°C for 2-4
hours. Significantly, this process should use a soft water to avoid the formation of
calcium soap.

¢ Degummed with synthetic detergent

Synthetic detergents have some advantages over soap such as reduction of the
treatment time. This process.is carried out using.2 5g/1 non-ionic synthetic detergent

for 30-40 min at 98°C.

¢ Degummed with.acid
Some acids such as swlphuric. hydrochlorie, tartaric, and citric acid can be
used as degummed agent. This process is not favorable because acid conditions are

more harmtul to fibroin than‘alkaline conditions.

¢ Degummed with enzymes

Trypsin, papain, and bact&rial enzymes are the main types of enzymes for silk
degummed. These enzymes are called proteases because they degrade proteins and
their degradation products are polypeptides, peptides and other substances. This

process is a very slow reaction compared to alkaline soap degumming.

(b) Dialysis process

Dialysisiwas also used in the laboratory in the 1950s and 1960s, mainly to
purify ~biolegieal ~solutions sorsto; fractienate smacromolecules, Now the major
application of dialysis 1s the artificial kKidney more than 100 million-of these devices
are used annually. The dialysis processes divide into many types such as Donnan

dialysis, diffusion dialysis and piezodialysis are described in the following section:

¢ Donnan dialysis and diffusion dialysis
One dialysis process for which the membrane does have sufficient selectivity
to achieve useful separations is Donnan dialysis. Salt solutions are separated by a

membrane permeable only one charge ion, such as a cation exchange membrane
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containing fixed negatively charged groups. Donnan dialysis process is shown in

Figure 2.4.
Feed — o —
0.01 M UOQ(NOS)Q e— St“p
No HNOj, - ( 2 M HNO,
5 mL/min 3 A Wgrerd ledgerad Viedlrd Wi 0.04 mL/min
1 /
(24— Cati
% S} § \ \‘_‘H// excié?mrg];e
/ Q N\ §] / membranes
e 2
% N N N N %
A NN /
v 73 || At 7] W 7 B
Product =—+ 7 ) | KL J)
0.28 M UO2(NO5) 7 3 v \&——= —> Raffinate
HNO,

0.002 M UO5(NO5),
Figure 2.4. Tllustration offa Donnan dialysf§ experiment to separate and concentrate

uranyl nitrate, YO(NO2)s (18] # 4

#

e Charge Mosaic Membraites and Pi._é:zéﬁialysis

Ion exchange membranes consistiriggr"ﬁf' separated small domains of anionic
and cationic membraiics; which-would be permeable to béth anions and cations. These
membranes are now c¢alled charge mosaic membranes. The concept 1s illustrated in
Figure 2.5. Cations permeate the cationic membrane domain; anions permeate the

anionic domairt,

Thaisilk[19]

Thai silk 1sthe type of Bombyx mort silkwiorm silks. It 18 mainly produced by
domestic industries in the northern and north-eastern parts of Thailand. Yellow color
and coarse filaments are the main characteristics of Thai silk. It also contains more
silk gum (e.g. up to 38%) than other types of Bombyx mori silk (e.g. 20-25%). There
are many species of Thai silk such as, Nangnoi Srisaket, and Nangnoi Sakolnakorn
including other species of blended-Thai silk such as blended-Sakolnakorn and
blended-Ubonratchathani, cultivated all years.
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(a) Nangnoi Srisaket
This specie 1s easily cultivated. The life cycle is short (about 18 days). The

color of the cocoon is dark yellow.

(b) Nangnoi Sakolnakorn
The color of the cocoon is light yellow. Cocoon produced by this specie is

more than that by Nangnoi Srisaket about 5-8 kilograms.

NacCl
feed
solution

Domain with fixed -} ; K Domain with fixed

negative groups ! positive groups
permeable to cations permeable to anions
Aqueols
dialysate
solution

Figure 2.5. Charge mosaic membrangs, consistingsef finely dispersed domains
containing fixed negatively and fixed posifively charged groups, are salt
permeable [18].

2.2.3.2 Gelatin [20-21]

Gelatin, also called gelatine, is prepared by the thermal and enzymatic

denaturation of collagen, isolated from ammal skin, bones, cartilage, and ligaments.
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Felatin 15 a witreous, brittle zolid that 12 faintly vellow to white and nearly tasteless
and odotless.

There are two types of gelatin dependent on preparation method Type A, with
tsotonic point of 7 to 9, 15 denved from acid treatment of collagen. Type B, with
tsotonic point of 4.8 to 5.2, 15 the result of an alkaline treatment, such as caustic lime
of sodium catbonate, of collagen.

Typical specificatons for type £ and B gelatin are shown 1n Table 2.2

Table @ bypeal spetificarensdor gelatins [22]

Type & Type B
rH 38-55 5075
Isoelectric Polat 70-9.0 4760
Gel strength (bl om ) 90300 S0-300
Wiscosity (mpsl 15-75 20-75
Ash (%) U.f—?iﬂl 0.5-2.0

Fr

atrchire and compasiiod

zelatin contans & large number of glﬁr;:i-ne falmost 110 3 residues, atranged
every third residue) ptioline and 4-hydrozyproline residuss |4 typical structure 15
-Ala-Gly-Fro-Arg-Gly-Glu-4Hyp-Gly-Fro- as shown in Figure 2.6.

T OH

I i I 2

E'_‘NH-"Tl'l—C—NH—iJ:H— C—NH—J.l'.I-I —C— N

@ 'ﬁ THI’ H 'i"""z o H
H H H & LSN-=CH—C— N
\.WN—II-IIJ—IE—N—C—G—M l.’|=H-_‘ |'|-»'|"|g Il ':_-r:‘
| : i &)
Ghlz H \v-’ CHz c=0
| | i D
HH o [
o

C==NH;
MHz

Figure 2.6 The structural unit of gelatin. [23]



15

Gelatin is composed of 9 amino acids essential for humans as shown in Table
2.3. Gelatin contains 84-90% protein, 1-2% mineral salts and 8-15% water. The
natural molecular bonds between individual collagen strands are broken down into a
form that rearranges more easily. Gelatin melts when heated and solidifies when

cooled again. Together with water it forms a semi-solid colloidal gel.

Table 2.3 Amino acids essential for humans [24]

— ¢ amino acids per
100-gpure protein
Alanine 11.3
Arginine # 9.0
Aspartic Acid 6.7
Glutamic Acid 11.6
Glycing 297.2
Histiding * 0.7
Proline 15.5
Hydroxyproline 13.3
Hydroxylysine 0.8
Isolencine * 1.6
Leucine * 3.5
Lysine # 4.4
Methioning * 0.6
Phenylalanine 2.5
Setine 3.7
Threonine * 2.4
Tryptophan * 0.0
Tyrosine 0.2
Valine 2.8

* Essential Amino Acid
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Applications of eelatin

Gelatin 15 used extenswely in food industries including cale preparation, jelly,
aspic, ice cream, and nougat confectionaries et (see Figure 2.7 Gelatin is also used
to make hard and soft capsules in pharmacentical and medical applications because of
its biodegradability and biocompatibility in physiological environments. Therefore,

gelatin has become the interesting natural choice in tissue engineering application.

# \ 7

2.3 Scaffold fabricatiou téchniques [26-27]
.i-‘.h:. “:;':'_.

In the body, tissues ,,qr_fe:_--@rgani%_eﬁf{mto three-dimensional structures as
functional organs and organi}rs’r,_ems Tj‘?ﬁn;gﬂigea“ functional tissues and organs

successfully, the scaffolds have to be designed to farc_'_ilil:_aj_’eycell distribution and guide

tissue regeneration il three dimensions. Many methods/to prepare porous three-
dimensional biodegradable scaffolds have been developed m tissue engineering as

shown m Figure 2.8,
2.3.1 Particulate leaching

Particulate leaching is a technique that has been widely used to fabricate
scaffolds for tissue engineering applications. Salt 15 first ground into small particles
and those of the desired size are transferred into a mold. A polymer solution is then
cast nto the salt-filled mold. After the evaporation of the solvent, the salt crystals are
leached away using water to form the pores of the scaffold The pore size can be
controlled by the size of the salt crystals and the porosity by the salt/polymer solution
ratio. Another particle 1s used such as monosodnim glutamate, alginate hydrogel



Figure 2.8 Porous pnivﬂ:er Tmm-, pi’»dl}ced by different techniques. (a) phase
separation, (b ]}qmmllatc, I&m{yng, {¢) solid freeform fabrication
technique, and (d) migrosphere sintering [28].
B -
A

2.3.2 Gas foatming X

A odegradablegpolyvmer, such as, poly(lactic-co-glyeolic acid) (PLGA) 15
saturated with @arbon dioxide (COy at highpressuias. The solubility of the gas in the
polymer is then' decreased rapidly by bringing CO; pressure back to atmospheric
level. ThisGegults il anei aiid 21w th 0 gashubbles, breelly, ¥ith sizes ranging

betweend 00-500pm in the polymer.
2.3.3 Fiber meshes/fiber bonding

Fibers, produced by textile technology, have been used (o make non-woven
scaffolds from polyglycolic acid (PGA) and poly-L-lacthides (PLLA). The lack of
structural stability of these non-woven scaffolds, often resulted in significant

deformation dus to contractile forces of the cells that have been seeded on the
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scaffold. This led to the development of a fiber bonding technique to increase the
mechanical properties of the scaffolds. This is achieved by dissolving PLLA in
methylene chloride and casting over the PGA mesh. The solvent is allowed to
evaporate and the construct is then heated above the melting point of PGA. Once the
PGA-PLLA construct has cooled, the PLLA is removed by dissolving in methylene
chloride again. This treatment results in a mesh of PGA fibers joined at the cross-

points.

2.3.4 Phase separation

A biodegradable svnthetie @ polymer is dissolved in molten phenol or
naphthalene and biolegically active molecules such as alkaline phosphates can be
added to the solutiongThe temperature 1s then lowered to produce a liquid-liquid
phase separation and quenched to form atwo-phase solid. The solvent is removed by
sublimation to give a porous scaffold with bioactive molecules incorporated in the

structure.

2.3.5 Melt molding

This process involves filling a Teflon mould with PL.GA powder and gelatin
microspheres and then heating the mould above the glass-transition temperature of
PLGA while applying pressure) to 'the mixture. (This) treatment causes the PLGA
particles to bond together. Once the mold is removed, the gelatin component is
leached.out by immersing.in water and the scaffold is then dried. Scaffolds produced
this way assume! the shape lof'the mould. The melt molding proéess-was modified to
incorporate short fibers of hydroxyapatite (HAp). A uniform distribution of HAp
fibers throughout the PLLGA scaffold could only be accomplished by using a solvent-
casting technique to prepare a composite material of HAp fibers, PLGA matrix and

gelatin or salt porogen, which was then used in the melt molding process.
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2.3.6 I'reeze drying

Synthetic polymers, such as PLLGA, are dissolved in glacial acetic acid or
benzene. The resultant solution is then frozen and freeze-dried to yield porous
matrices. Similarly, collagen scaffolds have been made by freezing a dispersion or
solution of collagen and then freeze-drying. Freezing the dispersion or solution results
in the formation of ice crystals that force and aggregate the collagen molecules into
the interstitial spaces. The ice erystals are then removed by freeze-drying. The pore
size can be controlled by the freezing rate and pH. A fast freezing rate produces

smaller pores.

2.4 Crosslinking techniques [29-30]

Scaffolds can be crosglink “to inerease mechanical properties and reduce
degradation rate. Crosslinking can be dome by various methods such as ultraviolet
irradiation, electron beam irradiation, dehydrothermal treatment, and chemical

treatment.

2.4.1 Ultraviolet irradiation

UV irradiation generates radicals at the aromatic residues of amino acids, such
as tvrosin and phenylalaning. The binding of these radicals will react to each other,
resulting in cresslinking formation. The crosslinking density largely changes
depending'on UV diradiationtime: However, it is possible that/ifradiation for longer
time preferably acts on the chain scission of molecules. A balance of the crosslinking

and chain scission will result in unchanged density of crosslinking.
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2.4.2 Electron beam irradiation

Electron beam irradiation also produces radicals. The number of crosslinks is
not large and the water content does not decrease very much. This is because the

chain scission by the over dose of electron beam also occurs.

2.4.3 Dehydrothermal crosslinking

Scaffolds can be-eresslinked-by the method of dehydrothermal (DHT)
treatment in a vacuum oven.at temperature above 100°C. Dehydrothermal treatment
brings about chemical boenduag between the amino and carboxyl groups within
molecule of polypeptide. PDehwydrothermal crosslinking ¢an occur only if the amino
and carboxyl groupsdares close to each other. Therefore, it is believed that

dehydrothermal treatment have erosslink extent less than chemical treatment.

2.4.4 Chemical crosslinkiis

There are many types of chemical crosslinking agents such as, glutaraldehyde,
formaldehyde, and - earbodiimide solution  (1=ethvi-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) with N-hydroxy-succinimide (NHS)).

The EDC crosslinking mechanism is showed in Figure 2.9. EDC activates the
carboxyl group of glutamict Or faspartie- acid fo form)an active O-acylisourea
intermediate. This intermediate can then react with an amino group to form an
isopeptide . bond ot with. a.water melecule, 0, regenerate the .original COOH.
Crosslinks ‘are forimed“after nucleophilic attack by free-amine’ groups of lysine or
hydroxylysine. Addition of the nucleophile NHS to the EDC containing solution was
very effective in increasing the number of crosslinked matrix. In addition, water can
act as a nucleophile, resulting in the hydrolysis of the O-acylisourea group to give the
substituted urea. The crosslink reaction is usually performed between pH 4.5-5. The
disadvantage of chemical crosslinking is the toxicity to cells. Therefore, the scaffolds

should be rinsed thoroughly to remove overall agents.
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N'H 2 o MH-Hz
EDC urea
2 0
E-D' + HRN— —_— .—C-NH- + HO-

.DC and NHS [31].

pes as follow:

¥ fm@ multiple species including
mouse, guinea pig, raf, rabbit, dog, horse, and human. These cells can be kept at the

differentiated ﬁ uﬂh%qul}‘ﬂ w ‘j w EJ r] ﬂ ‘j

Mcscncl”mal stem cells {M‘b(_s] one t)-'p:: of primary r::::]_ls can be 1solated

AN TONTT IR S TINET ﬁ‘ff‘"““" s
adipose fissue, lung, bone, deciduous teeth, dermms, and articular cartilage. Among

these, bone marrow is the major source of MSCs. MSCs can be expanded and
differentiated into cells of different connective fissue lineages including bone,
carfilage, fal, and muscle upon proper stimulation.

These cells also have the potential for a wide range of therapeutic applications
through autologous, allogeneic or xenogeneic stem cell transplantation. Bone marrow-
derived MSCs have been used to treat a variety of defects and diseases, including
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critical size segmental bone defects, full thickness cartilage defects, tendon defects,

myocardial infarction and even nerve defects.

2.5.1.2 Permanent cultures or cell lines cultures

Cell lines cultures have an unlimited proliferation capacity. They are derived
from embryos, tumors or transformed cells. Examples of cell lines are 1.929 mouse
skin fibroblast, MC3T3-E1 mouse osteoblast, HeLa, MDCK, etc.

Proliferation and.differentiation depending on the cell type. Numerous
publications [35-37] provide.protocols for the isolation of different cell types, their
culture conditions, and for the evaluation of the degree of differentiation.

MC3T3-E1, preosteoblagtic . cell line. was derived from mouse calvaria.
Culture conditions can'be induced to undergo a developmental sequence leading to
the formation of multilayered bone nodules. This sequence is characterized by the
replication of preosteoblasts followed by growth arrest and expression of mature
osteoblastic characteristics Such-as matriX maturation and eventual formation of
multilayered nodules with a mineralized extracellular matrix. This cell line has
become the standard.in viiro model of osteogenesis and has found widespread use in
studies examining | inany —aspects —and apphecations= of osteogenesis, including

transcriptional regulation, mineralization and tissue engineering.

2.5.2 MT Thassay for cell viability[38]

MTL assav.is a quantitative colorimetric-assay for mammalian cell survival
and cell proliferation.” It 'is©an Madirect method for lassessing eell growth and
proliferation. MTT [3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(Figure 2.10) is a water soluble tetrazolium salt yielding a yellowish solution when
prepared in media without phenol red. MTT solution is converted to an insoluble
purple formazan by cleavage of the tetrazolium ring by dehydrogenase enzyme from
mitochondria. The yellow tetrazolium MTT is reduced by metabolically active cells.

The insoluble purple formazan can be solubilized using isopropanol or other solvents
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such as dimethyl sulfoxide (DMED). The absorbance of the resulting solution can be

measured and uzed to quantify the number of cellz using a spectrophotom eter.

Figure 2.10 Molecular st l £ RITT (214, S-cimethyl-2-thiazelyl)-2, 5-
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CHAPTER III

LITERATURE REVIEWS

In this chapter, the literature reviews are summarized into four parts as
follows:

1. Characterization and processing of silk fibroin.

2. Invitro and in vivo studies of silk fibroin.

3. Preparation andswhasacierization of silk fibroin blends.

4

Preparation and characterization of hvdroxyapatite-deposited biomaterials.

3.1 Characterization and processing of silk fibroin

Tsukada, M. et.al. [40]

In 1994, Masuhiro Tsukada erafl studied the structural changes of two
different kinds of “sik fibroin membrancs obtained by casting from native and
regenerated silk fibroi solutions. The structural changes of these membranes were
discussed as a functionn of immersion time in methanol and methanol concentration.
X-ray diffractometry; and anfraredsspectroscopy; tesults showed that transition from
random coil to_B-sheet-structure, 'which became ‘water insoluble, is independent to
immersion time. Only native silk membrane tredated with pure méthanol for 2 min,
maintained its omginal\amorphous strueture, as demonstrated by-differential scanning
calorimetric (DSC) curves. SDS-PAGE pattern showed that the molecular weight of
native silk fibroin was 350 kDa, while the regenerated sample was formed by a large

number of polypeptides in the range of 50-200 kDa.
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Chen, X. et.al [41]

In 2001, Xin Chen et.al. studied differences in the rheological behavior of
regenerated silk fibroin and secondary structure of membranes in four solvent
systems: CaCl,-EtOH-H,0O; Ca(NO;);-MeOH-H,0; LiBr-EtOH (with and without
water); and LiBr-H,O. The results demonstrated that Ca(NO;),-MeOH-H>O and LiBr-
FtOH-H,O had the strongest salvation on silk fibroin chains, as shown in an almost
constant viscosity (Newtonian behavior) over mest of the shear rate range (0.1 to
SOOS'I). In contrast, 9.5M-agueous LiBr appeared to-have the weakest salvation with
similar effects on the silk molecules to pure water. FTIR results also showed that the
silk fibroin membranes preépared using all four selvent systems showed mainly

random coil conformation with'asmall proportion of 3-sheet.

Li, M. et.al. [42]

In 2001, Ming Zhong Li ef al. studied the relationship between freeze-drying
conditions, structural characteristics and physical properties of silk fibroin aqueous
solution. Porous silk'fibroin materials, with average porg size of 10 to 300um, pore
density at 1 to 2000n7m ., and porosity at 35 to 70%, weie prepared by freeze-drying
aqueous solution obtained by dissolving silk fibroin in ternary solvent CaCl,-
CH;CH,OH-H;0O. Pore size distribution of, such materials mostly accorded with
logarithmic nermal distribution. "Freezing: temperature “and’) concentration of silk
fibroin solution‘were adjusted to control structural parameter (pore size, pore density,
and porosity) and the physieal propetties) of imoisture’|perincabilityy compressibility,
strength.elongation, etc. Above glass transition zone (-34to -20°C) of silk fibroin, the
freezing temperature has more significant effect on the structure and properties of

porous silk fibroin materials.

Yamada, H. et.al [43]

In 2001, Hiromi Yamada etf.al. examined the factors affecting the molecular

mass of fibroin in the dissolved process, and describes a procedure for obtaining
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fibroin solutions from cocoons without incurring molecular degradation. The
molecular mass of fibroin solutions prepared from silk was analyzed by SDS-PAGE.
It was found that fibroin molecule was degraded during reeling, degumming, and
dissolution of silk fiber. A method for the preparation of fibroin solution conserving
its native molecular size was offered: (1) use only fresh cocoons, after the completion
of spinning without reeling as a starting material, (2) degum without breaking the
fibroin molecule, and (3) dissolve by saturated aqueous lithium thiocyanate at room

temperature.

Wang, H. et.al |44]

In 2005, Hong"Wang ef. ol investigated the influences of temperature and silk
fibroin concentration on the flow stability of the selution to obtain optimal storing
conditions for silk fibrein aqueous solution. It was found that the flow stability
decreased quickly with the ingrease of solution concentration and temperature. X-ray
diffraction, Fourier transform infrared (FTIR) and Raman spectroscopy analysis
showed that silk fibroin in aqueous golution was mainly in random coil conformation.
After gelation process, it tufned into o-helix and B-sheet conformation. The
investigation implied-that-the-origmal-dilute regenerated 511k fibroin aqueous solution

should be stored underlow temperature and concentration.

Kim, Ul e.alo[1]

In 2005; Vg o Kimeetialy developed, ay mow ) strategynfor silk fibroin
processing that ‘avoided "the use "of "organic solvents or harsh ‘chemicals. A new
mechanism was employed to promote water solubility and then stability of the
assembled silk fibroin without the use of hexafluoroisopropanol (HFIP) or methanol.
The result of this process showed that adjusting the concentration of silk fibroin in
water, and the particle size of granular NaCl used in the process, leads to the control
of morphological and functional properties of the scaffolds. The aqueous-derived
scaffolds had highly homogeneous and interconnected pores with pore sizes ranging

from 470 to 940um, depending on the particle size of granular NaCl. At 10% silk
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fibroin aqueous solutions, the porosity of scaffolds obtained was more than 90% and
compressive strength and modulus up to 320+£10 and 3330+500 kPa, respectively. The
aqueous-derived scaffolds fully degraded upon exposure to protease during 21 days,
while HFIP-derived scaffolds showed slow degradation. This new process offered an
entirely new window of material properties when compared with traditional silk

fibroin-based materials.

Horan, R.L. et.al. |45]

In 2005, Rebecca 1. Horan ei.al. demonstrated i vitro proteolytic degradation
of silk fibroin and its predictable mechanical behavior including tensile and fatigue
properties. Bombyx mori silk tibroin yarns were incubated in 1 mg/ml Protease XIV at
37°C to create an in vifro model/system of proteolytic degradation. Control samples
were incubated in phosphaté-buffered saline. Scanning electron microscopy (SEM)
indicated increasing fragmentation of individual fibroin filaments from protease-
digested samples with time of “exXposuré to the enzyme. Particulate debris was
presented within 7 days of incubation. Gel ¢electrophoresis indicated a decreasing
amount of silk 25 kDa light chain and the molecular weight of the heavy chain shifted

to a lower molecular werght range-with-mereasmg mecubation time in protease.

3.2 In vitro and in vivo studies of silk fibroin

Minoura; N. et.al [46]

In 1995, Norihiko Minoura et.al. investigated thecell ‘attachment and growth
on silk fibroin from Bombyx mori domestic silkworm (DSF) and Antheraea pernyi
wild silkworm (WSF) and compared the performance to that on collagen. Two kinds
of silkworm had a difference in their amino acid sequences. The sequence of WSF
contains not only a large number of basic amino acids same as DSF but also the
tripeptide sequence arginine-glycine-aspartic acid (RGD). The results on the culture
of 1929 cells showed that cell attachment and growth on DSF was as good as on

collagen. The cells attached to DSF were extensively spread out and their filopodia
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were observed in SEM micrographs. On the other hand, WSF displayed much better
cell attachment and growth than DSF. The cells attached on WSF became virtually
flat and their filopodia could be seen, indicating that they were strongly held on the

surface.

Sofia, S. et.al. [47]

In 2001, Susan Sofia ¢f al. studicd the attachment, growth, differentiation, and
bone-forming capacities of human osteoblast eells (Saos-2 line) on Bombyx mori silk
films. Silk films were prepared 10 be free of sericin and decorated by covalently
coupled peptides included GRGDS| containing the adhesion ligand RGD.
Respondence of saos-21to the decorated silk films indicated that the proteins served as
suitable bone-inducing matriges. Osteoblast-like cell adhesion was significantly
increased on RGD-modified silk film and parathyroid hormone (PTH) compared to
plastic, a modified PTH (mPTH), dnd the control peptide RAD. At 2 weeks of culture,
alkaline phosphatase levels were similar on all substrates but were greatest on RGD-
modified silk film by 4 weeks. At 2 weeks of Culture, al(l) procollagen mRNA was
elevated on silk film, RGD-modified, RAD-modified. and PTH-modified, and hardly
detectable on mPTH-and plastic:—However; by 4 -weeks RGD-modified silk film
demonstrated the highest level of al(l) procollagen mRNA compared to the other
substrates. Osteocalcin levels detected by RT-PCR were greatest on RGD-modified at
both 2 and 4 weeks of Gultures) Calcification was dlsorsignificantly elevated on RGD-
modified compared to the other substrates with an increase in number and size of the
mineralized nodules in.culture, Therefore, RGD covalently decorated silk appears to

stimulate osteoblast-based mineralization /7 vitro.

Panilaitis, B. er.al. [48]

In 2003, Bruce Panilaitis ef.al. examined the direct activation of the innate
immune response by silk fibers in order to understand the relationship between fibers
and biological responses. The results indicated that silk fibers are largely

immunologically inert in short- and long-term culture with murine macrophage cell



29

line while fibroin particles induced significant tumor necrosis factor release. Sericin
proteins extracted from native silk fibers did not induce significant macrophage
activation. While sericin did not activate macrophages by itself, it demonstrated a
synergistic effect with bacterial lipopolysaccharide. The low level of inflammatory
potential of silk fibers makes them promising candidates in future biomedical

applications.
Kim, U.J. et.al. [49]

In 2004, Ung Jin Kimeial studied the environmental factors that influence
silk fibroin sol-gel transitiens [A'sing osmotic stress to generate highly concentrated
fibroin aqueous solutions prowvided the epportunity to explore sol-gel transitions. It
was found that gelation'of gilk fibroin aqueous solutions was affected by temperature,
Ca®", pH, and polyethylene oxide (PEO). Gelation time decreased with an increase in
protein concentration, decreage i ptl. incréase in temperature, addition of Ca2+, and
addition of PEO. No changg of gtlation time. was observed with the addition of K.
Upon gelation, a random coil stiacture of the silk fibroin was transformed into a p-
sheet structure. Hydrogels with fibroin concentrations >4wt% exhibited network and
spongelike structures-Pore-sizesof the freeze=dried -hydrogels were smaller as the silk
fibroin concentration ot gelation temperature was incréased. Freeze-dried hydrogels
formed in the presence of Ca®" exhibited larger pores as the concentration of the ion
was increased’ Mechanical, compréssivesstrength land «smodulus of the hydrogels
increased with san increase in protein concentration and gelation temperature. The
results provided an insight into. the. silk fibroin® sol-gel transitions which is the

important insight in the'in vitre pro€essing of thesé proteins into useful new materials.
Meinel, L. et.al. [36]

In 2004, Lorenz Meinel ef.al examined porous silk scaffolds for tissue
engineered human bone using human mesenchymal stem cells (hMSCs). The
differentiation of hMSCs along osteogenic lineage, and the formation of bonelike

tissue in vitro on porous scaffolds made of silk (slow degrading), silk-RGD (slow
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degrading, enhanced cell attachment), and collagen (fast degrading) in control and
osteogenic medium was studied. Histological analysis and microcomputer
tomography showed the development of up to 1.2mm long interconnected and
organized bonelike trabeculae with cuboid cells on the silk-RGD scaffolds. X-ray
diffraction pattern of the deposited bone corresponded to hydroxyapatite presented in
native bone. Biochemical analysis showed increased mineralization on silk-RGD
scaffolds compared with either silk or collagen scaffolds after 4 weeks. Expression of
bone sialoprotein, osteopontin, and bone morphogenetic protein 2 was significantly
higher for hMSCs cultured-in-esteogenic than centrol medium both after 2 and 4
weeks of culture. The resulis” ilustrated that RGD-silk scaffolds are particularly
suitable for autologous bone tigsue engineering because of their stable macroporous

structure, mechanical propertics matching those of native bone, and slow degradation.

Meinel, L. et.al |S0]

In 2005, Lorenz Meinel etal. studied the inflammatory reactions by hMSCs
seeded on silk films and silk-films covalently decorated with cell attachment
sequences (RGD) inyifro. In vitro responses of hMSCs on silk were compared with
the responses on @ fissue—culture plastic (1CP;negative control), TCP with
lipopolysaccharide (I.PS) in the cell culture medium (positive control), and collagen
films. After 9 h, it was found that the rate of cell proliferation was higher on silk films
than either on/Collagen or TCP: fiz vivo, filnis! maderof sillkecollagen or PLA were
seeded with rat MSCs, implanted intramuscularly in rats and harvested after 6 weeks.
Histological.and immunchistochemical .evaluation. of _silk. explants revealed the
presence of circumferentially oriented fibroblasts,'few bleod vessels,-macrophages at
the implant-host interface, and the absence of giant cells. Inflammatory tissue reaction
was more conspicuous around collagen films and even more around PLA films when
compared to silk. These data illustrated that purified degradable silk is biocompatible
and the in vitro cell culture model (WMSC seeded and cultured on biomaterial films)

gave inflammatory responses that were comparable to those observed in vivo.
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Kim, ILJ. et.al. [37]

In 2005, Hyeon Joo Kim et.al. compared two types of silk fibroin scaffolds
prepared from hexafluoro-2-propanal (HFIP) and water, on human bone marrow stem
cells (hMSCs) responses toward osteogenic outcomes. hMSCs were seeded on the
scaffolds and cultured up to 28 days. It was found that hMSCs seeded onto the water-
based silk scaffolds showed a significant ingrease in cell numbers compared to HFIP-
based silk scaffolds. The regults demonstrated that three-dimensional aqueous-derived
silk fibroin scaffolds provided.amproved bone-related outcomes in comparison to the
HFIP-derived systems. These data illustrated the importance of materials processing

on biological outcomes of'thegame silk fibroin.

Tamada, Y. et al |51]

In 2005, Yasushi Tamada, ef.afl. presented the new processes to form the
fibroin sponge. The processinyelves (reezing and thawing fibroin aqueous solution in
the presence of a small amount of an organic solvent. The new process did not require
freeze-drying, chemical cross-linking, or other polymeric materials. Solvent
concentration, fibroin' concentration, freezing temperature, and freezing duration
affected sponge formation, porous structure, and mechanical propertics. XRD and
FTIR results indicated thatsilk I and silk H erystalline structures exist in the fibroin
sponge and that the secondary strueture of fibroin 1s transformed from a random coil
to a P-sheet during this process. The tensile strength of fibroin sponge decreased
slightly because lof autoclave-tréatment. Prior to in ‘witre culture,) the fibroin sponge
was sterilized using an autoclave. At 3 weeks of culture, MC3T3 cells could
proliferate in the sterilized fibroin sponge. Thus, the fibroin sponge formed by this
new process is applicable as a tissue-engineering scaffold because it is formed from
biocompatible pure silk fibroin and offers both porous structure and mechanical

properties that are suitable for cell growth and handling.



32

Wang, Y. et.al |S2]

In 2006, Yongzhong Wang et.al studied the attachment, proliferation and
differentiation of adult human chondrocytes (hCHs) in three-dimensional aqueous
silk fibroin scaffolds. The results were compared with those using human bone
marrow stem cells (hMSCs). Cell adhesion, proliferation and redifferentiation on the
scaffolds based on cell morphology, levels of cartilage-related gene transcripts, and
the presence of a cartilage-specific extra Cellular matrix (ECM). The hCH-based
constructs were significantly-different than these fermed from MSC-based constructs
with respect to cell morphelogy, structure and initial seeding density needed to
successfully generate  engineered cartilage-like tissuc. These results illustrated
fundamental differences between  stem: eell-based (MSC) and primary cell-based
(hCH) tissue engineering, a8 well as-the importance of suitable scaffold features, in

the optimization of cartilage-related outcomes in vifro.

Meechaisue, C. et.al |53}

In 2007, Chidchanok Meechaisue ef.al. labricated.the ultra-fine fibers of silk
fibroin (SF) from cocoonsof Tharsilkworm (INang=lzar) and Chinese/Japanese hybrid
silkworms (DOAE-7). The results showed that the average diameter of electrospun (e-
spun) SF fibers increased as increasing the solution concentration and the electrostatic
field strength (EPS8)valuerThe average diameter of thete-spun Thai SF fibers was
between 217 and 610nm while that of the DOAE-7 fibers was between 183 and
810nm./n vitro.cell culture was tested using mouse osteoblast-like cells (MC3T3-E1).
MTT assay showed 'a monotonic’ merease 1n the absorbanee values with the increase
in the time in culture implying that the number of cells on the surface of the Nang-Lai
SF fibrous scaffolds increased with the increase in the cell culture time. After 5 days
of culture, cells appeared to fully cover the surface of the scaffold. This result showed
that cells could adhere and proliferate on the surface of Nang-Lai SF fiber mats. The
e-spun Nang-Lai SF fiber mats could be used as scaffolding materials for bone cell

culture.
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3.3 Preparation and characterization of silk fibroin blends

Kweon, H.Y. et.al [54]

In 2001, Hae Yong Kweon et.al. reported the structural characteristics and
thermal properties of Antheraea pernyi silk fibroin (SF)/chitosan blend films prepared
by solution casting. The results demonstrated that the conformation of blend films
was revealed to be a B-sheet structure, duc totheeftect of acetic acid used as a mixing
solvent. According to the Fouricr Transform Infrared (FTIR) spectra, NH groups of
SF and C=0 and NH; groups ol.ehutosan have participated in a specific intermolecular
interaction among themsglvess The exotherm of ST was not exhibited in blend films
due to the precrystallization of SF induced by acetic acid. The blend films showed
decomposition temperatugés st faround 294°C (chitosan component) and 369°C
(4.pernyi component) which could.be indirect evidences of phase separation. This
was comfirmed by scanming clectron microscopy (SEM) results. Blending with

A.pernyi SF could enhance the thermal decompogition stability of chitosan.

Lv, Q. et.al |2]

In 2005, Qiang Lv er.al developed a new preparation for silk fibroin scaffolds
with uniform pore distrbution, controllable pore size and functional features by
freeze—drying method. Collagen was added to fibroin solution to restrain unwanted
fibroin aggregation in preparation processes. The results demonstrated that when
collagenywas added to dfibrein:selution, theviscositylof blend solution increased, and
then it restrained unwanted fibroin leaf formation in freeZing process. With methanol
treatment, fibroin/collagen scaffolds became water-stable, following the transition
from random and a-helix to B-sheet conformation. Aqueous-fibroin porous scaffolds
had highly homogeneous and interconnected pores with pore sizes ranging from 127
to 833um, depending on the fibroin concentration. The porosity of scaffolds was more
than 90%, and the yield strength and modulus were up to 354+25 kPa and 30+0.1
MPa, respectively. Scanning electron microscopy (SEM) and MTT analyses
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demonstrated that the adding of collagen evidently facilitated Human hepatocellular

liver carcinoma (Hep(2) attachment and proliferation in vitro.

Gil, E.S. et.al. [55]

In 2006, Eun S. Gil et.al studied the effect of SF crystallization on properties
of silk fibroin (SF)/type A gelatin (GA) blended membranes. When co-casting of
solution, amorphous blends of these polymess” appeared homogeneous, as discerned
from visual observation,«mieroscopy,-and FLIR-spectroscopy. After immersing in
aqueous MeOH, the conformation of SE transformed from random coil to B-sheet.
According to X-ray difftactometry and thermal ecalorimetry, this transformation
occurred in pure SFas well as in each of the GA/SE blends. Thermal gravimetric
analysis revealed thatthe presence -of f=sheets in SF and GA/SF blends improves
thermal stability. Extensional theomeétry confirmed that SF crystallization enhanced
the tensile properties of the blends. The formation of crystalline SF networks in
GA/SF blends could be used to-stabilize GA-based hydrogels for biomaterial and

pharmaceutical purposes.

3.4 Preparation -and characterization of hvdroxyapatite-deposited

biomaterials

Taguchi, T. er.al [S6]

In 1998, TelsushiTaguchi et ol introducedia’imethod of hydroxXvapatite (HAp)
formation on/in a three-dimensional PVA hydrogel matrix. From the past study, the
biomimetic process was used for HAp formation on/in hydrogel. The biomimetic
method is basically divided into two stages: (1) nucleation, in which the substrate is
immersed in a synthetic solution of simulated body fluid (SBF) and bioactive CaO—
S10; based glass particulates as a nucleating agent, and (2) precipitation and growth
of the apatite layer. It can effectively prepare HAp composites on the surface of
various kinds of material but it takes a long period of time (4 days for the first step
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and another 4 days for the second step) to form a large amount of HAp on/in
hydrogels. As a result, a novel HAp formation process was developed. This process
was based on the widely-known wet synthesis of HAp. It employed alternate soaking
process in 200mM CaCly/Tris-HC1 (pH 7.4) at 37°C for 2 h and 120mM NaHPOQ,
aqueous solutions at the same condition. The results illustrated that the HAp crystals
could be formed on/in a PVA gel for a short amount of time (5 cycles correspond to

20 h).

Furuzono, T. et.al |57|

In 2000, Tsutomtl Furuzono efal. applied altemmate soaking process to silk
fabric to prepare a composite of silk fabric and apatite and studied apatite deposited
on the silk fabric. It wag found that apatite weight increased with alternated soaking
repetitions in calcium solution [200mM aqueous caleium chloride solution buffered
with tris-(hydroxymethyl) aminomethane and HCI (pH 7.4)] and phosphate solution
(120mM aqueous disodiom hydrogenphosphate). Eresh solutions were used for each
soaking. SEM showed that apatite deposited after 21 or more repeated soakings was
over 20um thick. XRD showed that the apatite crystals deposited on silk fabric
elongated along the © axis. FTIR and XPS indicated ‘the existence of carbonate,
HPO,”", and Na” iong in addition to constituent ions of hydroxyapatite. HIPO4* ions
converted into PO,” 4ons to form more stable hydroxyapatite crystals, which were
associated with  increasing "apatite crystallinity, Apatite_deposited on silk by the
alternate soaking process was a deficient apafite containing carbonate, HPO,*, and
Na' ions as in a natural bone tissues Thus, this apatite—silk compesite material might

be potentially bioactive.

Bigi, A. et.al. [10]

In 2002, Bigi et.al. reported that the presence of hydroxyapatite (HAp) inside
the gelatin sponges could promote the deposition of apatite crystals from simulated
body fluid (SBF). n vitro bioactivity of gelatin sponges and HAp/gelatin sponges was

tested through evaluation of the variations in their composition and morphology after
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soaking in SBF for periods up to 21 days at 37°C. It was found that HAp promotes the
deposition of bonelike apatite crystals on gelatin sponges. The deposits were laid
down as spherical aggregates with mean diameters increasing from about 1-2um after
4 days of soaking in SBF solution and up to about 3.5um in the samples soaked for 21
days. In addition, an amount of inorganic phase increased about 56wt% leading to a
composite material with a composition quite close to that of bone tissue. The
inorganic phase was a poor crystalline carbonated apatite similar to trabecular bone

apatite.

Wang, L. et.al [9]

In 2004, Li Wang'er.ali prepared hvdroxyapatite (HAp)-silk fibroin (SF)
composites with varigus amounts of SE by a co-preeipitation method in order to
obtain well-dispersed HAp nangparticles i a SE matrix. The effects of SF content on
the microstructure and hardngss of the compesites were studied. A co-precipitation
method, Phosphoric (H3POy) solution was added into calcium hydroxide (Ca(OH),)
suspension containing various amounts of SI' powder. The mixture was stirred
vigorously at room temperature for 3 h, followed by eentrifugation and water-washing
alternately for three éyeles=The precipitates-were-dried in vacuum at 50°C for 24 h
and subsequently ground into fine powders using an agate mortar. Meanwhile, pure
HAp without SF was prepared as a control sample by the same process. When SF
content increagéd up ta40wt%6) thepatticlesize distribution became narrower and the
Vickers microhardness of the composites increased. The composites exhibited the
porous .. microstructure, with., open .porosity, around .62-74%." About 70% of
interconnective pores ‘were between 40 "and '115um’ in- diameter.~The composite
containing 30wt% of SF showed homogeneous form and a well dispersed state of

HAp crystallites together with a highly developed three-dimensional network.

Taguchi, T. et.al [11]

In 2004, Tetsushi Taguchi ef.al. developed a novel bifunctional scaffold with

calcium phosphate using alternate soaking process to form calcium phosphate in a
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cartilage-like matrix of type II collagen gels. Characterization of calcium phosphate
formed in type II collagen matrices was analyzed using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric and differential
thermal analysis (TG-DTA), and scanning ¢lectron microscopy (SEM). The results
from XRD and FT-IR analysis indicated that calcium phosphate formed in the matrix
was hydroxyapatite (HAp), whose phosphate ions were partially replaced by
carbonate 1ons. TG-DTA analysis showed that HAp content increased with increasing
immersion cycle in calciumi and phosphaie €olutions. SEM image showed that a
calcium phosphate layer-was deposited on-one-side of type II collagen gels. The
composite with gradient calciwm.phosphate crystals should be useful in regenerating

bone-cartilage interface.

Ijima, H. er.al. [12]

In 2004, Hiroyuki djima ez al. studied the characteristics of hydroxyapatite
(HAp) formed on glass plates covered with polyvinyl alcohol (PVA) gel by the
alternate soaking process and'optimized the conditions of the alternate soaking
process for animal cell culture with regard to ¢ell attachment and proliferation. The
results illustrated that HAp formation ratio depended on the reaction cycle number but
was independent of the alternate soaking period per cyvele. The Ca/P molar ratio of
HAp formed at 10 reaction cycles was very close to the theoretical value of HAp,
1.67. From in vitro study 4sing Chinese hamster ovary cell line (CHO-K1), the cell
number was counted using the nucleus counting. Cell ladhesion, proliferation and
maximum cell density on HAp plates formed at.two or five reaetion cycles using
200mM CaCl, and" 120mM NayHPO, solutions were better than on plates formed
under other conditions. Furthermore, the adhesion ratio of CHO-K1 cells on HAp
plates formed at 10 reaction cycles was about 60% of those at two or five reaction
cycles. HAp provided an adequate substratum for CHO-K1 cell adhesion and

proliferation.
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Wang, L. et.al |58]

In 2005, Li Wang et.al. prepared hydroxyapatite (HAp)/intact silk fibroin (SF)
and HAp/alkali pretreated SF nanocomposite sol via a wet-mechanochemical route.
The influence of the alkali pretreatment of SF on chemical states, microstructure,
Vickers microhardness of the composite and gelation behavior of the composite sol
was studied. A wet-mechanochemical route, Phosphoric (H;PO,) solution was added
into calcium hydroxide (Ca(OH):) suspension geontaining various amounts of SF
powder. The mixture was-stirred vigorously-at-reem temperature for lh, and then
milled by a multi-ring mill.at 4250 rpm for 3 h. After that, the milled sol was
centrifuged and water-washed alternately for threc eycles. The precipitates were dried
in vacuum at 50°C for'24 hvand subsequently ground into fine powders using an agate
mortar. It was found that swhen—the " alkali pretreated SF involved, Vickers
microhardness of the composite 1ncreased 57% and enhanced three-dimensional
porous network with a homogeneus particle form and a uniform pore size distribution.
Not only, the alkali pretreatment of SE incréased the viscosity and the rigidity of the
composite sol but also promoted-its gelation process, which was favorable for healing

bone defects by an injection technique.
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EXPERIMENTAL WORK

412 fift powder (116g blodnipH 4.5, pl 9, lab grade, Ajax
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ﬁp&&%ﬂﬂ‘%ﬂﬂ’mi

4.1.7 }r] 3-(3- dlmethﬂmmnopr{rpylhcarbndmmde }erochlnnde (EDC,
QHIRGE1 )2 6 &

411.8 N-hydroxysuccinimide (NHS, Nacalai Tesque, Inc., Japan)

4.1.9 Calcium chloride (CaCl,. Ajax Finechem, Australia)

4.1.10 Sodium dihydrogen phosphate monohydrate(NaH,PO,-H,O, Sigma-
Aldrich, Germany)

4.1.11 Sodium phosphate dibasic heptahydrate (Na;HPO47H:0. Sigma-
Aldrich, Germany)

4.1.12 Ethanol (99.7-100%. VWR International Lid.. UK)




4.1.13
4.1.14
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4.1.18
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Modified cagle medium (a-MEM, Hyclone, USA)

Phosphate buffer saline without calcium, and magnesium (PBS,
Hyclone, USA)

Trypsin-EDTA (0.25% trypsin with EDTA-Na, Gibco BRI, Canada)
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT,
USB corporation, USA)

Dimethyl sulfoxide (DMSO; Lisher Scientific, UK)

Glycine (NH>,CH,COOH, AjaxFiaechem, Australia)

Sodium chiernde (NaCl, Analar; England)

Sodium hvdroxide(NaOH, Analar, England)

4.2 Equipments

421

4.2.2
423
42.4
425

4.2.6
4.2.7
4.2.8
4,2(9
4.2.10

4.2.11

4.2.12
4.2.13

Seamlesg' cellulose tubing (Molecular weight cut off 12000-16000,
Viskase Companics, Inc.. lapan)

-40°C freezer (Heto, PowerDry L1.3000, USA)

Lyophilizer (Heto, PowerDry LL3000, USA)

Vacutm dryving oven and pump (VD233 Binder, Germany)

Fourief, transtorm infrared (FTIR) spectrophotometer from Perkin
Elmer (Spectrum GX, UK)

Fine coat (JEC-1100E, JEOL, Ltd., Japan)

Scanning Electron Microscopy (JSM-5400,"JEOL Ltd., Japan)
Universal Testing Machine (Instron, No. 5567, USA)

Famtinar Flow(HWSSeries 254473, Australia)

COy; incubator (Series IT 3110 Water Jacketed Incubator, Thermo
Forma, USA)

UV-VIS spectrophotometer (Thermo Spectronic, Genesys 10UV
scanning)

24-well polystyrene tissue culture plates (NUNC, Denmark)
Micropipette (Pipetman P20, P200, P1000 and P5000, USA)
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4.3 Experimental procedures

All experimental procedures are summarized in Figure 4.1. In brief, there are
three main steps comprised in this work; preparation of silk fibroin and gelatin

solutions, preparation of silk and silk-based scaffolds, and characterization of

scaffolds.

Thai yellow cocoons

“ Gelatin solution Il _ Il (zelatin solution II

A

Preparation of silk fibroin and gelatin/ Preparation of silk fibroin and gelatin/
silk fibroin scaffolds yia fieeze-drying silk fibrein scaffolds via salt-leaching
y
Crosslinking by dehydrothermal Hydroxyapaptite growing
and chemical treatments by alternate soaking

# N
& salt<leached scaffolds )
o e Silkfibroin scaffolds
Freeze-dried scaftolds ¢ Conjugated gelatin/silk
e Silk fibroin scaffolds fibromn scaffolds
¢ Gelatin/silk fibroin seaffolds ¢ Hydroxyapatite-silk fibroin
¢ Gelatin scaffolds scaffolds
s = ¢ Hydroxyapatite -conjugated
k gelatin/silk fibroin scaffolds >

4 Y
Physical characterization In vitro tests using
e MC3T3-El
3 e MSCs (for freeze-dried scaffold only)
\ 4

Morphology Compressive Swelling
modulus property

Figure 4.1 Diagram of experimental procedures.
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4.3.1 Preparation of silk fibroin and gelatin solutions

4.3.1.1 Preparation of silk fibroin solution

Silk fibroin solution was prepared as described by Kim et.al. [1]. Cocoons
were boiled in 0.02M Na;CO; aqueous solutions and then rinsed thoroughly. This
process was repeated until cocoon became colorless and the solution color remained
the same to ensure complete removal of s€m€ineor silk gum. The degummed silk
fibroin was dissolved in 9.3M LiBr solutions at-60°C for 4 h to form 25wt% solution.
The solution was dialyzed agamsideionized water at room temperature for 2 days and
the conductivity of dialyzed water was the same as that of deionized water. After
dialysis, 6.5wt% of “aqueeus’ silk fibrein solution, determined by weighing the

remaining solid after diving, was obtamed 'and further diluted to form 2wt% solution.

4.3.1.2 Preparation of gelatin solution

Type A and type B gelatin was suspended at the concentration of 2wt% in
deionized water. The suspension was subseéquently stirred at 40°C for 60 min to

obtain gelatin solution:

4.3.2 Preparation of silk fibroin and silk fibroin-based scaffolds

4.3.2.1 Preparation of silk fibroin and gelatin/silk fibroin scaffolds via
freeze-drying

Gelatin and silk fibroin solutions were blended under agitation at room
temperature for 4 h. The blending weight ratios of gelatin/silk fibroin were 0/100,
20/80, 40/60, 60/40, 80/20 and 100/0. After mixing, 1ml of the 2wt%o blended solution
was poured into ecach well of 24-well plates and frozen at -50°C overnight prior
lyophilized at -50°C for 48 h. The freeze dried scaffolds were treated by
dehydrothermal (DHT) treatment at 140°C for 24 and 48 h in a vacuum oven. After
that, the scaffolds were treated with carbodiimide solution (14mM 1-ethyl-3-(3-
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dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 5.5mM N-hydroxy-
succinimide (NHS)) at room temperature for 2 h [59]. Treatment scaffolds were

rinsed thoroughly with deionized water and freeze dried.

4.3.2.2 Preparation of silk fibroin and conjugated gelatin/silk fibroin scaffolds

via salt-leaching

After dialysis, 3ml of 6.5wt% silk fibiein solution was added in a cylindrical
container and 9 g of mined sall (particlé size: 600-710um) was added. The container
was covered and left at room _temperature for 24 h to allow the gelation of silk fibroin
solution. Then, the container was mmmersed in water to leach out salt for 2 h. The
scaffold was taken out from the ¢ontammer and washed under stirring for 4 h. The
washing water was changedevery 30-mine After that, the scaffold was left to be dried
overnight. The silk fibrein gcaffold wwas punched into 11mm in diameter, 2mm in
height and immersed in 0. 3Wt% gelatin solution under vacuum for 2 h to allow gelatin
coating on silk fibroin scaffolds. «Gelatin was. further conjugated via DHT and EDC

treatments as previously described.

4.3.2.3 Preparation—of -hydroxvapaiite/sille fibroin and hydroxyapatite-
conjugated gelatin/silk fibroin scaffolds

Hydroxyapatitey was+depesited; onsthey saltsleached, seaffolds by an alternate
soaking process, [56]. The scaffold was immersed i1 0.2M CaCl, at room temperature
under vacuum for 30 min. Afier that, the scaffold™was removed from CaCl, solution
and rinsed with deionized water.The seaffold wastthen immersed'in 0.12M Na;HPO,
at room temperature under vacuum for 30 min. After removing the scaffold from
NayHPOj solution, it was rinsed with deionized water again. This was considered as
one cycle of alternate soaking. Soaking process was performed for 2, 4, and 6 cycles.
Fresh solutions, CaCl, and Na,HPO, were used for each soaking cycle. After desired
cycles of soaking process, the hydroxvapatite/silk fibroin and hydroxyapatite-

conjugated gelatin/silk fibroin scaffolds were air-dried at room temperature for 24 h.



4.3.3 Characterization of scaffolds
4.3.3.1 Chemical characterization
The conformational structure of pure silk fibroin scaffolds before and after

crosslinking was investigated using fourier transform infrared spectroscopic (FTIR)
and X-ray diffraction (XRD) techni

43.3.1.1 Atten , mfom infrared (ATR-
FTIR) spectmphutum rement: \
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The morphology of scaffolds was investigated by scanning electron

affolds were recorded using a
Cu Ka radiation. The

measurement was sc ed used was 2.0 sec/step with

s

microscopy (SEM). In order to observe the inner structure of scaffolds, the scaffolds
were cut vertically and/or horizontally with razor blades. The cut scaffolds were

placed on the Cu mount and coated with gold prior to SEM observation.
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4.3.3.2.2 Compressive modulus

The compression tests in a dry condition were performed on all scaffolds using
a universal testing machine (Instron, No. 5567) at the constant compression rate of 0.5
mm/min. The compressive modulus of the scaffolds (dimension: d=12mm, h=3mm
for freeze-drying and d = 11mm, h = 2mm for salt-leaching method) was determined
from the slope of the compressive stréss-stain curves during the strain range of 5%-

30%. The reported values were the meantsiandard.deviation (n=5).
4.3.3.2.3 Swelling propepty

Scaffolds were immersed in phosphate butfered saline (PBS) at 37°C, pH 7.4
for 24 h. After excess waten was removed. the wet weight of the scaffold was

determined. The swelling ratio of the scaffold (1% ) was calculated as follow:

Gy )
— 8

()

W; represented the weight of the wet seaffolds, and 7, was the initial weight

of the scaffolds. The values were expressed as the meantstandard deviation (n=5).
4.3.3.3 Biological characterization

In this work, primary bone-marrow derived mesenchymal stem cells (MSCs)
and mouse ! osteoblast-like ©¢lls |(MCIT3-ET) “weie |l used” inlji ‘vitro tests. Cell
proliferation on all scaffolds was studied using MC3T3-E1. However, due to a limit in
MSCs isolation, the proliferation of MSCs was performed only on freeze-dried silk
fibroin scaffolds.
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4.3.3.3.1 MSCs isolation and culture

MSCs were isolated and cultivated according to the methods of Takahashi
[59]. MSCs derived from the bone shaft of femurs of 3 week old wistar rats. Both
ends of rat femurs were cut away from the epiphysis and the bone marrow was
flushed out by a 26-gauge needle with 1 ml of phosphate buffer saline without
calcium, and magnesium. The cell suspension was placed into tissue culture plates
containing modified eagle medium (- MEND supplemented with 15% fetal bovine
serum at 37°C in 5%COgancubator. The mediwm was changed on the 4t day of
culture and every 3 days thereafter. When the cells proliferated became subconfluent,
after 10 days, the cells were detached with 0.25wt% of trypsin and 0.02wt% of
ethylenediaminetetraacctic.acid (EDTA): The first passage of MSCs was used in this
study.

4.3.3.3.2 MC3T3-E1 culture

MC3T3-E1 were culturéd i growth medium, a-MEM containing 10% FBS.
They were incubated, at 37°C in an atmospheric condition containing 5% CO,. The
culture medium was ehanged every 3 days: At contluence, MC3T3-E1 was harvested
using 0.25% trypsin-EDTA and subcultivated in the saine medium with 3 dilutions.
The 23" passage of MC3T3-E1 was used in this work.

4.3.3.3.3)In vitro cell proliferation tests

The seaffolds were placed mto'24-well tissue culture plates and were sterilized
in 70% (v/v) ethanol for 30 min. To remove ethanol, the scaffolds were rinsed 3 times
with phosphate-buffered saline (PBS).

MC3T3-E1 were seeded at a density of 2x10" cells per scaffold onto each
scaffold placed in medium and incubated at 37°C in 5%CQO, incubator. After cultured
for a desired day, the cells were then quantified by the 3-(4,5-dimethylthiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) assay. MTT solution (0.5mg/ml in DMEM

without phenol red) was added into each scaffold and incubated for 30 min to
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establish cell viability, DMSO was used to elute complex crystals and the absorbance
of the solution was measured at 570nm using a spectrophotometer. The same
treatment of the scaffolds without cells was used as a control. The culture medium
was changed every 3 days. The cells viability was determined after 3" and 7" days of
seeding for MSCs and 7% and 14™ days for MC3T3-E1. All data were expressed as

meantstandard deviation (n = 3).
4.3.3.3.4 MC3T3-El migration and imorphological observation

To study the cell mugration into scaffolds and the morphology of cultured
cells, freeze-dried gelatingsilk fibroin scaffolds with the blending composition of
20/80, and 0/100 were selected fto observe its interaction with MC3T13-E1 because
thev did not collapsesatier dehydration: For salt-leached scaffolds, silk fibroin
(control) and conjugatedsgelatin/silk fibroin scaffolds were observed.

Scaffolds on which cells were cultured for 14 days were fixed with 2.5%
glutaraldehyde solution in PBS for-1 h. Scaffelds were then serially dehydrated by a
series of ethanol, which were 30%.-50%, 70%. 80%, 90%, 95% and 100%, for 5 min
at each concentration, 200 ul of hexamethyldisilazane (HMDS) was added to dry the
dehydrated scaffolds-at-room-temperature: Dried scaffolds were cross-sectional cut
and cell migration, inctuding all morphology, was observed by SEM as schematically
shown in Figure 4.2. The cell-seeding side was labeled as position 1 while position 2
and 3 represented further depth inside the scaffoldsitotheplaté-exposed side (position
4).

4.3.4 Statistical'analysis
Significant levels were determined by an independent two-sample t-test. All

statistical calculations were performed on the Minitab system for Windows (version

14, USA). P-values of <0.05 was significantly considered.
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N

2mm

Plate-exposed side

Figure 4.2 Schematic diagram of cross-sectional plane prior to the observation of cell

migration and morphology.



CHAPTERYV

RESULTS AND DISCUSSION

5.1 Degummed silk fiber

Silk consists of two main parts called silk sericin (silk gum) and silk fibroin. Silk
sericin layer acts as an adheSivedor the twin silk fibroin filaments and covers the luster of
silk fibroin [6]. Many studics illustrated that the sericin glue-like proteins are the major
cause of adverse problems with biocompatibility and hypersensitivity to silk [15].
Therefore, silk sericin must bg rémoved to achieve pure silk fibroin fiber. Figure 5.1
showed SEM micrographs of silk fiber before and after degumming. Before degumming,
the surface of cocoon fiberwas rough (Figure 5.1(a)-(b)) which was the result of coated
sericin layer. After sericin layer svas removed by Na,CO; [1], the surface of fiber was
smooth as shown in Figure 5.1(¢)-(d). Figure 3.1(e)-(f) showed the degummed silk fiber
with NaOH [60]. The' fiber surface was not smooth implying either an incomplete
removal of sericin or'damaged fibers by NaOH. From this qualitative result, degummed

silk fiber using Na,COsavas chosen for further uses.
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Figure 5.1 SEM iﬁicrographs of silk fiber: (a)-(b) cocoon fiber, (¢):(d) degummed silk
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5.2 Chemical characteristics of silk fibroin scaffolds

After dialysis process, silk fibroin solution was fabricated into scaffolds by
freeze-drying and salt-leaching methods. Chemical characteristics of silk fibroin scaffolds
were examined by attenuated total reflection fourier transform infrared (ATR-FTIR)
spectrophotometric and X-ray diffraction (XRID)techniques. In addition, LiBr residual in
silk fibroin scaffolds was investisated by XRD.

3.2.1 Structural analysistof silk fibroin scaffolds

5.2.1.1 Attenuated total veflection fourier transform infrared (ATR-FTIR)

spectrophotometric analysis

ATR-FTIR spectra of freeze-dried silk fibroin scaffolds were shown in Figure
5.2(a)-(c). It could be seen that the peak positions of amide I (C=0O stretching), amide 11
(N-H deformation and C-N stretching), and amide III (C-N stretching and N-H
deformation) were located at 16435, 1530, and 1238 em ' xegpectively. These amide bands
attributed to the primaty structure (random coil) of silk fibroin [41]. This could be
reflected from silk fibroin molecules in aquecous solution [44]. In other words,
dehydrothermal (DHT) and ehemical (EDC)stocatments of silk fibroin scaffolds did not
induce the transition of secondary structure of silk fibroin. Yamada ef.al [61] reported
that the structural'¢hange of regenerated silk fibroin on heating occurred at approximately
200°C. Therefare, DIVL treathient at 140°C wag ineffective to strictural transition of silk
fibroin scaffolds. Generally, EDC was known as a crosslinking agent for proteins. EDC
activates the carboxyl group of glutamic or aspartic acid to form an active O-acylisourea
intermediate which reacts with an amino group [63]. Sofia ei.al [47] stated that EDC
treatment led to more stable amide formation of silk fibroin. However, in our ATR-FTIR
result, no change in structure of silk fibroin scaffolds due to EDC treatment was detected.

Figure 5.2(d) showed ATR-FTIR spectrum of air-dried silk fibroin after gelling. The
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absorption bands of amide I approximately at 1625 em™, amide II at 1520 em™, and
amide III at 1265 cm™ were observed. The peak positions of these amide bands reflected
the secondary structure (B-sheet) of silk fibroin [55, 64]. This is consistent to several
works demonstrated that the structure of silk fibroin was transformed from random coil to
B-sheet after gelation process [1, 40, 49, 51]. Gelation process was believed to cause the
shift of peak position of amide bands withinsilk fibroin molecules. ATR-FTIR results
revealed that different fabrication process tesulted in a difference in the secondary

structure of silk fibroin scaffolds.

35.2.1.2 X-ray diffraetion (XRD) analysis

Figure 5.3 showed Xeray diffraction patterns of freeze-dried silk fibroin and air-
dried silk fibroin scaffoldg after gelling. When silk fibroin aqueous solutions were freeze-
dried, no peak was detected (Figure 5.3(a)) implying that freeze-dried silk fibroin
scaffolds exhibited an amorphous structure [49], Meanwhile silk fibroin scaffolds after
DHT treatment displayed the same pattern as before the treatment as seen in Figure
5.3(b). This corresporided to ATR-FTIR results, e.g. freeze-drying and DHT treatment
did not significantly influence the structure of silk fibroin. ‘After treatment with EDC, the
XRD peak appeared at 20=20" as presented in Figure 5.3(¢). This might be the effect of
the primary amines on the.peptides formed a stable amide bond between the peptide of
gelatin and silk fibroin [47]. Air-dried silk fibroin scaffolds' after gelling showed a sharp
peak at 20=20.6%land a small peak at 20=24°. These peaks represented the B-sheet
structure-of gilk fibroin [1, 40, 49,51 55]: The other, peak at[20-9%that indicated B-sheet
was not observed in our result due to the limitation of the equipment.

From the results of X-ray diffraction, the gelation of silk fibroin solutions induced
a transition from random coil to B-sheet structure. This result corresponded to the ATR-
FTIR spectra of silk fibroin scaffolds as discussed in section 5.2.1.1. The results on ATR-
FTIR and XRD rendered that the structure of freeze-dried silk fibroin scaffolds was

random coil while that of air-dried silk fibroin scaffolds after gelling was [3-sheet.
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Figure 5.2 ATR-FTIR spectra of freeze-dried silk fibroin scaffolds from dialyzed solution
(a) after freeze-drying (before any treatments), (b) after DHT treatment for 48
h, (cyafter DHT and) EDC treatmients, |and (d) dir-dtied silk fibroin obtained
after gelling.
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Figure 5.3 XRD patterns of fregze-dricd silk fibroin scaffolds from dialyzed solution (a)
after freeze-drying (before any tréatments), (b) after DHT treatment for 48 h,
(¢) after DHT and EDC treatments. and (d) air-dried silk fibroin obtained after
gelling.



55

5.2.2 LiBr residual in silk fibroin scaffolds

Figure 5.4 showed X-ray diffraction pattern of lithium bromide (LiBr) powder.
The peak position appeared at 20=27, 32, and 46°. These positions could not be observed
in the XRD patterns of silk fibroin scaffolds (Figure 5.3). This confirmed that there was

no LiBr residual in silk fibroin scaffolds.

Intensity (a.u.)

15 20 25 30 35 40 45 50
20(degree)

Figure'5.4°XRD pattern of lithtum bromide (LiBr) powder.

5.3 Comparison of type A"and type B'gelatin'blending in silk fibroin

After silk fibroin aqueous solution was obtained from dialysis process, the
blending of silk fibroin solution with each type of gelatin was investigated and the
resulting scaffolds were compared. Either type A or type B gelatin was blended with silk

fibroin solution at various blending weight ratios and gelatin/silk fibroin scaffolds were



56

obtained by freeze-drying. After DHT and EDC treatments, silk fibroin and gelatin/silk
fibroin scaffolds were cross-sectional cut in order to observe the morphology under SEM.
Figure 5.5 demonstrated SEM micrographs of type B gelatin/silk fibroin scaffold. It could
be seen that pure silk fibroin scaffolds possessed highly interconnected porous network,
as presented in Figure 5.5(a)-(b), while pure gelatin scaffolds, presented in Figure 5.5(0)-
(p). showed leave-like porous structure with verydow interconnection.

When silk fibroin was blended with type B gelatin as shown in Figure 5.5(c)-(n),
non-uniform porous structure of scaffolds was observed. Two layers were distinguished
in cross-sectional scaffolds; the wpper laver consisted of a lot of small fibrous pores
around big leave-like poresawhile the lower layer was mainly leave-like porous structure.
This implied an incompatibility o sk fibroin and type B gelatin.

Figure 5.6 depieted SEM micrographs of type A gelatin/silk fibroin scaffolds. It
could be noticed that the porous structure of type A gelatin/silk fibroin scaffolds at each
blending ratio was uniform. The ‘inferconnected porous network of type A gelatin/silk
fibroin scaffolds was less than that of pure silk fibroin scaffolds. A more amount of
gelatin in the scaffolds resulted in less fibrous network, less interconnection, and bigger
pores similar to the leave-like porous structure of type A gelatin (pore size ~50-150um).

The morphology of gelatin/silk fibromn scaffolds r€vealed in Figure 5.5 and 5.6
proved that only type A gelatin could be homogencously blended with silk fibroin. This
was a result from the charges of materials which depended upon pH and pl, as illustrated
in Table 5.1.

Tablé 5.1 pl and charges of silk fibroin and gelatin

Matetials pl Charge atpHe5.5-6
Silk fibroin ~3 Anionic
Type A gelatin ~9 Cationic
Type B gelatin ~5 Anionic

At the working pH ~5.5-6, silk fibroin and type B gelatin have anionic charges

while type A gelatin employs cationic charge. An electrostatic interaction between silk
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fibroin and type A gelatin is therefore formed, resulting in a homogeneous blended
solution and scaffold structure. On the other hand, repulsive force between silk fibroin
and type B gelatin 1s the main reason for non-uniform blended solution and scaffold
structure. Therefore, type A gelatin was chosen to incorporate with silk fibroin in this
work. For further investigation, the word ° gelatm” was referred to “type A gelatin”.
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5.4 Silk fibroin and gelatin/silk fibroin scaffolds via freeze-drying

As the morphology of type A gelatin/silk fibroin blended scaffolds at various
blending weight ratios has been presented and discussed in section 5.3. In this section,
other characterizations of these blends were presented and discussed. Furthermore, the
effects of the dehydrothermal treatment periodssat 140°C for 24 and 48 h prior to EDC

treatment were investigated.

35.4.1 Compressive modulus of scaffolds

The compressive gmodulug “of gelatin/silk  fibroin scaffolds with various
dehydrothermal treatment periods was illustrated in Figure 5.7. When the scaffolds were
DHT treated for 24 h prior to EDC treatment, the compressive modulus of freeze-dried
pure silk fibroin and gelatin scaflolds were 442.50466.52 and 302.50+34.03 kPa,
respectively. It was found thatthe compressive medulus of pure silk fibroin scaffolds was
higher than that of pure gelatin and all gelatin/silk fibroin scaffolds except gelatin/silk
fibroin scaffold at blending ratio 20/80 which possessed the'highest compressive modulus
among all freeze-dried scaffolds. There was a significant difference in the compressive
modulus of scaffolds at all blending ratio relative to pure gelatin scaffolds. When the
scaffolds were DHT treated.for a longer period of 48 h prior to EDC treatment, the
compressive modulus of | freeze-dried pure silk fibroin| and! gelatin scaffolds were
350.00+102.31 and 337.14+143.96 kPa, respectively. These are about the same as those
scaffolds, DHT treated for 24 ‘h, Additionally, the compressive diddulus of all blended
scaffolds were similar to those processed in DHT treatment for 24 h. In other words,
there was no significant difference in the compressive modulus of each type of scaffolds
when DHT treated for 24 and 48 h.

Generally, the mechanical characteristic of scaffolds depended upon the type of

materials and the structure of scaffolds. The results indicated that the blending ratio
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affected the compressive modulus of the scaffolds. Scaffolds with high silk fibroin

content (80-100%) possessed relatively high compressive modulus.
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Figure 5.7 Compressive modulus of freeze-dried gelatin/silkitibroin scaffolds with various
DHT treatment periods: (4#) 24 h, and (m) 48 h.
* represent the significant difference (p<0.05) relative to gelatin scaffolds.
§ represent the significant differenge,(p<0.05) relative to the same weight

percetitage of silk fibroin.

3.4.2 Swelling property of scaffolds

The swelling ratios of the scaffolds represented the amount of water uptake to the
dry weight of scaffolds. Swelling ability was an important property for tissue engineering
to absorb cell and transport nutrient into scaffolds. Figure 5.8 showed swelling ratios of
gelatin/silk fibroin scaffolds with various DHT treatment periods. While 24 h of DHT

treatment was employed, it could be seen that swelling ratios of freeze-dried pure silk
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fibroin and gelatin scaffolds were 9.19+1.34 and 12.01+0.60, respectively. The result on
the swelling ratio of gelatin scaffolds corresponded to the work of Ratanavaraporn [8].
She reported that the swelling ratios of 0.8wt% freeze-dried type A gelatin scaffolds was
16.64+6.09 and this ration decreased as decreasing gelatin concentration. The swelling
ratio of pure silk fibroin scaffolds was, significantly lower than that of pure gelatin
scaffolds. This could due to the hydrophebic property of silk fibroin. As expected,
swelling ratios of gelatin/silk fibroin scatfolds tended to slightly decrease as increasing
silk fibroin content. Similarlv, the swelling ratios of scaffolds DHT treated for 48 h were
closed to those with 24 h of DHL#fcatment. This result demonstrated that DHT treatment

period had no effects on theswelling property of scaffolds.
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Figure 5.8 Swelling ratios of freeze-dried gelatin/silk fibroin scaffolds with various DHT
treatment periods: (¢) 24 h, and (m) 48 h.
* represent the significant difference (p<0.05) relative to gelatin scaffolds.
§ represent the significant difference (p<<0.05) relative to the same weight

percentage of silk fibroin.
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5.4.3 Biological property of scaffolds

To evaluate biocompatibility of scaffolds, each scaffold was seeded with MSCs
and MC3T3-E1 at a density of 2x10" cells per scaffold. Cell proliferation on scaffolds

was investigated using M'TT assay.

5.4.3.1 MSCs proliferation tests

The results on in vifzeeelirproliferation of MSCs on gelatin/silk fibroin scaffolds
were shown in Figure 5.9. Due 160 a limit in the number of MSCs, the viability of cells on
all scaffolds was determined only after 3 and 7 days of the culture. At 3 days after
seeding, the number of ecllsion pure silk fibroin seatfold was less than pure gelatin and
all blended scaffolds. There was no significant difference in the number of cells among
various types of scaffolds. After 7 days of seeding, there were more MSCs on each type
of scaffolds comparing to those at 3 days of eulture. The highest increase in the number
of MSCs from the 3" to 7™ date affer seeding was obviously noticed for pure silk fibroin
scaffolds. There was still no significant difference in the nuinber of cells on all scaffolds
after 7 days of culturé. However, pure silk fibrom tendsd to have a slightly more
proliferated MSCs comparing to gelatin/silk fibroin and gelatin scaffolds even it was not
statistically different. This eould due to the morphology of scaffolds (Figure 5.6). Freeze-
dried pure silk fibroin scaffolds ‘were a porous network with highly interconnection. This

might support cell proliferation.

3.4.3.2 MC3T3-E1 proliferation tests

Figure 5.10 showed the numbers of MC3T3-E1 on gelatin/silk fibroin scaffolds
after 1, 7 and 14 days of the culture. At 1 day after seeding, the number of cells on pure
silk fibroin scaffold was higher than that of pure gelatin and all gelatin/silk fibroin
scaffolds except gelatin/silk fibroin scaffold at blending ratio 20/80. This could be a
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result from the morphology of scaffolds (Figure 5.6). Scaffolds with high silk fibroin
content (80-100%) had highly interconnected porous network. This might support cell
migration. At 7 days after seeding, there was more MC3T3-E1 on each type of scaffolds
comparing to those at 1 days of culture. The number of cell on pure silk fibroin and
gelatin scaffolds increased 140%, and 2400%, respectively. However, there was no
significant difference in the number of osteoblast:like cells on all types of scaffolds. This
implied that, in this case, blending of gelabmn that was known to contain RGD-like
sequence could not promote cell proliferation. The pattern of the number of osteoblast
cells grown on all scaffold aftet Zdays of seeding was similar to that noticed when using
MSCs (Figure 5.9). At 14 daysaflier MC3T3-E1 seeding, the same trend as that after 7
days of seeding was obsewved. Nevertheless. the number of cells tended to slightly
decrease in blended scaffolds as/ingreasing gilk fibroin content.

This result demonstrated that both: cell tvpes ean proliferate on freeze-dried

gelatin/silk fibroin scaffoldswith a similar number.
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5.4.3.3 MC3T3-F+.

I
The morphology op];;[CSTB-EI cullun-.d on 20/80 gelatin/silk fibroin and pure

silk fibroin scaffﬂ]ﬂ yww Ewﬂxlﬂl d 5.12, respectively.
These two were se for ce enaj morphological 1ion since they did not
collapse i (ﬂdﬁj MC3T3-El
mlmuum(ﬁﬁmnmms: ﬁm 5.11(a) and

Figure 5.12(a)) down to the plate-exposed side (position 4-Figure 5.11(d) and Figure
5.12(d)). The micrographs demonstrated that MC3T3-E1 could penetrate through the

thickness of both scaffolds. Cells could be observed on the scaffold from cell seeding
side toward bottom side. Using higher magnification, cell morphology on 20/80
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gelatin/silk fibroin and pure silk fibroin scaffolds after 14 days of culture was shown in
Figure 5.13. Interaction between the cells and the surfaces of scaffolds was noticed.
MC3T3-E1 proliferated on the surface of 20/80 gelatin/silk fibroin scaffolds were round
and a sign of filopedia was noticed in Figure 5.13(a). On the other hand, no filopodia

evidence was observed on pure silk fibroin surface as shown in Figure 5.13(b). This

phenomenon could demonstrate a dliﬁ ab111ty of cells to proliferate on the
surface of 20/80 gelatin/silk ﬁbpam and pure 01r1 scaffolds.
This result on in ul

types, material, blendm

influenced cell proliferation
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Figure 5.11 SEM mlcrographs of cross-sectional plane of freeze-dried 20/80 gelatin/silk
fibroin scaffolds at position (a) 1 (cell seeding side), (b) 2, (¢) 3, and (d) 4
(plate-exposed side) after 14 days of MC3T3-E1 culture.
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5.5 Silk fibroin and conjugated gelatin/silk fibroin scaffolds via salt-

leaching

In this section, porous silk fibroin scaffolds were prepared using salt-leaching
gulated by the size of granular NaCl added
, the size of granular NaCl used was

@5.

method. The pore size of scaffolds coullp
into the silk fibroin aqueous SOllItlDI’I Zf

600-710um (Figure 5.14) duml aw&lab

After salt-leac%'*:éél_J silk fibroin scaffolds
— |
conjugating with type AJ gelatin. Furthermore, silk fibrein and conjugated gelatin/silk

ed, surface was modified by

===

fibroin scaffolds ﬁere alt&ﬂe%mersedﬁcalmmn an ‘G_Aphosphate solution to allow

the deposition of ot R bW oh it och bilscdttols. This method wes

employed to grovsHlydroxyapatlte comrpound on various surface of substrates [11, 56-57].

ARG TR W1 )
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Table 5.2 Salt-leached scaffolds prepared in this work

Number of alternate
Scaffolds Notation
soaking cycles
0 SFO
2 SE2
Silk fibroin scaffolds
4 SF4
o SF6
0 CGSFo
Conjugated
% CGSF2
gelatin/silK Tibroin
4 CGSF4
scatfolds
6 CGSFo

3.5.1 Morphology of scaffolds

5.5.1.1 Hydroxyapatite/silk fibroin scaffolds

Figure 5.15 showed the cross sectional morphology of hydroxyapatite/silk fibroin
scaffolds. Before hydroxvapatite growing, porous structure<with smooth surface of silk
fibroin scaffolds was noticed as illustrated i Figure 5.15(a)-(b). The pore size of scaffold
structure represented the sizeeof salt crystals used (600-710um). The outer surface of salt-
leached silk fibroin seaffolds. before” hydroxyapatite” growing, shown in Figure 5.15(c),
was similar to the'inner surface of scaffolds as presented in Figure 5.15(a). After alternate
soaking n calcium andiphosphate solutions, the pore size 'of scaflelds.decreased as seen
from bothfinner surface (Figure 5.15(d), (g), and (3)) and outer surface (Figure 5.15(f), (1),
and (1)). This due to the infusion of calcium and phosphate solutions throughout the
scaffolds leading to the deposition of hydroxyapatite on the surface of scaffolds. The
accumulated hydroxyapatite resulted in the rough surface of porous structure as seen in
Figure 5.15(¢), (h), and (k). After 6 cvcles of alternate soaking, the outer structure of

scaffolds was covered with hydroxyapatite. As a result, the alternate soaking process



73

could not be further performed; i.¢. calcium and phosphate solutions hardly diffused into
the scaffolds.

Considering the hydroxyapatite crystals grown on the scaffold surface after 2, 4,
and 6 cycles of alternate soaking (Figure 5.16), it was found that the hydroxyapatite
formed inside the scaffolds looked to be less than that grown on the outer surface. Size of
hydroxyapatite crystal seemed to increase as increasing the number of alternate soaking
cycles from 2 to 4 cycles as shown in Figure 5716¢b), and (d). After 6 cycles of alternate
soaking (Figure 5.16(1)), the more accunmlation of hydroxyapatite crystals led to a thick

layer of hydroxyapatite fullyfilledthe porous structme as discussed earlier.

5.5.1.2 Hydroxyapatitesconjugated gelatin/silk fibroin scaffolds

Figure 5.17 showgd the cross sectional morphelogy of hydroxyapatite-conjugated
gelatin/silk fibroin scaffolds. The structure of CGSF0 was very fibrous (Figure 5.17(a)-
(b)). Conjugated gelatin was partly tormed fibers inside the pores of silk fibroin scaffolds
resulting in fiber-like structure with-highly interconnection which was different from the
porous structure of silkefibroin as shown in Figure 5.15(a)-(b). Figure 5.17(¢c) showed the
outer surface of CGSFO which obviously differed from the inner surface of CGSFO in
Figure 5.17(a) and the outer surface of SFO in Figure 5.15(c). Gelatin conjugating caused
a less opened-surface of scaffolds. This partly limited the infusion of calcium and
phosphate solution into ‘the ‘scatfolds. After hydroxyapatite' growing, the interconnected
porous network téhded to decrease comparing to CGSFO (Figure 5.17(d), (g). and (j)).
The deposition’ of hydroxvapatite avas observed-alongigelatin-fiben and scaffold surface
leading to, a ‘rough "surface (Frgure 35.17(e),” (h), "and™ (k)). "Motr¢ hydroxyapatite
accumulation was noticed upon the increasing number of alternate soaking cycles. The
accumulation of hydroxyapatite over the outer surface of scaffolds was clearly noticed
which caused the porous structure disappeared as presented in Figure 5.17(f), (1), and (1).
This result revealed that gelatin conjugating on silk fibroin scaffolds influenced the

morphology of silk fibroin scaffolds and the pattern of hydroxyapaptite growing.
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Figure 5.18 clucidated the hydroxyapatite crystals grown on the conjugated
gelatin/silk fibroin scaffold surface after 2, 4, and 6 cycles of alternate soaking. It
confirmed that the hydroxyapatite deposition inside the scaffolds was less than that
formed on the outer surface of the scaffolds. The hydroxyapatite crystal aggregation
increased as increasing the number of alternate soaking cycles as shown in Figure
5.18(b), (d), and (f).

Comparing the hydroxvapatite crystale_grown in SF (Figure 5.16) and CGSF
(Figure 5.18), it was noted that crystal sizes of hvdroxyapatite in SF were larger than
those in CGSF. This could.bé a‘tesult from a difference in the morphology of both
scaffolds. Moreover, the surface arca of fibrous CGSF was relatively more than that of
SF, while the pore volumesof CGSE! was less as noticed from an increased weight of
scaffolds (~13%) after gelatin conjugating. This ensured that gelatin conjugating of silk
fibroin scaffolds influenced hydroxyapatite growing including the size and distribution of
hydroxyapatite.

Additionally, after the silk fibromn and conjugated gelatin/silk fibroin scaffolds
were immersed in calcium and phesphate solutions, i.e. hvdroxyapatite growing, the
average weight of the scaffolds was ineréased as depicted in Figure 5.19. The increasing
weight of silk fibroin“and conjugated silk fibroin scaffolds after various numbers of
alternate soaking cycles was obwviously the weight of grown hydroxyapatite in the
scaffolds. It was clearly seen that the weight of hydroxyapatite deposited in the scaffolds

was progressively increased upon the increasing number of alternate soaking cycles.
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fibroin scaffolds (a)-(b) 2 cycles, (¢)-(d) 4 cycles, and (e)-(f) 6 cycles of
alternate soaking.
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The comparison between SF and CGSF exhibited that the increasing weight of
hydroxyapatite in SF was higher than CGSF and the difference tended to be more as
increasing the cycles of alternate soaking process. The weight of both scaffolds was
increased about 80-95% after 2 cycles of alternate soaking. At 6 cycles of alternate
soaking, hydroxyapatite deposited in SF and CGSF scaffolds were 230% and 190% of
initial weight of scaffolds, respectively. WhenSE was conjugated with gelatin, the ability
of hydroxyapatite growing via selution mfusion into the scaffolds was reduced. This was
in agreement with the results on SEM micrographs of both types of scaffolds discussed

previously.
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Figure 5.19 Increasing weights of scaffolds as a function of alternate soaking cycles (¢)

silk fibroin scaffolds, and (m) conjugated gelatin/silk fibroin scaffolds.



80

Our results corresponded to a recent report by Furuzono ef.al. [57] which showed
the increasing of apatite weight on the silk fabric with alternated soaking repetitions.
Taguchi et.al. [11] also reported that hydroxyapatite content increased with increasing

immersion cycle in calcium and phosphate solutions.

3.5.2 Compressive modulus of scaffolds

The compressive modulus of hydroxyapatite/silk fibroin and hydroxyapatite-
conjugated gelatin/silk fibroin® seafrolds was shown in Figure 5.20. The compressive
modulus of SFO and CGSEO werg 262.50+61.85 and 506.00+151.10 kPa, respectively.
This could be a result from the morphology of both seaffolds. Morphology of CGSF was
more fibrous structure and the surface area of CGSE was more than SF. This supported
compressive ability of scaffolds. /Moreover. CGSE was treated by DHT and EDC. DHT
brings about chemical bonding /between the amino and carboxyl groups within molecule
of polypeptide. It was well-known that crosshinKing could enhance mechanical properties
of scaffolds. Further treated with EDC, the primary amines on the peptides formed a
stable amide bond between the peptide of gelatin and gilk fibroin [47] causing an
increasing in compressive modulus of scaffolds.

Comparing the compressive modulus of salt-leached silk fibroin scaffolds to the
other work reported [1], it was found that the compressive modulus of SFO was lower
than that reported (77050 KPa). This might due to different testing condition and the size
of scaffolds. Our scaffolds were rather small (~11mm in diameter, ~2mm in height)
comparing, torthosermsed i Kimeer.ol's) work(12mmin diameter,010mm in height).
Another possible reason might ‘be the different source of Bombyx mori silkworm. Our
Thai silkworm (yellow cocoon) possessed lower molecular weight (~253.4 kDa) than that
of Japanese race (white cocoon, ~515.1 kDa) [65].

After hydroxyapatite growing, compressive modulus of both scaffolds increased
with an increasing numbers of alternate soaking cycles. At 6 cycles of alternate soaking,

compressive modulus of SF increased by 100% while that of CGSF increased 60%. This
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might be the influence of the hydroxvapatite deposited in SF which was more than in
CGSF. However, the absolute compressive modulus of SF6 (535.00+93.99 kPa) was still
lower than that of CGSF6 (826.00+388.63 kPa). These results confirmed that gelatin
conjugating and hydroxyapatite growing on silk fibroin scaffolds enhanced the

compressive modulus of silk fibroin scaffolds.
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Figure 5.20 Compressive-modulus of (#)hydroxyapatite/silk fibroin scaffolds, and (m)
hydroxyapatite-conjugated gelatin/sillefibroin scaffolds.
# represent the significant difference (pe0.03) relativeto ¢ach scaffold
before alternate soaking (0 cycle).
§ represent the significant difference (p<0.05) relative to the scaffold at the

same number of alternate soaking cycles
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3.5.3 Swelling property of scaffolds

Figure 5.21 showed the swelling ratio of hydroxyapatite/silk fibroin scaffolds and
hydroxyapatite-conjugated gelatin/silk fibroin scaffolds at various numbers of alternate
soaking cycles. The swelling ratios of SFO and CGSF0 were 11.02+1.46 and 10.32+1.37,
respectively. The swelling ratio of SE was very similar to that of CGSF0. This result
showed that gelatin conjugating did not affect thc swelling property of scaffolds.

After hydroxyapatite growing, swelling ratio of both SF and CGSF decreased
significantly with an increasig mumbers of alternate soaking cycles. At 6 cycles of
alternate soaking, swelling satio 0L SF and CGSF decreased about 50-60%. It was a result
from the accumulation of jhvdroxvyapatite on the surface of scaffolds obstructed the
swelling ability of scaffoldsiand possibly the léss pore veolume in the scaffolds as seen
from SEM micrographs.

Comparing the swelling property of salt-leached silk fibroin scaffolds to the other
work reported [1], it was found that the swelling ratio of SFO was lower than that
prepared from Japanese white silkworm (28.4£2.7). The discrepancy might be attributed
by different source of'silk fibroin as well as the testing condition. Before the swelling
test, our scaffolds weré mot dried in a vacuum oven to reduce the humidity. This could
reduce the swelling ability of our silk fibroin seaffolds. In addition, our scaffolds were
rather small (~11mm in diameter, ~2mm in height) comparing to those used in Kim

et.al.’s work (12mm in diameter, 10mm in height).
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Figure 5.21 Swelling properties of (¢)hydvroxyapatite/silk fibroin scaffolds, and (m)
hydroxyapatite-gonjugated gelatin/silk fibroin scaffolds.
* represent the significant difference (p<0.05) relative to each scaffold
before altemnate soaking (0 cycle).
§ representthe significant difference (p<0.05) relative to the scaffold at the

same number of alternate soaking cycles

5.5.4 Biological property of scaffolds

3.5.4.1 MC3T3-El proliferation tests

Figure 5.22 presented the numbers of MC3T3-E1 on hydroxyapatite/silk fibroin
scaffolds, and hydroxyapatite-conjugated gelatin/silk fibroin scaffolds after 1, 7 and 14
days of the culture. At 1 day after seeding, no significant difference in the number of cells
among various scaffolds was noticed except CGSF4. At 7, and 14 days after seeding, the
number of cells tended to decrease in all scaffolds except in CGSF0. This might be the
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result of fibrous morphology of CGSFO which was reported to support the proliferation
of MC3T3-El [66]. In addition., hydrophilic property of gelatin promoted cell
proliferation of CGSF(. Calvert et.al. [67] reported that MC3T3-E1 could adhere better
on hydrophilic surfaces than hydrophobic surfaces. Moreover, gelatin contains arginine-
glveine-aspartic acid (RGD)-like seque t promotes cell adhesion and migration [46.
68]. For the case of hydmxya[w W d hydroxyapatie-conjugated gelatin/silk
fibroin scaffolds, cells migh able temte on scaffolds due to a high
deposition of hydroxyapatl 11- edn@scaffold&

The other work re

ilk fibroin in tissue engineering by
Meechaisue et.al. [53] hav ild adhere and proliferate on the
electrospun Nang-Lai silk r fo, that on electrospun silk fibroin
fiber mats from Chine
Nang-Lai silk fibroin fi

culture.

W
e&uggested that the electrospun

olding materials for bone cell

5.5.4.2 MC3T3-E1 mlgmﬂ'_—f, i
:1 e ¥ ,
Figure 5.23-5 2% showed SEM micrographs of sprétding behavior of MC3T3-E1
mouse osteoblast-like 9 si in and Epnjugated gelatin/silk  fibroin
scaffolds after 14 days of gllléuire. Conjugate%e]atinfsilk fibroin scaffolds which showed

the highest wﬂ;ﬂﬁ@ﬁeﬂ W§Wﬁ@ﬂﬁe cell interaction and

morphulugy Furthermore, silk ﬁhn:un scaffolds, as control, were mvestlgated For silk
e N T I A T
of scaffol it deepest position

(position 4). For the case of conjugated gelatin/silk fibroin scaffolds. the surfaces were

decorated with cells. In addition, the porous structure in the upper half of conjugated
gelatin/silk fibroin scaffolds (Figure 5.24(a)-(b)) was disappeared as it was possibly
covered with neo-extracellular matrix deposited by MC3T3-E1. Comparing the cell
morphology proliferated on both types of scaffolds shown in Figure 5.25, it was evident
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that cells on silk fibroin surface were round. No filopodia was observed as shown in
Figure 5.25(a). Meanwhile, the extension of cyvtoplasm on conjugated gelatin/silk fibroin
surfaces was noticed as seen in Figure 5.25(b). Cell morphology implied that cells were
more active on conjugated gelatin/silk fibroin surfaces. For the case of
hydroxyapatite/silk fibroin and hydroxyapatie-conjugated gelatin/silk fibroin scaffolds,

accumulation on the outer sur ructed the cell migration into the
scaffolds. This posgihl}r enged the @g ina dECl‘E&Siﬂg trend in the
number of living cells as noti i e 5.22)

This result indicatedt llk fibroin scaffolds promoted

the proliferation and biglbgical fetiv fy of mouse osteoblast-like cells. Further
investigations are required 1 fally unders and the biological activity of cells on these
scaffolds. e
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Three-dimensional ca&fold@d from Thai silk fibroin were

developed via freeze-doyng and thods. Gelatin was used to

iques. To obtain freeze-dried
us silk fibroin solution prior to
s th silk fibroin was evaluated.
After that. porous %mﬂmm] and chemicals.
Morphology of type / owed an uniform structure
compared to type B gelatin
materials. As a result, type ™
this work and the effects of _J}Igﬂﬁag: weight satio and DHT treatment period on

physical and biolo “Eal properties of 111(: s were investigated.

ifference in the secondary

structure of silk ﬁhmg scaffo]ds ure of freé}l dried silk fibroin scatfolds
was random coil while thatef air-dried silk fibroin scaffolds after gelling was B-sheet.

Biendilfleid B oy &) B P b m s of the scaffolds.

Scaffolds w1thqngh silk fibroin gontent (80- Eﬂwt%) possesegd relatively high
oG P S ] B o i
tended & slightly decrease as increasing silk fibroin content due to the hydrophobic
property of silk fibroin. There was no significant difference in the compressive
modulus and swelling ability of each type of blended scaffolds when DHT treated for
24 and 48 h. In vitro culture showed that freeze-dried pure silk fibroin scaffolds
tended to have a slightly more MSCs proliferated comparing to gelatin/silk fibroin
and gelatin scaffolds. MC3T3-E1 cells culture indicated that the number of
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proliferated cells decreased in all blended scaffolds as increasing silk fibroin content.
This could due to the hydrophobic property of silk fibroin.

For the case of salt-leached silk fibroin scaffolds, gelatin was used to
conjugate on the surface of silk fibroin scaffolds. Furthermore, the deposition of
hydroxyapatite on silk fibroin and conjugated gelatin/silk fibroin scaffolds via
alternate soaking in calcium and phosphate solutions was performed. After
conjugating with gelatin, the structure of sgaffolds were more fibrous with highly
interconnection. The compressive modulus of-€onjugated gelatin/silk fibroin scaffold
was higher than silk fibseiwn-seaifold. In additien,-hvdroxyapatite growing on both
scaffolds, with and without gelaimn conjugating, resulted in less porous network and
less interconnection as in€reasing the number of aliernate soaking cycles. The
hydroxyapatite depositionsons the gcaffolds was more upon the more cycles of
alternate soaking resulfing dn higher-compressive modulus but less swelling ability
comparing to each initial seaffold without hydroxyapatite. Conjugated-gelatin/silk
fibroin scaffolds showed amarkedly increase in the number of MC3T3-E1 comparing
to other scaffolds. In addition, the morphology of cells after 14 days culture of
conjugated gelatin/silk fibroin secaffold indicated the extension of cytoplasm on
surfaces. This revealed that gelatin conjugating was. favorable to cell proliferation.
Hydroxyapatite growing did-not-attect the number of proliferated cells. This was
possibly due to the closed surface of scaffolds after hydroxapatite deposition.
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6.2 Recommendations

Although the effects of gelatin type, blending composition, DHT treatment
time, effect of fabrication method, and effect of hydroxyapatite growing on chemical,
physical and biological properties of the gelatin/silk fibroin scaffolds have been
investigated in this work, there are other interesting points which should be further

considered as follows:

1. The detailed evaluation on the activity et proliferated MC3T3-E1, such as
ALP activity, immunehistochemistry staining, on silk fibroin and conjugated
gelatin/silk fibronscaifolds should be performed to fully understand the

biological characteristies ofithese scaffolds

2. Biodegradation property should be investigated in order to understand the
degradation rate ofsillk fibroin scaffolds.

3. Further study on differéntiation of mouse osteoblast-like MC3T3-E1 with
induced medium should be explored in order to evaluate the potential of silk

fibroin for bonetissue-engmeering-appheation:
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APPENDIX A

Raw data of compressive modulus

Table A-1 Mean and SD of compressive modulus of gelatin/silk fibroin scaffolds
with DHT treatment for 24 h.

Weight percentage | Compressive modulus (kPa)
of silk fibrein mcan SD
0 337.14 143.96
20 214.29 73.68
60 260.00 62.45
80 467.14 62.91
100 350.00 102.31

Table A-2 Mean and §D of compressive modulus of gelatin/silk fibroin scaffolds
with DHT treatment for 48 h.

Weight pergentage | Compressive modulus (kPa)
of silk fibrois mean SD
) 302.50 34.03
20 132.50 28.72
60 220.00 24.49
20 57750 87.32
100 442.50 66.52

Table A-3 Mean and SD of compressive modulus of hydroxyapatite/silk fibroin

scaffolds.
Cycles of alternate | Compressive modulus (kPa)
soaking mean SD
0 262.50 61.85
2 265.00 81.85
4 500.00 121.93
6 535.00 93.99

100



Table A-4 Mean and SD compressive modulus of hydroxyapatite-conjugated

gelatin/silk fibroin scaffolds.

Cycles of alternate | Compressive modulus (kPa)
soaking mean SD
0 506.00 151.10
2 510.00 170.88
4 550.00 234.09
6 388.63
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APPENDIX B

Raw data of swelling ratios

Table B-1 Mean and SD of swelling ratios of gelatin/silk fibroin scaffolds with DHT

treatment for 24 h.
Weight percentage | Compressive modulus (kPa)

of silk fibroin el SD

0 12.01 0.60

20 10.99 0.56

60 12.22 2.50

80 11.09 1.35

100 9.19 1.34

Table B-2 Mean and SD eof swelliiig ratios of gelatin/silk fibroin scaffolds with DHT
treatment for 48 h.

Weightpereentage | Compressive modulus (kPa)
of silk fibroin mean SD
0 13.69 2.10
20 13-15 1.85
60 13.40 1.97
80 e 2.28
100 10.32 2.00

Table B-3 Mean and SDyof.swelling ratios ef/hydroxyapatite/silk fibroin scaffolds.

Cycles of alterate | Compressive modulus (kPa)
soaking mean SD
0 11.02 1.46
2 1.23 0.66
4 6.28 0.42
6 5.70 0.15
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Table B-4 Mean and SD of swelling ratios of hydroxyapatite-conjugated gelatin/silk

fibroin scaffolds.
Cycles of alternate | Compressive modulus (kPa)
soaking mean SD
0 10.32 1.37
2 7.13 0.62
4 5.27 0.42
6 0.20
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APPENDIX C

Standard curve of in vitro cell culture test

Table C-1 Absorbance at 570 nm from MTT assay for standard curve of bone-

marrow derived mesenchymal stem cells (MSCs).

Replication Numbcrof cells
no. 5,000 10,000 20,000 40,000 80,000
1 0.066 0.103 0144 0.320 0.562
2 0.068 0.081 0.158 0.339 0.544
3 0:066 0.094 0.147 0.316 0.544
4 0.064 0.069 0.123 0.203 0.637
mean 0.066 0,087 0.143 0.295 0.572
SD 01002 0015 0.015 0.062 0.044
0.7
0.6 - y=7E-06x + 0.0194
R? =0.998
o 0.5 1
2
m -
s 0.4
B
S 0.3 -
0
< 0.2
0.1 1
0 1 1 1 1 : 1 1 1 : 1 1 1

0

20,000

40,000

Number of cells

60,000

Figure C-1 Standard curve for MSCs.
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Table C-2 Absorbance at 570 nm from M'TT assay for mouse osteoblast-like cells

Absorbance

(MC3T3-E1).
Replication Number of cells
no. 10,000 20,000 40,000 80,000 160,000
1 0.033 0.052 0.08 0.185 0.319
2 0.036 0.049 0.093 0.181 0.299
3 0.052 0.061 0.082 0.152 0.273
mean 0.040 0.054 0.085 0.173 0.297
SD 0.010 0.006 0.007 0.018 0.023

0.35

0.3 1

0.26 4

0.2 1

0.15 4

0.1 1

0.05

y = 2E-06x + 0.0216
R’ =10.9957

0 PR T

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000

Number of cells

Figure:C-2 Standard curve for MC3T3-E1.
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