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CHAPTER I

INTRODUCTION

1.1 Background

Tissue Engineering is a my | Jrary field which applies the principles of

an accomplishment of
scaffolds with differs

sues required biodegradable
teristics. Collagen and silk
2at have been used as tissue
_ \\ hissagradable characteristics.
Silk has been in: g5t o ' \ to the successful use of silk
fibers from Bombyx rics [1]. Silk fibroin is a major

constituent of raw silk witRly¥explored for many biomedical

applications, because of itfeat < .y "and biodegradability, minimal

inflammatory reactions, ag S -*"' properties. For example, silk
fibroin from Bombs i—- =>4t matrices and ligament
J \,

using osteoblast, he P ; o ' cngineering [2]. Thai silk is

iF |

one of Bombyx mori “\kworms. Characteristics of coson Thai silk are its yellow
color and coarsg fil r:zit? % reAre-a faw reports of Thai silk
scaffolds for Ejuﬁj e iﬂﬂﬁe cwirjﬂbﬁ:/n fiber mats as bone
scaffolds [3 anqtljl biocompatibility f freeze-driagsand salt-leach@g Thai silk fibroin
scaffola ]r]'a é&ﬂeﬁﬁjé&gﬁl?}r@e%ﬂsﬂq}a ﬂ fibroin-based
scaffoldé? Chamchongkaset et. al. [7] have introduced the concept of blending Thai
silk fibroin with gelatin. This was due to the fact that gelatin, a derivative of collagen,
contains arginine-glycine-aspartic acid (RGD)-like sequence that promotes cell
adhesion and migration. Jetoumpenkul [5] has reported that the chemical crosslinked
Thai silk fibroin/gelatin scaffolds using EDC/NHS showed lower weight loss (%) and

higher compressive modulus than those of non-crosslinked scaffolds. Interestingly,
non-crosslinked Thai silk fibroin/gelatin scaffold at the weight blending ratio of 50/50



showed the lowest weight loss (%) with excellent mechanical strength as good as the
crosslinked scaffold due to the suitable electrostatic interactions between silk fibroin
and gelatin. The incorporation of hydroxyapatite into freeze dried Thai silk
fibroin/gelatin scaffold was also preliminarily reported to enhance the mechanical
properties. Vachiraroj et.al. [4] have reported the biocompatibility of hybrid scaffolds
developed from silk fibroin, gelatin and hydroxyapatite. The in vitro results using
MC3T3-E1 and rat bone marrow derived stem cells (rMSC) for cell
attachment/proliferation and osteogeniq differentiation proved that the scaffold had

high potential to promote celg 1_proliferation while hydroxyapatite

hybrid scaffolds supportec™es tion. Takahashi et. al. [8] have

reported the gelatin spo‘r..' . orat ~=n phosphate (B-TCP) prepared

by chemical crossliny

showed the average porf

yde. The obtained scaffolds
suspension of B-TCP. The in
vitro study using rMsC - AN . proliferation, and osteogenic
‘ mposition. The presence of
itachment, proliferation, and
) of two type of materials,
inorganic compound and =z ias® such as hydroxyapatite/poly(L-
Iacticacid)[g],hydroxyapatite/ A 778 0] hydroxyapatite/titania/poly(lactide-
co-glycolide)[11], {CE ol

a new material \&&

i/ [4], was used to develop

-
=

i) on the integration of

biodegradable polyme :I I prowees meroomp ‘IJ'J 1d showed the enhancement

-~

of biocompatibility, bierg@dability, abili%to initiate osteogenesis and mechanical

properties.[lZﬂl%\H %W%MhW%ﬁtF g@ B-TCP in Thai silk

fibroin/gelatin $btem has not been igvestigated and compared.

i ' i Qg QA focto Aprganic compounds
on thﬂrmmsﬁq‘ﬂmagma iﬂ&? :Iﬁ;gl of in:))rgan(ijc

compounds selected for this study are hydroxyapatite and B-TCP. Different ratios of

inorganic compound added in Thai silk fibroin/gelatin solution will be investigated in
order to find out the appropriate ratio between inorganic compound and Thai silk
fibroin/gelatin which can enhance the mechanical properties and the osteoconduction
of the scaffold. The scaffolds will be fabricated via freeze drying. The mechanical
properties, swelling property, porosity and pore size will be characterized. The in

vitro biocompatibility including cell attachment, proliferation and osteogenic



differentiation will be studied using periosteum derived cell. The applicability of Thai
silk fibroin/gelatin scaffolds incorporated with inorganic compounds as alternative

materials in bone tissue engineering will be evaluated.
1.2 Objective

To investigate the effects of hydroxyapatite and p-tricalcium phosphate on the

physical and biological properties 4 fibroin/gelatin scaffolds for bone tissue

engineering.

1.3 Scopes of Researer:

1. Prepare silk fibroir®ol: e i N Ngnoi-Srisaket 1”.
2. Prepare the blende - —
50/50 incorporated witt

Parameters to be investi

- Type of inorgar. ~ > ‘ ' AlCGBM phosphate and hydroxyapatite

- Blending welght
fi b ;u

0/100,30/70,50/50, 75430 ‘
3. Fabricate the sca] y ,\:’i ing technique

“cach  inorganic  conpound/protein:

4. Investigate the prop] ! ies

i¥

4.1 Physical propertles

b1 0N 124 ehimi el
RIS AN

4.2 Blologlcal properties
4.2.1 In vitro biodegradability
4.2.3 Material cytotoxicity test
4.2.3 In vitro biocompatibility using Periosteum derived cell
4.2.3.1 Cell attachment at 1 day and proliferation at 3 and 5 day by
DNA assay.



4.2.3.2 Cell differentiation by alkaline phosphatase (ALP) activity and
calcium contents.

4.2.3.3 Cell morphology by scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX)

AULINENINYINT
ARIAATAUUNINGIAY



CHAPTER Il

RELEVANT THEORY AND LITERATURE REVIEWS

2.1 Relevant theory

2.1.1 Biomaterials

2.1.1.1Silk

The nature of silk

Silk is naturally mojuuptera larvae species including

silkworms, spiders, sce# ich form their cocoons. Silk
especially from silkwor: “Saiomedical sutures for decades
and used in textile product’ NoiNprotein synthesized in specialized
epithelial cells that line ._ % ‘\ /e by secretion into the lumen of
these glands where the pro#in #fstore ,:3: 2z v ‘

silks are cocoon silk from B b‘_

spiders, due to their impressive m#Z=75

o fibers. The most widely studied
an®dragline silk from Nephila clavipes

which are the advantage for textile and
biomedical applicatiq 1)

Silk in its .V;g
glue-like coating consis! I J OF o veril TS, ,, own in Figure 2.1.

ﬂuﬂawﬂwswwwnﬁ
oy Jafttha

— — — Sericin

RX J protein, silk fibroin, and a

Figure 2.1 Structure of raw silk fiber

Sericin is the water-soluble glue-like protein that binds the fibroin fibers together. It is
brittle, and inelastic. The amount of sericin ranges from 20-25wt% of raw silk fiber depending



on the type of cocoon. Sericin is a macromolecular protein which has the molecular weight
ranges vary from 10 to over 300 kDa. Removal of the sericin from silk fibroin is
accomplished by a process called “degumming” using acid or soap.

A major constituent of raw silk fiber, about 75-80wt%, is silk fibroin. It is an
insoluble fibrous protein that is biocompatible with living tissues. Its structure is composed of
layers of antiparallel beta pleated sheets (Figure 2.2) which run parallel to the silk fiber axis.
Silk fibroin fibers are about 10-25 pum in diameter and composed of heavy (~350 kDa) and
light (~25 kDa) polypeptide fractions connected by disulfide linkages. The disulfide linkage
between the Cys-c20 (20 residue fro;
172 of the light chain holds t ' /’1d a P25 (a 25 kDa glycoprotein) is

noncovalently linked to theg ; As consist of 12 repetitive regions

interspersed with 11 non-re— —/e regions are responsible for the

jhoxyl terminus) of the heavy chain and Cys-

formation of crystalline R-shz Ssanctitive regions are amorphous.

1813 03

Vg ‘Vl?ﬂ

q Figure 2.2 Structure of silk fibroin [16].

ARIAINTAUNM TN



Amino acid compositions and molecular structure of Bombyx mori silk fibroin

Bombyx mori silk fibroin consists of 18 amino acids (Table 2.1) and most of which
have strongly polar side groups such as hydroxyl, carboxyl, and amino groups. The isoelectric

point is around 3.

Table 2.1 Amino acid compositions (%) of silk fibroins extracted from different Bombyx
mori cocoons [17].

Amino acid Silk fibroins
‘ Pink Green
Glycine, Gly* 51.0 47.0
Alanine, Ala* 24.5 25.4
Serine, Ser* 9.6 10.9

4.8 1.4
2.9 2.8
, L0 0.9
W16 1.7
W 038 0.9
0.9 1.2
0.6 1.4
0.6 0.7
5 0.4

Tyrosine, Tyr*
Valine, Val*
Threonine, Thre
Isoleucine, lle+
Phenylalanine, Phe+
Lysine, Lys°®
Aspartic Acid, Asp °

Leucine, Leu+

Arginine, Arg°®

Glutamic Acid, Glu [ 715 1.4

Proline, Pro+ - -t 0.5 0.4

- Nd
{ Nd

’J"ﬁl EWI NE ﬂd’i v

Nd

Methionine, Met+

Histidine, His® -
Cysteine, Cys ﬂ u

Nf Val +Non-
polar amlﬂo acid: lle, Leu, Phe, Met, Pro °Basic amino acid: Asp, Glu, Arg, Thr, Lys, His Nd:
not detected.

The primary structure of Bombyx mori silk fibroin was generally divided into four
regions as shown in Figure 2.3 Region 1 is the highly repetitive Gly-Ala-Gly-Ala-Gly-Ser
sequence which constitutes the crystalline part of the fibroin (94% of total chain). Region 2 is
the relatively less repetitive Gly-Ala-Gly-Ala-Gly-Tyr and/or Gly-Ala-Gly-Ala-Gly-Val-Gly-
Tyr sequences consisting of the semi-crystalline parts. Region 3 is Gly-Ala-Gly-Ala-Gly-Ser-



Gly-Ala-Ala-Ser and Region 4 is the amorphous part containing charged and aromatic

residues.
R1 R3 4 RS R& R7 R8 R9 RI10R11 Ri12
Al A2 A3 A4 A5 -AB AT A8 A9 A10 AN
[ala|a|alb|blblala]a]a a alalalalalalalblblblblcl
= —rua-Gly-Ala-Gly-Val-Gly-Tyr
Figure #5 S # 2D (S0 privfary structure of
Thai silk [18]
Thai silk is one of Bon'& ‘ : E ms which mainly produced for textile
industry in the northery and.as® Al iland. Characteristics of Thai silk are

yellow color and coa§ E .up to 38%) than other types

of Bombyx mori silk { a I of Thai silk such as Nangnoi
Srisaket 1, Nangline an&£ther species of blended-Thai silk 3£h as blended-Sakolnakorn and
bIended-Ubonr?ﬁ\athani 063 (lotus

B TINTNYNS

This spea} is easily cultivated. .]’ he life cycle is short, approxw&}ely 18 days and the

C°'°ﬂﬂ”?ﬂﬁﬂﬁfulm’nﬂmﬁﬂ

This specy is easily degummed. The color of cocoon is dark yellow. The weight of
cocoon is 0.68 — 1.64 g and the length of silk fiber is about 311 m/cocoon.

- Blended-Ubonratchathani 60-35

This specy is the blend between Ubonratchathani 60 and Nangnoi Srisaket 1. The
color of cocoon is yellow. The weight of cocoon is 1.4 g and the length of silk fiber is about

519 m/cocoon.



Applications of silk

It is well known that silk thread has been used clinically as sutures. In addition, it is
used in many applications including textile industry, cosmetics and medical applications.
Attractive properties of silk fibroin include its robust mechanical properties when hydrated,
biocompatibility, biodegradability, high dissolved-oxygen and water-vapor permeability, and
resistance against enzymatic degradation. Examples of products made from silk in medical
applications are wound covering materials, gauze pads and bandaged, silk clothes for
protecting affected parts (incised wound, burn, tumor, bedsore, etc.), artificial skin, cell-

growth substrates, oxygen-permeable B ps; and tissue-engineered scaffolds, as shown

in Figure 2.4.

The nature of qelaug

Gelatmﬁutﬂ\d@:ﬂ ﬁandWﬂ'r‘ ﬁﬁed from collagen, a main

component founqlm connective one of human and animals such as fish,

AN FTLAG WAl (L V-4

amino aC| s joined together by peptide bonds as shown in Figure 2.5.
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0
alatin [22]
Types of gelatin
Gelatin can be divi g% | ¢ W%, oroduction process (Figure 6.)

Type A gelatin process is mainly applied to

porcine skin, in which tk isoelectric points (pl) of type A

gelatin are in the range of  JF. g™ % ™ : | ength) gelatins normally have the
higher pl and the low bloom | api pser to 6.
Type B gelatin is formed FUrocess. It is mainly applied to cattle skin
and bone, in which the tripliEerE A7 o is more densely crosslinked and

complex. Type B gel% 7

J

Ly

iF

AULINENINGINT
AN TUAMINAY
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alkaline process (liming) / - ‘

Figure 2.6 Prepa; 4 f. fC 2 i waiatins from collagen [23]

and brittle. It is soluble . ! acid, and insoluble in organic
solvents. Gelatin swells an, bs iy Tl Wbt water to form a gel in agueous
solutions at low temperature. © i : i 2ases under stress (thixotrophic) and

the gelation is thermally reversible o Z0ue protein structure that provides a wide

ORI

range of functional pregerti gale g=lix in aqueous solution.
Gelatin is an ;, .“:l' or alkali, depending on the

nature of the solution. TT: ! pr Jtion is neutral is known as the

isoelectric point (pl).

The is i@ %‘w protein will not migrate
in an electric flﬁtuy ﬂﬂmt ’ﬂﬁ‘ﬁlﬁle carries an equality of
positive and nega ive charges. Gelating' is rather unigyle as it can haygan isoelectric point
e QRAINT IV T B

Tee properties of gelatin from various sources can be different, for example, fish

gelatin is distinguished from bovine or porcine gelatin by its low melting point, low gelation
temperature, and high solution viscosity.
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Amino acid composition

Gelatin is a high molecular weight protein. On a dry weight basis, gelatin consists of
98 to 99% of protein. The molecular weight of these large protein structures typically ranges
between 20,000 and 250,000, with some aggregates weighing in the millions. Coils of amino
acids are joined together by peptide bonds (Table 2.2). As a result, gelatin contains relatively

high levels of amino acids.

Table 2.2 Amino acid composition in gelatin [24]

%
8.9%
7.8%
6.0%

10.0%
21.4%
0.8%
1.0%
11.9%
1.5%
3.3%
3.5%
0.7%
2.4%
12.4%
3.6%

heronine 1%

AUEIMINTNEINT o=

Valine ‘ 2%

AR R AR E—

9
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Applications of gelatin

Gelatin is biocompatible, biodegradable and nonimmunogenic, which makes it a
suitable compound for biomedical applications, such as vascular prosthetic sealants, wound
dressing formulation, tissue engineering scaffolds (Figure 2.7), and in drug delivery, e.g., as
hard and soft capsules, hydrogel, or microspheres. In addition, it has been commonly used as
pharmaceutical, photography, cosmetic manufacturing. It is used extensively in foods as a
gelling agent, stabilizer, thickener and clarification of juices. Common examples of foods that
contain gelatin are gelatin desserts, jelly, trifles, aspic, marshmallows, ice cream, jams, yogurt

and margarine etc.

2113Hydru y

.|-l"""'-.--"".|l ._ ‘._-\'.

The nature ¢ .*".— a4

Y Y] N
Hydroxyapat =+ turally occurring mineral. It
has a occurring form ‘lj alcium apadcwiar wic 1ormula 4 Cas(PO,)3(OH), but is usually
written as Cayo(PO.)s(OH)stgadenote that the ciystal unit cell comprises two molecules. Some

commercially aﬂla‘w Mr%%t%ﬂcﬁ wwiarﬂe‘getween 10-40 pm with a

Ca/P ratio of 1.68) while other sources had a size range of 160-200 pm with a Ca/P ratio of

CL T AN (hIWis 4 s

tissues in mammals 70% of bone is made up of the inorganic mineral hydroxyapatite.


http://en.wikipedia.org/wiki/Pharmaceutical
http://en.wikipedia.org/wiki/Photography
http://en.wikipedia.org/wiki/Cosmetic_manufacturing
http://en.wikipedia.org/wiki/Gelling_agent
http://en.wikipedia.org/wiki/Food_additive#Categories
http://en.wikipedia.org/wiki/Gelatin_dessert
http://en.wikipedia.org/wiki/Gelatin_dessert
http://en.wikipedia.org/wiki/Trifle
http://en.wikipedia.org/wiki/Aspic
http://en.wikipedia.org/wiki/Marshmallow
http://en.wikipedia.org/wiki/Ice_cream
http://en.wikipedia.org/wiki/Jam
http://en.wikipedia.org/wiki/Yogurt
http://en.wikipedia.org/wiki/Margarine
http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/wiki/Apatite
http://en.wikipedia.org/wiki/Hexagonal_%28crystal_system%29
http://en.wikipedia.org/wiki/Osseous_tissue
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Caw(PO4)s(OH)2

c=Axis

Naturally occurrin ‘ \; een while the pure hydroxyapatite
is white. Hydroxyapatite ha ‘“*‘ s Mohs hardness scale is 5. It is
decomposed at the temper>* ) | wR Its stoichiometry.

Applications c*®

Hydroxyapatite catalysis, in the industry of
Mo W water treatment procedures. It is
also used in the prepardtic & o ) \ se it is the inorganic crystalline
constituent in vertebrates ¢ic :

be employed in forms of pov,‘er‘

large sections of bone are remzzitikzii =4

hc¥e and teeth. Hydroxyapatite may

eass to fill bone defects or voids when

ers) or when bone augmentations are

required (e.g maxillgt=4 ¢4£0)). The bone filler acts as a

=

scaffold and encoural V;g P y y forming bone. Treatment

using bone filler can recif> healiiig e PSR the cl} of empty defect.

AUL BRGNS

L2 =) o/
.‘I Aci "‘,:? .‘ z l( :!' Masgfm&lr’ilanﬂosphate (Figure

2.9). Theﬂformula of B-TCP is Caz(PQ,),. It is also known as calcium orthophosphate, tertiary

calcium phosphate, tribasic calcium phosphate, or bone ash because tricalcium phosphate is

the main combustion products of bone.
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Ca**
o
Ca™™ \P¢O
-~ o
@] \ ca*t |
0O —P—O
|
0o

=ta|"'..=or pyrophosphates (P,0,*) and

¥ .um phosphate on the market is

together with orthophosp, ‘
occasionally hydrogen o
actually in powder form
Properties of - '
Its appearance of \ ' phous powder. B-tricalcium
phosphate has a density*or AL a, ? | 1 C. The molecular weight of
B-tricalcium phosphate ig nol i , a rock in Morocco, lIsrael,
Philippines, Egypt, and Ko, Sic) w3y I 8 es in some other countries. The
natural form is not completel). H-*_,;. '— ; her components like sand and lime
which can change the composmon
fi b ;u
Application o -tr 2

Tricalcium p] ,;, F‘ 1 is used in powder form as

an anti-caking agent. It 17 ! ne : r v duction of phosphoric acid and

fertilizers.

It is co Ef V%W ically as an antacid or
calcium supple TL ﬁ‘ﬁ ﬁﬁe f ﬂoﬁ ﬁw’%‘ fects when autogenous
bone graft is no feasible or possiblg: It may be ged alone or nhﬁombination with a

o QAN DO H AR Y o

autologo materials for a bone graft.
2.1.2 Characteristics of three-dimensional scaffold [34]
Growing cells in three-dimensional scaffold has been of great interest. In this

approach, scaffold plays an important role. It guides cells to grow, synthesizes extracellular
matrix and other biological molecules, and facilitates the formation of functional tissues.
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Ideally a scaffold should possess the following characteristics to bring about the desired
biologic responses [35]:

1) Three-dimensional and highly porous with an interconnected pore network for

cell/tissue

growth and flow transport of nutrients and metabolic waste

2) Biodegradable or bioresorbable with a controllable degradation and resorption rate
to match cell/tissue growth in vitro and/or in vivo

3) Suitable surface chemistry for cell attachment, proliferation and differentiation

‘\\\h\n Wations for many years, most
. o\ also some other uses for the
'-3.9 such as microbial cultures,
'ay, restoration of books and other
gtion yocicts. Freeze drying involves the

removal of water or other s# J5Gd 2 4 amZ.e by a process called sublimation.

Sublimation occurs when a frozesiZiss/ i 2 A i/ to gas phase without passing through

liquid phase. In cont g40q liquid phase usually results

=

in changes in the proc V 2 ' Jrials.

The freeze dry{} process oo e stagedlfvolving prefreezing, primary
drying, and secondary dryiggh Y

e A ANEI AN

Since frqze ange to gas phase, material to be freeze
dried t fi adequately, froze frefreezi d inal temperature of
the frgﬁ ﬁﬁﬁ%ﬁﬁﬂﬂﬁﬁﬁﬂlﬂﬁlﬁﬁg rate results in
small iceqcrystals, useful in preserving structures to be examined microscopically, but more
difficult to freeze dry. Slower cooling rate results in larger ice crystals and lesser restrictive
channels in the matrix during the drying process. A low final freezing temperature can
increase the rate of cooling as well as the rate of ice crystal nucleation and decreases the rate
of heat and protein diffusion, leading to small ice crystals. Samples that are subjected to
freeze drying consist primarily of water or solvent, materials dissolved or suspended in water

or solvent. Most samples used to be freeze dried are eutectics which are a mixture of

substances that freeze at lower temperatures than surrounding water. When the aqueous
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suspension is cooled, changes occur in the solute concentrations of the matrix. As cooling
proceeds, water is separated from solutes as it changes to ice, creating more concentrated
areas of solute. These pockets of concentrated materials have a lower freezing temperature
than water. Although a product may be frozen because of all the ice presented, it is not
completely frozen until all of the solute in the suspension is frozen. It is very important in
freeze drying to freeze the sample to below the eutectic temperature before beginning the
freeze drying process. Small pockets of unfrozen material remaining in the sample expand
and compromise the structural stability of the freeze dried sample.

Primary drying
Several factors can affez

/ dry a frozen suspension. While these

' Aored that they interact in a dynamic

system, and it is delicate ba: ' 1ese results in a properly freeze dried

factors can be discussed indeg
sample. After prefreezina t= >_established in which ice can be
removed from the frozen s= H a dry, structurally intact sample.
This requires very caref : m.ure and pressure. The rate of
sublimation of ice from ; Lol —= _ ) ' \ 0N ence in the vapor pressure of
the product compared to ‘?“\ ctor. Molecules migrate from a
higher pressure area to a pressure is related to temperature, it
is necessary that the sard

temperature. The balance bet# e|

temperatre that maximizes the vaziiks 2 /4

“in the cold trap (ice collector)

at "aintains the frozen integrity and the

ple is extremely important, since it is

the key to optimum i 2jin Figure 8. illustrates this
P ture (Point A), and then the

temperature is raised to {1t below v peperawre (4Hint B) and they are subjected to

point. Most samples &4

a reduced pressure. At thlseomt the freeze dryi Eglprocess is started.

ﬂUEl’JVIWlﬁWEI']ﬂ’i
ammmmumawmau
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PRESSURE

molecules from the sam: ; = FU Wsssentially needed to lower the
pressure of the environmer, " s art is a collecting system, which

ple. The collector condenses

all condensable gases, i.€ ‘ T 1 all non-condensable gases. It
is important to understand ! A b ] ple forces the sublimation of the
T .
ey ¥ .
water vapor molecules from t #fro = the collector. The molecules have a

- Jiaas : : :
natural affinity to move toward tt 'ﬂt e its vapor pressure is lower than that of

LT3 7

the sample. Therefore. the cg D) must be significantly lower than

the sample temperat® -— == ure has more effect on the

%

vapor pressure than & ' elationships between vapor

pressure and temperatur ‘_i re shown In lanie 2.3. s

AULINENINGINT
AN TUAMINAY
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Table 2.3 Relationships between vapor pressure and temperature in freeze drying system
[36].

Vapor Pressure (mBar) Temperature (°C)

6.104 0
2.599 -10
1.034 -20
0.381 -30
0.129 -40
0.036 -50
0.011 -60

-70

-80

The last essential : Ai \ rgy. Energy is supplied in form

of heat. Energy requireu te L ' wsthe irozen to gas sphase is almost
10 times greater than v \ er. Therefore, with all other
conditions being adequat Nsc %le to encourage the removal of
water in the form of vap \ he heat must be very carefully
controlled, since applying i o

sample above its eutectic tel 1pe !‘-ﬂ

apply heat directly through a th e b

cuoling in the system can warm the
applied by several methods. One is to
h as in tray drying. Another method
is to use ambient healg: ]

Secondary V:‘, i

After primary f .! ze drying 15 compice and all ice

'35 sublimed, bound moisture is
still presented in the sangblay, The residual gagisture content may be as high as 7-8%.

Continued dryiﬂ ‘H:Har{x} WH W? w B’]A(f]ﬁiesidual moisture content

to optimum val@ds. This process is called |sothermal desorption as the bound water is

= RTRINIHHRIINEDDEL. 0o e

but compatible with the sensitivity of the sample. All other conditions, such as pressure and
collector temperature, remain the same. Secondary drying is usually carried out for

approximately 1/3 to 1/2 the time required for primary drying.
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2.1.4 Bone
2.1.4.1Structure of bone [38]

Bones are rigid organs that form part of the endoskeleton of vertebrates. They
function to move, support, and protect the various organs of the body and store

minerals. The structure of bone shown in Figure 2.11 can be grouped into 4 levels.

Collagen fibers

\
Apatite

minaral crystals
{200-400 A long)

Fenostocum

Nutriont
artory

Intramedullary
covity gl

Line of
epiphyseal

tasion’

B U INENTNGINT

The smallest unit of structur€'is the tropogallagen moleculgand the associated
epatic QPRI b Eldpib Ik YK BIS WY e vp of e
individual left-handed helical polypeptide chains coiled into a right-handed triple
helix. Apatite crystallites have been found to be carbonate-substituted
hydroxyapatite. The crystallites appear to be about 4 x 20 x 60 nm? in size.
Ultrastructural level

The collagen and apatite are intimately associated and assembled into a
microfibril composite, several of which are then assembled into fibers from

approximately 3 to 5 um thick.
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Microstructural level

These collagen fibers are either randomly arranged (woven bone) or organized
into concentric lamellar groups (osteons in the case of human) or linear lamellar
groups (plexiform bone in the case of mammals). In addition to the differences in
lamellar organization at this level, there are also two different types of architectural
structures as shown in Figure 2.12.

- Compact or cortical bone
The hard outer layer of hone is composed of compact and dense bone

tissue,due to its minimal gaps ssue gives bones their smooth, white,
and solid appearance, and __‘/) ﬁe total bone mass of an adult
skeleton. ‘

- Cancelley
Cancello:; spongy. It is composed of a
network of rod and ahe overall organ lighter and
allowing room for blc lous bone accounts for the

remaining 20% of total

Compact Bone & Fae; (ot

Lacunae contalnlna O FELTTT

#“u J"‘-"" '? Osteon of compact hone
Lasgllae SLatah

apeculae of spongy
i

I‘-.d

= Versian
canal

Volkmann's ca al

’QW'WMﬂ‘i Nﬂ’l’mmﬁﬂ

Flgure 2.12 Characteristics of compact bone and cancellous bone [39]
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Macrostructural level

Finally, the whole bone constructs of osteons and portions of older, partially
destroyed osteons or plexiform bone.The elastic properties of the whole bone results
from the hierarchical contribution of each of this level.

Composition of bone

The composition of bone depends on a large number of factors: the location
from which the sample is taken, age, sex, and type of bone tissue, for example,woven,

cancellous, cortical. However, a roughq g<timate for overall composition by volume is

one-third apatite, one-third coxsis’ rganic components, and one-third

H,0. The compositions of - satian i sortical bone are given in Table
2.4, ‘
Table 2.4 Composition 7 ‘ . N :al bone [38].

. ' X ‘ Glycosaminoglycan
Species %H,C 4 e LG y (GAG)g y
Bovine Not determined
Human 0.34

2.1.4.2 Mineral L
5- oroliferation, extracellular

r" .es for mineralization. In the

‘ L
Bone devel(y=
matrix maturation anc=in"

first phase, osteoblaso secrete an organic matrix wiich is considered to be a
preosseous m ﬁ m llagen, proteoglycans,
glycoproteinsmﬂll ilﬂﬂ ﬁﬁﬂi phase mineralization
occurs and osteoid is transformed info bone.
SRR NUIAY v v o

the mme?allzatlon studies. In primary cultures, isolated osteoblasts have been shown
to synthesize several proteins and enzymes which are known to be localized in bone
such as alkaline phosphatase (ALP), osteocalcin and type | collagen. Primary human
bone cells are cultured for sufficient lengths of time (about 30 days), nodules is
formed by the cells. Nodules are a dense matrix which cells lay down and develop a

granular appearance. These nodules appear to consist of calcium phosphate crystals
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embedded in matrix. The process is usually associated with the release of vesicle-type
structures from the cells and this may initiate mineral deposition.

Culture conditions contribute the ability of cells to differentiate and calcify.
The addition of agents such as calcium B-glycerophosphate, glucocorticoids, sodium
B-glycerophosphate, calcium hexose monophosphate and dexamethasone are used to

promote mineralization of osteoblasts in culture.

2.1.5 Bone Tissue Engineering [41-42]

e y the natural healing process. In
traditional, there are Seimm : odsor ﬂ'e severe fractures. The most

common method invy | winen can be derived from own
patient (autograft boE*ir 4* \ wom a registered bone bank

(allograft bone matri

Sometimes injured

However, there are some
limitations of these m: X . ‘ * o fect, autologous bone supply
and viability of the host 4€ 'Tl .‘ ‘ ft. In large defects, autologous
bone graft can often be r: e is complete. Technically, it can
be difficult to shape bone graft | = & Jet' % well. For these reasons, tissue
engineering offers great potent? = Fuction and regeneration of bone. The
emerging field of tissue epgis * e enpineering technology and the

principles of blolog :- repair and regeneration of

v A
lost or damaged tissig o T consisting of three general
strategies: (1) cell- baSed strategles @) growth factor- bd.aed strategies and (3) matrix-

based strategi two or more of these
strategies togﬂmmmwglfln?sue engineering, these
strategigs r. :ﬁl steoconductive
eleme:é ﬁﬁﬁaﬁﬁ iliﬁ w]ﬁ ﬂﬁg}jﬂ]uction such as

osteoprogenltor cells, stem cells or differentiated osteoblasts. Osteoinductive factors
include bioactive chemicals that induce recruitment,differentiation, and proliferation
of the proper cell types at an injury. A material that supports bone growth
demonstrates osteoconductivity. An osteoconductive scaffold may provide

mechanical support, sites for cell attachment and vascular ingrowth. It can also be
served as a delivery vehicle for implanted growth factors and cells.
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2.1.5.1 Cell based strategies [43-45]

Cell-based strategies for bone regeneration by tissue engineering approach
involve the implantation of cells with osteogenic potential directly into a defect site.
Cell transplantation is particularly beneficial to patients with a low number of cells, as
in the case of vascular disease or irradiated tissue around the site of tumor resection.

The choice of cell type is important and various cells have been employed for bone

regeneration. These include transplantation of fresh marrow containing

osteoprogenitor cells, differe S ts or chondrocytes, and purified
mesenchymal stem cells. THSCSS ._‘/’si’lble of synthesizing bone matrix
themselves but instead & 5 (o rentiation to an osteogenic

Populations of differentiated

phenotype through delr. \ “‘x

or  periosteum SIN° \'x \~ supplements  including

. cells found in bone marrow

-glycerophosphate, | y 2 ' N .' - Figure 2.13 illustrates the
glyceropnosp g
progression from multi 4 : b I3 committed osteoblasts. The

proliferative capacity of S 1T WAifferentiate toward a specific

Bona
Lining Cell

.IH

gﬁ%ﬁﬁﬁ?ﬁwﬁ%ﬁﬂ RS
F.gurq W’?} a@ﬂ ﬁjim ﬂmgﬂﬁme@ﬁl stem cell to a

2.1.5.2 Growth factor based strategies [41]

Ostaocyte

Osteoinductive growth factors have been identified, two of the most common
groups in the transforming growth factor-p superfamily are the bone morphogenic
proteins (e.g., BMP-2, BMP-7) and the transforming growth factor-Bs (e.g. TGF-B1).
BMPs are growth factors that stimulate differentiation of mesenchymal stem cells into
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osteoblasts as well as proliferation and function of both chondrocytes and osteoblasts.
TGF-Bs are growth factors that stimulate differentiation of mesenchymal stem cells
towards chondrocytes and proliferation of osteoblasts and chondrocytes. Both types of
growth factors have been shown to enhance bone resorption at certain concentrations.
Other growth factors with similar effects are fibroblast growth factors (FGFs), insulin-
like growth factors (IGFs), platelet-derived growth factors (PDGFs), and epidermal
growth factors (EGFs). Vascular endothelial growth factor (VEGF) is also as
important as osteoinductive growth fac

for bone applications because it promotes
vascularization and angiogeneg '
migration. In fact, VEGF i

ng endothelial cell proliferation and
_‘,/éﬁqmgemc growth factors since it

acts directly upon endo{™™ . ARt osteoinductive substance is
dexamethasone, a po V alucocorticoid class of steroid
hormones. It is also kne: | gntiation of mesenchymal stem
cells in vitro. =k
2.153"

Osteoconductive m #frize== iCU a substrate for cell adhesion and
function while facilitating bor= ' 3 ghout a three-dimensional scaffold
across a defect. Furdjopfli = = 0 sfffaces is another promising

strategy being f‘y‘_.', ,fd caffolds for bone tissue

engineering. The corf}rmatCia WSS protyfhs or protein fragments on
material surfaces can b@ tilized to dlreq,mtegrln receptor binding and thereby

o ot 4520 YIS WAt s i

surfaces that c@trol cell function ‘[nay endow osteoconductlve scaffolds with the
additi m]yagq ﬂuﬁ gﬂew dTiegenﬂtEr] r]ra ﬂsequent bone
regen:aW

Biodegradable materials are highly preferred over nondegradable materials,
though they are generally weaker. Controlled degradation of a scaffold allows gradual
load transfer to bone, increasing space for bone growth, and eventual filling of a
defect with natural bone. This opposed to a permanent biomaterial which may cause
stress-shielding or infection. Furthermore, predictable degradation time of the scaffold
is also crucial. If a scaffold degrades very slowly, as is the case with many
hydroxyapatite formulations, it will restrict bone regeneration and may fail
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mechanically due to repetitive loading. In contrast, a scaffold that degrades very fast
may lose their mechanical integrity before the defect site can be stabilized by newly
formed bone. The degradation mechanism may also be important since scaffolds may
experience hydrolytic, enzymatic, bulk, or surface degradation.

Mechanical properties of a scaffold should initially match the properties of the
target tissue in order to provide structural stability to an injury site (Figure 2.14). The
chosen biomaterial must be strong enough to support the physiological load of the

body without absorbing the mechanical ;stimuli required for natural growth in the

affected area.

20site bone substitute material image

ceramics element

P

id scaffolds. [47,48]
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2.1.6. Periosteum derived cell [49-50]

Periosteum derived cell is a cell which isolated from membrane that lines the outer

surface of all bones cell periosteum (Figure 2.15).

Blood vessel
Articulatory cartilage  Spongy bone Endosteum
Compact bone

Periosteum
Medullary cavity

AN
4

Periosteum is div4® : W%r and inner cambium layer or
osteogenic layer. The fi 5% bl/a4 v le the cambium layer contains
progenitor cells that develc, S Aol asts are responsible for increasing
the width of a long bone and # ¢z ‘ ; thc®one types. After a bone fracture the
progenitor cells develop into oster ..f'Ef 5 I ablasts, which are essential to the healing
process.

Periosteum c{%% iy ] -containing bone envelope,

which can be activate[§:o 1ovTises, tumors, and lymphocyte

mitogens. Activated perlusteum produces cartllage and bone and is colonized by osteoclasts.

TR UL p; VI”EWI“W 31l
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2.2 Literature review

2.2.1 Gelatin/silk fibroin and collagen/silk fibroin systems

Meinel, L. et.al. [51]

In 2004, Lorenz Meinel et.al. compared porous scaffolds made of silk (slow

degrading), silk-RGD (slow degrading, enhanced cell attachment), and collagen (fast

degrading) for tissue-engineered I‘ ~pne using human bone marrow derived

/cal analysis and microcomputer
ent of up to 1.2-mm-lon

mesenchymal stem cells

tomography (micro-CT)® g the

interconnected and org=. ikeftra! ' cuboid cells on the silk-RGD

scaffolds, features Stil' g T\ e alsilk scaffolds and absent on

the collagen scaffolds : "*v wased mineralization on silk-
l \ :

RGD scaffolds comp= 4 P N\ WIen scaffolds after 4 weeks.
Expression of bone sialc #0O° o U= \ miorphogenetic protein 2 was
significantly higher fo: ‘ . utn control medium both after
2 and 4 weeks in culture# ‘ ;_*‘ k. tha R M-silk scaffolds are particularly

suitable for autologous bo# tidiaads <% befause of their stable macroporous

structure, tailorable mechanic __f!’:#}."' AT sing those of native bone, and slow

degradation. (g AR Y.
\YF y

Gil, E.S. et.a. - ¢ ’

' -
In 2005, Eun & 3i| et.al. examinea tne swelling

L

| | - - -
=A\d protein release kinetics of

gelatin/silk fibrain (G/S#)ﬁydrogels varyi®d in composition at temperatures below
and above thﬂ

ibd EEhirdnl o JH@n N &l T3 crogets rave oeen

prepared by bleﬂ'!iing gelatin with angorphous BonpQyx mori silk figrpin and promoting
s QAT RAHIAT I BB siors
The mal¥s of protein released was acquired from the basis of an intensity-
concentration calibration curve. These were determined by colorimetric assay with a
bicinchoninic acid protein assay and spectrophotometry. The swelling behavior of
these hydrogels reveals that R-crystallization is virtually complete after only 5 min of
exposure to 75/25 w/w MeOH/water solution and sensitive to MeOH concentration in
the aqueous MeOH solutions. The results demonstrated that at 20°C, gelatin and
gelatin-rich mixed hydrogels display moderate swelling with negligible mass loss in
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aqueous solution, resulting in porous polymer matrice upon solvent removal. When
the solution temperature is increased beyond the h— c transition of gelatin to body
temperature (37°C), these gels exhibit much higher swelling with considerable mass
loss, indicating that the dissolved triple-helix conformation of gelatin permits greater
water sorption and protein as gelatin molecules are slowly released into the
surrounding aqueous solution.

Gil, E.S. et.al. [53]

In 2005, Eun S. Gil et.al. ingegtigated the effect of R-sheet crystals on the

thermal and rheological behagss gilk fibroin (G/SF) hydrogels. G/SF
¥

hydrogels with a various co/ s ‘ by blending type A gelatin with
amorphous Bombyx mori™ : == inducing crystallization of silk
N Lution for 2 h at 20°C. Thermal
N

\OSmiat if the silk fibroin chains

N %,

\\,\‘_‘q they have little effect on
\ Sy

the helix— coil (h- F' Wroin serves to dilute the

fibroin upon exposure fo
calorimetry and dynam,
possess a random-coii C/gf
stabilizing efficacy of pereby reducing the dynamic
elastic modulus of G/SF : silk fibroin chains possess a -
sheet conformation, théyr N s ,:J h®® concentration, shift the h—c
transition of gelatin to higher *,;.. > ases the dynamic elastic modulus of

1A S
the G/SF gels and {1% 3 : £ her temperatures than the

-
=

untreated gels. Evelks 4 2 Jalline network, the h—c
transition of gelatin :I ouUNQ U e oe—cversib ‘between ambient and body
temperature.

acEBHHANYNTNYNS

In 2006 %un S. Gil et.al. stu‘plied the effects of solvent-induced crystallization

o v/
and cowwdqi ﬂm/ﬁwwy]ﬂﬂmr (ﬂ solutions, silk
fibroin uqtlergoes a conformational change from random

coil to p-sheet. According to
infrared spectroscopy (FTIR) and wide-angle x-ray diffraction (WAXD), this
transformation occurred in pure silk fibroin as well as in each of the G/SF blends
quickly, typically within a few minutes. Thermal calorimetry (DSC) reveals the
existence of relatively low temperature thermal transitions (glass transition
temperature, Ty and crystallization temperature, Tc) in untreated silk fibroin and silk
fibroin-rich blends with gelatin. These transitions disappear entirely upon MeOH
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treatment. Thermal gravimetric analysis (TGA) indicates that the formation of the
B-sheet structure generally improved thermal stability at elevated temperatures,
enhances the mechanical properties, such as tensile modulus, elongation, and tensile
strength of the blends, and also used to stabilize gelatin-based hydrogels for
biomaterial and pharmaceutical purposes.

Lv, Q. et.al. [54]

In 2007, Qiang Lv etal. prepared silk fibroin/collagen hydrogels by

crosslinking silk fibroin/collagen so'ytinns with different contents of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiirg ide (EDC). The hydrogels were
. , _‘/‘d'tn age of silk fibroin and collagen
1s &% "espectively. It was found that,
when the weight percers ‘ = 2000, especially 20% and 30%,
compared with silk it g i .\-. ithout EDC, the stiff silk
fibroin/collagen hydroge; g =4 \ ‘x.‘__;.\ >10 kPa by rheological
analysis). Furthermor LN .\.\ ™\ configuration above 80°C
and still maintain the ' of dil _; cWlles. The growth of vascular
‘ agen gels indicates that the
crosslinking reaction has n; \ef ‘ ol'lhe biocompatibility of these gels.

Therefore the stiff silk flbrom/r 77 as better cytocompatibility than silk
L

fibroin/collagen scaMld Sy engineering.

‘ V : 3 ‘

2.2.2 Silk fibr I 1 and geiatin oo pul ated widl morganlc compound

systems.

ﬂuﬂﬁwww§Wﬂwns

Chanq, MC et.al. [55]

ARIRINTOIUN ﬁf{”ﬁ BB o

formatio§ of organized hydroxyapatite (HA) tin (G) nanocomposites. The HA

nanocrystals were precipitated in aqueous solution of G at pH 8 and 38°C. The
coprecipitated HA-G nanocomposites showed chemical bonding between calcium
ions of HA and carboxyl ions of G molecules induced a red shift of the 1339 cm™
band of G in FT-IR analysis. A self-organization of HA nanocrystals along G fibrils
was observed in TEM images and electron diffraction patterns. The concentration

ratio of G to HA greatly influenced the nucleation and the development of HA
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nanocrystals. A higher concentration of G induced the formation of tiny crystallites
(4nmx 9 nm size), while a lower concentration of G contributed to the development of
bigger crystallites (30nmx70nm size). From TGA-DTA data, the HA-G
nanocomposites showed typically three exothermic temperatures consist of the
thermal degradation and pyrolyzation of G molecules, and the final thermal
degradation of the residual organics. The increase in decomposition temperatures
indicates the formation of a primary chemical bond between HA and G.

Takahashi, Y. et.al.[8]

In 2004, Yoshitake Tal

mesenchymal stem cells in s

)y the osteogenic differentiation of
/9" mposed of gelatin. In this study
S 1y chemical crosslinking of

-

gelatin sponges incorpos -
gelatin with glutaraldehv< The 3 wt% aqueous solution of

gelatin containing differ o i S SNed at 5000 rpm at 37°C for 3

5,

min by using a homoge g#fe; =k uaraldehyde aqueous solution
\ “ i .

i qthy~ velatin solution was further

prmy solution was cast and
slinking .Then the crosslinked
gelatin was washed with g Cizr> !0 the residual aldehyde groups of
glutaraldehyde. The obtained S : S e average pore size of 180-200 mm
and well suspention 3 Gl &
that the cell attachl

depended on the B-T( Compuu._.

Senchymal stem cells show
.“FJ rentiation in the sponges
EETle of JJ TCP at 50 wt% showed the
best results on osteogenigdifferentiation. o ,

wans BB ETY Y1 B V1 TNEI I 3

In 20059Li Wang et.al. prepared hydroxyapatite (HA)-based nanocomposite

F="9
solid 0 gigef j pretreated silk
W MRS P T RIPR 11—

solution (NaOH 0.05 M) attempting to disentangle their surface fibrils and to enhance
the effective contact between the mineral and the organic particles. With the ASF
involved, Vickers microhardness of the composite increases by 57% and a more
enhanced three-dimensional porous network with a homogenous particle form and a
uniform pore size distribution is formed through the intimate crosslinkage between

HA clusters and silk fibroin fibrils. In addition, ASF increased the viscosity and the
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rigidity of the composite solid, and promotes its gelation process, which is favorable
for healing bone defects by an injection technique.

Du, C. et.al. [56]

In 2008, Chunling Du et.al. fabricated bombyx mori silk fibroin (SF) and

hydroxyapatite (HA) composite films, with glycerin as an additive, by means of co-
precipitation, where the theoretical HA content was varied from 2 w/w% to 31 w/w%.
The results showed that the SF/HA composite films were smooth and transparent with
the uniform distribution of HA into the,composites at a low level of HA content (the
7l TGA data showed that the SF in the
: ‘,/Jiine structure, which was induced
'rin.;als""_‘HA crystal growth during the
composite films. On the other

HA content was lower than 21

composites was predomina: Mg
not only by the additic™™®
composite fabrication, lozg
hand, the HA crystalc - ¢ N with high extent of lattice
imperfection and the pregfc: . ¥ :\ IS, probably promoted by the

i t? 5 (7 | \' eak strain and stress were

nAsites, presumably due to the

In 2010, Mathew Peter - 3 e preparation and characterization of
chitosan-gelatin/naj e fo!fs, for tissue engineering
applications. In th§ 78 Y lydroxyapatite composite
scaffolds were prepfifsd Uy DSSan &ff} gelatin with nanophase
hydroxyapatite (nHA). 'ihg)repared nHA gnas characterized using TEM, XRD and

FT-IR. The pﬁ%ﬁﬁﬁs %ﬂ%ﬁeﬂ@ﬁ}ﬂﬁsmg SEM, FT-IR and

XRD. The comfibsite scaffolds Were highly porous with a pore S|ze of 150-300 pm.

MR T 100

swelling characteristic, which could be modulated by varying ratio of chitosan and
gelatin. Composite scaffolds in the presence of nHA showed a decreased degradation
rate and increased mineralization in simulated body fluid (SBF). The biological
response of MG-63 cells (human osteosarcoma cell line) on nanocomposite scaffolds
was superior in terms of improved cell attachment, higher proliferation, and spreading

compared to chitosan—gelatin (CG) scaffold.
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Zhang, Y. et.al[58]
In 2010, Yufeng Zhang et.al. developed the porous CaP/silk composite

scaffolds with a CaP-phase distribution and pore architecture suited to facilitate
osteogenic properties of human bone mesenchymal stromal cells (BMSCs) and in vivo
bone formation abilities. This was achieved by first preparing CaP/silk hybrid
powders which were then incorporated into silk to obtain uniform CaP/silk composite
scaffolds, by means of a freeze-drying method. The CaP incorporated in silk scaffold
was 5% and 10%. The composition, picsostructure and mechanical properties of the
' ) by X-ray diffraction (XRD), Fourier
transform infrared spectra g _‘ / irﬂf on microscope (SEM) and a

universal mechanical tes! ol 1 B0, v stromal cells (BMSCs) were

cultured in these scaffoldz zad by confocal microscopy and

MTS assay. Alkaline r! A ' Wil osteogenic gene expression

were assayed to determir, ek '

\ “

defect model in se\ N1 y
i T )

showed that incorporatir #f' Fryss,= s into silk scaffolds improved

rad taken place. A calvarial
(SCID) mice was used to
CaP/silk scaffolds. The result

both pore structure architw 5 iz N 8 CaP powders in the composite
scaffolds. By incorporating t : = 0 silk scaffolds in vitro osteogenic
differentiation of B[

bone formation.  §78 Y

yrincrease in vivo cancellous

.II ]
|

| |

i iF |

2.2.3 In vitro angy I‘g_vivo cell cultubusing periosteum derived cell.

ﬂ‘lJEl’J‘VlEWIﬁWEI']ﬂ‘i

Zhang, @ et.al. [59]

ATt R TR R e

acid) scaffold. In this study the cell-scaffold construct was cultured in vitro for 2
weeks, followed by subcutaneous implantation in nude mice. The assessment of the
cell viability and osteogenesis function was performed both in vitro and in vivo to
determine the clinical potential of this kind of cell-material system for bone repair.
The result on scanning electron microscopy proved that the scaffold supported
adhesion and proliferation of periosteal cells. Histological bone formation was
observed only in experimental groups with cell transplants 8 weeks post-implantation.
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The animals of the control groups did not show bone formation. The results strongly
encourage the approach of the transplantation of rhBMP-2 induced periosteal cells

within a suitable carrier structure for bone regeneration.

Alexander, D. et.al.[60]

In 2007, Dorothea Alexander et.al. analyzed the suitability of commercially

available 3D open-cell polylactic acid(OPLA) scaffolds compared with calcium
phosphate scaffold (CaP) and collage

camposite scaffold (Coll) for the growth and
osteoinductive potential of h ' teal cells (JPC) using proliferation
: ‘_,/’ aaen consumption measurements

jam—c 15 of OPLA scaffolds were

“ad JPC using quantitative real-

assays, scanning electron_rSsg
and EDX spectrometry.';- .
also examined by analvs'z
time PCR. The result % | 'in open-cell polylactic acid
scaffolds presented tfie b} ek ‘N the analyzed scaffold types.
Scanning electron | N olonization of JPC-seeded
OPLA scaffolds and

spectrometry demonstrat 81 & 5 155 = 1 PLA scaffolds are able to form

ation of osteogenesis. EDX

CaP particles.
Yamauchi, K. et. aI[61] 7 J ;
In 2008, K j2Cf"the periosteal expansion
RY' ] (B-TCP) blocks. In this
PRZIC useqil he B-TCP block was placed

osteogenesis using & 28
study three beagle dog} Jveigritig®
at the lateral surface of tge mandibular bong, ;Two titanium screws were inserted from

the lingual asﬂtu ;E’rq‘é}ﬂlﬂ\ V}H%’ Wﬁqm a latency period of 8

days, during vlllich primary Wougd healing occurred the Ilngual screws were

advan s after lingual
screwim ﬁgﬂmﬂﬁed Q\Inﬂ@] ﬁ/rgj eosin, tartrate-
resistant acid phosphatase (TRAP), and Villanueva bone staining. The result showed
that newly formed bone was observed in the gap between the bone and the B-TCP
block, as well as on the lateral surface of the block. Moreover, the replacement of
large parts of B-TCP with newly formed bone was observed in the 3-TCP block area.
However, newly formed bone was not observed over the upper parts of the block, and

multinucleated TRAP positive cells were attached to the B-TCP in the periphery of
this area. It can be concluded that the highly purified B-TCP block worked as an
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activator for the soft tissue, including the periosteum, as well as a space maker to
induce an osteoblastic response in the periosteum.

Mare’ chal, M. et.al.[62]

In 2008 Marina Mare’ chal et.al. studied the bone augmentation with

autologous periosteal cells and two different calcium phosphate scaffolds under an
occlusive titanium barrier in rabbits. In this study, 38 rabbits were divided into five
groups. The first four groups are two different scaffolds with and without cells. The
blood clot only was used as the last groyin,as a negative control. Prior to implantation,
autologous periosteal cells wer, \ /t e tibia by stripping the periosteum.
Cells were cultured, and 1_c% . / 20 million cells were collected

and seeded onto the scaT™

—shaped full titanium barriers
were placed subperiostea's bones of each rabbit. Before
placement of the barrier wS8ad with or without cells, were
put on top of the skuil. £ 4% - | US blood was injected into the
barriers. Histological | ' alysis were performed after
12 weeks of undisturbe i/olved the amounts of newly
formed tissue and of ne; i T n trabecular bone and osteoid.
The result showed that the, 77 i G\ zrences were found between the
four treatment groups (scaffol ‘ > cells). However, the amount of new
bone tissue found '
higher than with a ;f .;‘E"J

Kawase, T. et.363] I

In 2010, Kawasg, . etal.studiedgthe combination of human periosteum-

s oSN Y RGN PIRS e s v

substitute in példodontal regeneratlve therapy. In this study commermally available

R K ROV 101

were observed on the fracture surface by scanning electron microscopy. After

iihfSraffolds was significantly

osteogenic induction, the cell-HA complexes were implanted subcutaneously in nude
mice. Osteoid formation was histologically evaluated. The result showed that acid
treatment enlarged the interconnection among pores, resulting in the deep penetration
of periosteal cells. Under these conditions, cells were maintained for longer than 2
weeks without appreciable cell death in the deep pore regions of the HA block. The
cell-HA complexes that received in vitro osteogenic induction formed osteoids in
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pore regions of the treated HA blocks in vivo. In contrast, most pore regions in the
nonpretreated, cell-free HA blocks that were evaluated in vivo remained cell free.
Their findings suggest that an acid-treated HA block could function as a better
scaffold for the 3D high-density culture of human periosteal cells in vitro, and this
cell-HA complex had significant osteogenic potential at the site of implantation in
vivo. Compared with the cell-free HA block, the cell-HA complex using periosteal
cells showed promising results as a bone substitute in periodontal regenerative

therapy.

AULINENINGINT
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CHAPTER Il1

EXPERIMENTAL WORK

The experimental work can be divided into three main parts:
1. Materials and reagents

2. Equipments

3. Experimente
3.1 Materials and %

3.1.1 t 1 from Queen Sirikit
%ailand)

3.1.2 Type A o 0 =, . %" Inc., Japan)

3.1.3 ‘ )
3.14

3.15

rmany)

!
Sigmacote ( gr

3.1.6 Sodium carhpEds At 24 inechem, Australia)
317 Lithiga e — S any)

\ 7 Y
3.1.8 Chlor f.‘ " -

3.1.9 Dulbec? ; ’s phosphate buffer saline withé®t calcium and magnesium

oS Y

3.1.11 Collagenase from clogtridium histaégticum (2.69 urigs/ml, Fluka,
’QW’I&M@W dAN1INUI[Y

3 .12 Ethanol (99.7-100%, VWR International Ltd., UK)

3.1.13 70% ethanol (RCM, store at RT)

3.1.14 a-modified eagle powder medium (a-MEM(s), Hyclone, USA)

3.1.15 Dulbecco’s modified eagle powder medium (D-MEM, Hyclone, USA)

3.1.16 Fetal bovine serum (FBS, Hyclone or Biochrom or ICP)

3.1.17 Penicillin-Streptomycin solution (10,000 units/ml, Hyclone, USA)

3.1.18 L-glutamine (200 mM, Hyclone, USA)
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3.1.19 Sodium hydrogen carbonate (Fluka)

3.1.20 Trypsin/EDTA (0.25% Trypsin in EDTA.4Na, Hyclone, USA)

3.1.21 Trypan blue solution (0.4%, Sigma-Aldrich, Germany)

3.1.22 Dimethyl sulfoxide for cell freezing (Cell culture tested DMSO,
Sigma-Aldrich, Germany)

3.1.23 Glutaraldehyde solution (50% GTA, Fluka)

3.1.25 SDS lysis buffer

3.1.26 Hoechst 33258 solution, 1 mg/ml DMSO)

3.1.27 p-Ni mM, Sigma-Aldrich, Germany)
3.1.28 p-Ni n { rate (DNPP, Sigma-Aldrich,
3.1.29

3.1.30

3.1.31 ‘

3.1.32 O-cresdon i ff fso7 NINOWC, MW 636.62)

3.1.33 r \

3.1.33 -(: ity liphenyltetrazolium bromide]

3.2 Equipments
3.2.1 Centads 'r‘ Japan)
322 -80°C Hhzer (Hew o e 3000, 44sA)
3.2.3 Lyophilizég£Christ Loc-1mgélpha 1-4, Germany)

20 AUEANSNIRGIAG cor

325 Mne coating machlnfé(JFC 1100E JEOL Ltd., Jap )

FRINIAIAININY IR
: Universal Testing Machine (Instron, No. 5567, USA
3.2.8  Laminar Flow (HWS Series 254473, Australia)
3.2.9 CO;incubator (Series Il 3110 Water Jacketed Incubator, Thermo
Forma, USA)

3.2.10 Fluorescence microplate reader (Perkin elmer, 1420 multilabel)

3.2.11 Energy-dispersive X-ray spectroscope (EDX, Philip Model XP 30 CP)

3.2.12 Mastersizer 2000 (Malvern Instruments Ltd., UK
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3.3 Experimental procedures

All experimental and procedures are summarized in Figure 3.1. In brief, there
are three main steps comprised in this work; preparation of Thai silk fibroin and
gelatin solutions; fabrication of Thai silk fibroin/gelatin incorporated with
B-tricalcium phosphate and hydroxyapatite; characterization of scaffolds including
morphology, swelling property, porosity, compressive modulus (dry and wet

condition), in vitro biodegradabilit ial cytoxicity and in vitro biocompatibility

using periosteum derived cell.

AULINENINGINT
AN TUAMINAY
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Inorganic compound

- PB-tricalcium phosphate
- Hydroxyapatite

Particle size analysis of
B-tricalcium  phosphate and
Hydroxyapatite

Thai yellow cocoons
(Nangnoi Srisaket 1)

Thai silk fibroin solution

oCized Thai silk fibroin/gelatin
o™ anic compound scaffold

Y

Physical characterizi - DE— S operties
- Morpholog & 28 AT Jitro biodegradability
- Swelling prop? ! waterial cytotoxicity test using L929
- Porosity .- - S4in vitro biocompatibility using
- Compresswe mo@m(dry and periosteam derived cell
wet ion) + Initial attachment and
| i El ’] ﬂ Sprollferatlon tests

+ Osteogenic differentiation

ammmmw TTYTHE

Figure 3.1 Summary of experimental procedures
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3.3.1 Preparation of Thai silk fibroin solution

Thai silk fibroin solution was prepared as described by Kim etal. [14].
Cocoons were boiled for 20 min in an aqueous solution of 0.02 M Na,COj3 and then
rinsed thoroughly with deionized water to remove sericin. The degummed Thai silk
fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 h to form 25wt% solution.
The solution was dialyzed against deionized water using seamless cellulose tubing

(MWCO 12000-16000, Viskase Co ies, Inc., Japan) at room temperature for 2

days until the conductivity of dig 3 the same as that of deionized water.

The final concentration of ST -‘/‘ilg solution was about 6-6.5wt%,
e

ng Plid

! % '\‘. ) ; ;
To prepare gesd® B O ‘\\, ®spended in deionized water
W 7 \ . .
for 30 min. The suspe S Sl ddntly (St 40°C for 60 min to obtain

3.3.3 Scaffold fabricatig T n*':

Silk fibroin £78
ratio of 50/50. Variouf fype ar o™ #STdanic gHimpounds were added in the
blended solution of silk fjbroin/gelatin as shpwn in Table 3.1.

Brieﬂyﬂ wﬂq’}cﬂq W‘é’fﬁr&’ﬂ]ﬂ ﬁik fibroin/gelatin was

mixed with indiljanic compound ugng a homogenlzer at 10000 rpm for 1.75 min.
CK NPT (NP (110 B
StabI|IZEq'[ oa rt for 15 s. The

resulting foamy solution was quickly poured into a prefreezed tray and frozen at

.ﬂ“ﬂd‘ at the weight blending

-80°C overnight prior to lyophilization at -55°C for 48 hr. After the lyophilization, all
scaffolds were immersed in 70% ethanol for 1 hour, rinsed with PBS (-), and re-

lyophilized .
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Table 3.1 Weight ratio of inorganic compound/protein (silk fibroin and gelatin) in
scaffolds.

Weight blending ratio of inorganic
Inorganic compound compound and protein (silk fibroin
and gelatin 50/50)
B-tricalcium phosphate 0/100,30/70,50/50,70/30
Hydroxyapatite 0/100,30/70,50/50,70/30

The morphol ’ e B-tricalcium phosphate and
hydroxyapatite, was . 4 ‘ ,
5410LV, JEOL Ltd., J4#fr . ¥ C N\ particle were placed on the
copper mount and coated' -

3.3.4.2 Partfle PEaE -2

10I'yanic compound

The partichgesF——————— Z2dicalcium phosphate and
| : I\
hydroxyapatite, was™=y =<Malvern Instruments Ltd.,

UK). The inorganic ce=ipound particles, approximately=£5 g, was suspended in 0.1%
wiv sodium h ﬂaﬁiﬂe' i i%‘ﬁfﬂﬁ Iu)'ipn was suspended by
ultrasonic for ﬁmjﬂ tinged ﬂﬁ) ddr e ﬁl size analysis.
U ‘
¢ P .Y
YRIANNIUARIINYIAEY
q
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3.3.5 Periosteum derived cell isolation and culture [64]

The periosteum derived cells used in the in vitro study were isolated from the
periosteum explants of 6-year-old female patient .The sample from the patients was
used in accordance with the approval of Faculty of Medicine, Chulalongkorn
University ethical committee.

Periosteal explants approximately 3x3 mm? were harvested by careful

dissection and placed in a 25-mm cylture flask. The explants were cultured in
minimum essential medium‘ 0 nedium (a-MEM, Hyclone, USA),
supplemented with . | _./’fi”‘, and penicillin (1001U/mL) and
streptomycin (100 g/mL : vith 5% CO,. After 4 to 6 days
of culture, cells started 2 D explants. After 3 weeks of
confluence. The expa~ Lo \ trypsinized, recovered by
centrifugation at 1,500 rr, g \‘*‘.‘._3__‘ In a second passage.

w\ ',zed for the expression of
mesenchymal stem cel’ , / AL o1 ing flow cytometr technique.
of Biochemistry, Faculty of
fi'i>d that the isolated periosteum
ming CD29, CD44, CD90, and CD105.

gf ywere hardly detected, as

Medicine, Chulalongkorn #nig== =

derived cells expressed the MS

CD34, CD45 whiq ™y 4

presented in Table V. i)
] U

Table 3.2 Cell sugfage maker analysjs,of isolated periosteum derived cells

AUEINBNINEINT

ISl ey

14 7

D29 98.48
CD44 99.58
CD90 99.4

CD105 49.34
CD34 7.11

CD45 0.01
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3.3.6 Characterization of scaffolds
3.3.6.1 Physical characterization
3.3.6.1.1 Morphology

The morphology of scaffolds was investigated by scanning electron
microscopy (SEM, JSM-5410LV, JE

structure of scaffolds, the scas

scaffolds were placed on . j'f‘oated with gold prior to SEM
observation. ‘

The pore diametcs . =mined from SEM micrographs

td., Japan). In order to observe the inner

#vertically with razorblades. The cut

saline (PBS) at 37 °C & For q encess PBS with lint-free paper,
h F
the wet weight of scaffold was i

AT .
the scaffold was calculated = AN L ati

vercentage of water swelling (Wsyw) of

Y

‘! = |_ WO 1

e S ANENENEIDT s i, o

W, is the initial weight of the scaffofds. The valugmawere expressed.s

men BB ABINTEITU HATINE TR E

The porosity of the scaffolds was measured by liquid displacement [14].
Ethanol was used as the displacement liquid as it could permeate through the
scaffolds. The weight of 1 ml ethanol was recorded as W The scaffolds were

immersed in the ethanol under vacuum for 5 min and the weight of scaffolds in
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ethanol was recorded as 5. The ethanol impregnated-scaffolds were then taken out
and the weight of residue ethanol was recorded as W3. The porosity of the scaffold

(g) was obtained by the following equation.

(W1 -Ws)

£(%) = (Wy—W3)

X 100................... (3.2)

3.3.6.1.4 Compressiveymodulus (dry and wet condition) [4]

To determine the me d‘/‘f scaffolds, the compression tests
1S lersal testing machine (Instron,
No. 5567) at the constant \ = 22/min. The size of the scaffolds
N Wain height. For the test in wet

% vacuum for 24 h at room
N,

were performed in dry ait

used for this test was 4
condition, sample wads |
temperature before tk ‘ \.,\\ ndulus of the scaffolds was
determined from the sl
range of 5%-30%. The re

in curves during the strain
o standard deviation (n=5).
F iz 2o
3.3.6.2 Biological char ,u
33607 Y]
J
To investigate thwiyitro biodegrad&t)on behavior of scaffolds, the scaffolds

v o84 PRGN YR e st v

incubated in 1.3l solution of 1 U/mI collagenase (pH 7.4) at 37°C contalnlng 0.01%

AT T

degraded scaffolds were taken out from the solution, rinsed with deionized
water,centrifuged at 5,000 rpm for 15 min and freeze dried. The % remaining weight
of each scaffold was determined using the following equation. The number of
scaffolds used for each experimental group was three (n=3), where W;. is remaining

weight and Win is initial weight.
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% Remaining weight = e 100, 3.3

int
3.3.6.2.2 Material cytotoxicity test

The test was modified based on the biological evaluation of medical devices-
Part 5 (1ISO 10993-5: 1999).

Sample preparation: The scaffold was soaked in 2 ml of DMEM containing
10% fetal bovine serum (FBS) a incubator at 37 °C for 24 hours. After
that, the scaffold was removie WAL / called “sample extract”, would
be used in cytotoxicity teg ¥ co 1inkﬁs and DMEM containing 10%
FBS and 20 ppm of=#¥ H RS megative and positive controls,

respectively.

Test procedur; ' Y \ WX 98 test. 50,000 cells of L-929
suspended in DMEN ” ‘ | \ N jed into 24-well plate and
incubated at 37 °C with Py ; "Wt, the medium from each well
was discarded and replace gF. JF @ | : , ive control and positive control.
All wells were further ir.bUF‘ a5 TI Reeils viability was measured after

incubation by MTT assay |68]:

To measure the cellas =2 -."-’t in PBS (-) were added into the
well containing cel ;— .:' °C for 30 min. After that,
MTT solution were e viimt to dissolve the formazan
crystals. All samples vvere transfer to the 96 well plate and measured the absorbance

g UHINENTNEINT
ama&ﬁ%eﬁ”mﬁﬁﬁ%maﬂ

Before cell seeding, scaffolds (dimension: d=12mm, h=2mm) were placed into
48-well tissue culture plates and sterilized using ethylene oxide. The scaffolds were
immersed in the culture medium overnight prior to cell seeding.

Periosteum derived cells (passage 4) were seeded into the scaffolds by
anagitated seeding method [8]. Briefly, 5x10° and 1x10° periosteum derived cells
were seeded into the scaffold placed in 48-well tissue culture plates for proliferation
and osteogenic differentiation tests, respectively. The scaffolds were agitated at
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250 rpm for 6 h using an orbital shaker at 37°C in 5% CO, incubator. After that, the
cells-seeded scaffolds were transfered into new 6-well tissue culture plates and
cultured in a-MEM supplemented with 10% FBS at 37°C in 5% CO, incubator. In
case of osteogenic differentiation test, the medium was changed into osteogenic
medium (a-MEM supplemented with 10% FBS, 10 mM B-glycerophosphate, 50
pg/ml L-ascorbic acid, and 10 nM dexamethasone) after 1 day of seeding [54]. Along

the cell culture period, the medium was refreshed every 2 days.

3.3.6.2.4 Initial SN roliferation tests

To monitor cell ~ troli 0 scaffolds, the number of cells

was determined by flunrg ‘ ‘ ac the cells were cultured for a
desired period of time /4% | - N scaffolds were washed with
PBS (-). Then the sampl- o \ \ ar at 37°C overnight to prepare
cell lysate and storec \ o. ing the assay, standard cell

lysate prepared from t; : 'mples were thawed at room
. ely n SDS lysis buffer at 37°C for
1 h and diluted with SDS # ¢fas _ (S was used as a blank test). Then
20 ul of Hoechst solution (1 _.9 adiluted at room temperature with 19
¢437)line solution (SSC) 20X.

P J into standard cells and

ml deionized watei 2\
After that, 100 ml V
samples. The fluorell 3nt intelsicy o nxed solu ‘n was measured using a
fluorescence microplates’ @ader (Perkin @lmer, 1420 multilabel counter) at the

exiation BB b PO Y15 U B4 ATd Sctvel. At caa ver

expressed as m&%standard deV|at|gn (n=23).

ammn‘mum'swmaﬂ

3.3.6.2.5 Osteogenic differentiation test

To assess the osteogenic differentiation of periosteum derived cell cultured on
the scaffolds under osteogenic induction after 3, 5, 7, 14, 21, and 28 days of the
culture, the alkaline phosphatase (ALP) activity and calcium content were used as the
early and late marker for osteogenic differentiation test, were determined, respectively
[69, 70].
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To determine ALP activity, 10 mM p-nitrophenol solution was diluted with
deionized water for calibration curve (deionized water was used as a blank test). Then
20 pl of each deionized water, p-nitrophenol standard solution, and supernatant of cell
lysate prepared using the procedure described in section 3.3.6.2.4 was reacted with
100 pl p-nitrophenyl phosphate liquid substrate (pNPP) at 37°C for 15 min to
converse p-nitrophenyl phosphate to p-nitrophenol. To stop reaction, 80 ul of 0.02 N
NaOH solution was added. Finally, the solution was measured spectrophotometrically

at 405 nm using a UV-VIS spectropggmeter (Thermo Spectronic, Genesys 10UV

scanning).

To measure the calg SRS ‘ ¢ added into the cell lysate
samples with equal volur ubg ‘ —_vernight. For standard solution
preparation, 20 mg/ml Cg "\ 5 N L for calibration curve (1 M
HCI was used as a blar : 5 wolamine bufferand 100 pl
of 0.63 M o-cresolphyth- L W ) was added into 10 pl of each

1 M HCI, CaCOg star#arr, Sall e N S “hereafter, calcium contents
% nm using a UV-VIS

- of cells were also determined

were determined

by DNA assay and used to #orgdazs = 5 iti® ies and calcium content. All data
were expressed as meanJ_rstand—" A
& H"‘
ﬁl ]

After 5 and 28¢'days for prolifergiion and osteogenic differentiation tests,

- EY T T T A —

adherent cells aMi then fixed in 2. Syit% glutaraldehyde solution |Ej>BS (-) at 4°C for

L Q RAGIATE] D BNLIAGEPres are
were cro§s-sectional cut and observed under SE

3.3.6.2.7 Elemental analysis of cultured cell after culture

Elements, particularly calcium (Ca) and phosphorous (P), on the surface of
cells after 28-day cultured in osteogenic media were analyzed by EDX (Philip Model
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XP 30 CP). The same cell seeded constructs used in SEM observation were used for

EDX analysis.
3.3.7 Statistical analysis
Significant levels of each result 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.

AULINENINGINT
AN TUAMINAY



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Morphology and particle size of inorganic compounds

Morphology of both inorg jmpounds, B-TCP and HA, was shown in

/"alparticle of B-TCP was observed

A. From the particle size analysis

e iE1N Instruments Ltd., UK), the

Figure 4.1. From SEM micr
while an aggregated grou
by laser diffraction techr:
results on size distributiz W= avas observed that the average
particle size of B-TCP -
B-TCP and HA size are :

the larger size of bott

wrespectively. The smallest of
Im, respectively, while largest

Aco.V  Spot Magn DlNDF:![“ > um A/optMg“"[WDE;I—{ 2 um
200kV 40 10000x SE 82 0  Beta-TCP 15.0kv 25 10000X"GE 76 0  HA

AT S :n'm L -
A AINTUNAIINYINY
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Figure 4.2 Size distrib‘dt[&ns of (a) B-tricﬁsium phosphate and (b) hydroxyapatite
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4.2 Effect of incorporated p-tricalcium phosphate and
hydroxyapatite on Thai silk fibroin/gelatin based scaffolds

In this section, physical and biological characteristics of Thai silk
fibroin/gelatin (50/50) based scaffold incorporated with each inorganic compound,

B-TCP and HA, were reported and discussed.

The Thai silk % porated with p-TCP and HA
were vertically cut i £ 73 N ure under SEM. The pore
morphology and surfar = , w\ “%ure 4.3 and 4.4, respectively.
The pore sizes of Thai s’ . A, s incorporated with inorganic

From the pore®n DA A e Figure 4.3, all Thai silk
fibroin/gelatin based scaffd obrdis Y 1etwvork. The smaller pore size was
observed when the amoupteda i/t 24 ampound particles increased. This

might be because ti% l_ \:, flation of the ice crystal in

freeze-drying proce:.. P

iF |

When compari .g the pore size of scaffolds conté=fiing inorganic compounds to
pure protein seaffol ﬁﬂ parati ﬁ' 9 % £ANge70% of B-TCP could
decrease the pﬁ ﬁ p ﬂﬂﬂf (ﬁﬁﬁiﬂi 39%, 39% and 63%,
respectively. Atq!he present of 30%%and 50% of LT CP, some vegy small pores were
observa ana&rmlﬁrmcsdaw arg Wem(:(-)][aat&l of HA could
decreaseqthe pore size of pure protein scaffold by approximately 32% to 46%. The
smallest pore size was found at the present of 70% B-TCP.

Comparing the effect of each inorganic compound, B-TCP and HA, at the
same weight blending ratio, the present of B-TCP resulted in the smaller pore size of
Thai silk fibroin based scaffold than HA. This might be because B-TCP particle is

smaller than HA. Thus, it could better distribute in protein matrix and inhibit the

accumulation of ice crystal more than HA.
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Owing to high speed used to mix the solution and high freezing rate used in

the scaffold fabrication, small bubble was formed and embedded in the wall of pure

protein scaffold, as seen in Figure 4.4 (a). The uniform distribution of B-TCP and HA

in the surface of Thai silk fibroin based scaffold was observed, resulting in non-

smooth surface. It was also noticed that larger HA granules localized in the surface of

scaffold resulted in the rougher surface compared to that with smaller B-TCP

particles.

Table 4.1 Notation and POress 4 silk fibroin/gelatin based scaffolds

incorporated with B-TCP an

Scaffold Type

Pore size (um)

Silk fibroin/gelatin
(50/50) scaffold or
pure protein scaffold

150+26

Silk fibroin/gelatin b5
scaffold incorporated w
B-TCP

"B-TCP/70

92+15

Silk fibroin/gelatin basec,
scaffold incorporated with
B-TCP

50B-TCP/50

92+12

Silk fibroin/gelatin based

scaffold incorporated J0gTCP/30

"

B-TCP )

56+6

Silk fibroin/gelatin v 'h“
based scaffold | ‘ IPHAIT0

102+13

Silk fibroin/gelatin (50/5!5)-:-
based scaffoldie) El J
incorporated wi !

T We) e

105+16

Silk fibroin/gelatin (50/50)

81+12

SRRAAN M INBTAE
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Pure protein scaffold
(0/100)

50/50

70/30

or A Rkl AU HRATRBAR oo

B-TCP a d HA. (a) 0/100, (b) 30B-TCP/70, (c) 50B-TCP/50, (d) 70p-TCP/30, (e)
30HA/70, (f) 50HA/50 and (g) 70HA/30 (scale bar =500 pm)



55

Pure protein scaffold
(0/100)

50/50

F.gur&wammmm'a NEAA. &Lsed scafolds

mcorporated with - TCP and HA. (a) 0/100, (b) 30B-TCP/70, (c) 50B8-TCP/50, (d)
70B-TCP/30, (e) 30HA/70, (f) 50HA/50 and (g) 70HA/30 (scale bar = 10 pum)
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4.2.1.2 Swelling property

The swelling ability is an important property of scaffold. The higher swelling
ability could increase the bioactivity between cell and culture medium [71].

The result on water absorption of Thai silk fibroin/gelatin scaffold
incorporated with both inorganic compounds, B-TCP and HA, was demonstrated in
Figure 4.5. The highest percentage of water absorption, 93.5%, was found in pure

f. the higher amount of inorganic compound

protein scaffold. It was observed tha
incorporated in protein scaffolas 4 _significantly lower swelling ability
compared to the pure protet SeCESET éof 30%-50% of B-TCP and HA,
no significant difference ¥ 2 3 sorll"'—*h pair of scaffolds at the same
\ ffold with 70% HA showed
significantly lower w- 2 . N\ |ng 70% of B-TCP. The
incorporation at 70% of 4 | \ \ Se the swelling ability of pure
protein scaffold by & N h\. owest percentage of water
absorption also showec,

HA.

Id with 70% incorporation of

The decreasing of |, > due to the smaller pore size of

scaffold with inorganic added, ight be because of the hydrophobic

effect of inorganic (g R Qsgmtion, resulting in the drop

of water absorpticy RY Jied the preparation and

characterization of (f}tosari=ges wCAyapajl composite scaffolds for

7

tissue engineering appligaﬂ,gns. They four&i,that nanohydroxyapatite decreased the

wins [ SQPHPGNHAR oo

nanohydroxyap&llte formed cross link between the chains and decreased the

e TN e g oo e

groups cannot form hydrogen bonds, hence swelling properties decreases.
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Figure 4.5 Percentage | silk fibroin/gelatin scaffolds

incorporated with inorganiF OWfaidinis < 2 nCYHA.

* represent the significant diZEZiks L2/ celative to Thai silk fibroin/gelatin

scaffolds without inJ¥ya .
Y represent the Sy iy |1 the pair at the same

percentage of inorgaris:

1)
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4.2.1.3 Porosity

Porous structure is one of the main design criteria for bone tissue engineering
scaffolds [72]. The highly porous structures could improve mass transfer rate of
oxygen and nutrients into the inner pores and also efficiently remove metabolic
products [73].

In this study, the porosity of scaffolds measured by liquid displacement

method was illustrated in Figure 4.6. The result showed that all scaffolds showed high

porosity. The highest porosit #nd in pure Thai silk fibroin/gelatin
scaffold. It was observed /3 jiinorganic compound resulted in
the significantly lower pG! urotein scaffold. The addition of
70% B-TCP and HA cog
scaffold by 4% and 7°/

ai silk fibroin/gelatin based

) waosity of scaffold, 87%, was

The decreasin vy~ . Mirom the inorganic particles
” pore volume of the scaffold,
corresponded to our previous
study by Tritanipakul [74, 9 delsition of hydroxyapatite on salt
leached Thai silk fibroin scaffn e

the deposited hydroxyapatite on the

: ffold.
| V; |qﬂ"

¥

i

. =
-
——

-

‘

i

e

pore wall of scaffola™e

) )
ﬂ‘lJEl’WIEWlﬁWEﬂﬂ’i
ammnwum'swmaﬂ
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Figure 4.6 Porosity of 144

compound.

* represent the significant dizEZiss L2/ celative to Thai silk fibroin/gelatin

scaffolds without in¥p3
Y represent the Sy
percentage of inorgari=:

y
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iy |1 the pair at the same
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4.2.1.4 Compressive modulus (dry and wet condition)

The compressive modulus of Thai silk fibroin/gelatin scaffolds incorporated
with inorganic compound at various weight blending ratios of both inorganic
compounds, B-TCP and HA, tested in dry and wet condition was illustrated in
Figure 4.7.

For dry condition (Figure 4.7(a)), the compressive modulus of Thai silk

fibroin/gelatin scaffolds incorporated with inorganic compound was higher than Thai

ampound. The compressive modulus

was slightly higher when ir &GS : ‘_,/‘ iboth inorganic compounds. The
significantly higher cor™ “mos oo | \when 70% of inorganic
modulus, 1082 kPa, was found

Saat both inorganic compounds,

compound was incorporats

at the present of 70% P

B-TCP and HA, proriiote 5K \\ scaffolds. For this system, p-
. ‘ \.

TCP and HA act as t! u ‘he same weight percentage

of inorganic compounc#H- y 3 b ‘ o ressive modulus of Thai silk

nossibly be due to the smaller
pore size of scaffold ihcu ®mpared to that of the scaffold
incorporated with HA. The SCorn = wler pore size can give more paths for
distributing to app/ ¥l 4 ) fFumpressive modulus [14].
Furthermore, Lu ;r .“:"J oactive glass composite
scaffolds with impro :I MECHEES™ Thifata of the bioactive glass
incorporated with polyﬁaﬂde-co-glycolid&,(PLGA) showed that bioactive glass

particle-reinfoﬂn‘ﬂty ‘Fﬂeﬂ%ﬂ@uﬂlﬂ@aﬂeﬁ two-fold increase in

compressive mddulus.

TR TR R R

condition of scaffolds used in the human body. As shown in Figure 4.7(b), the
compressive modulus of all scaffolds were significantly decreased, approximately 100
times when compared to that in dry condition. Mostly, the protein based scaffold
obtained from freeze-drying presented the high percentage of water absorption. Thus,
it acted as the hydrogel when it was wet, leading to a decreasing of mechanical
strength [75].
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Figure 4.7 C%ui&l Qdmsﬂ nﬁimiﬂi;l;mtgscaﬁolds incorporated
with inorganic corréound; (a) in dryScondition, (ﬁn wet conditioa/
i ral

* renr@niAbe IR Bl biicel ekl TGV noroirvgetain

scaffoldé’without inorganic compound.
¥ represent the significant difference (p<0.05) between the pair at the same

percentage of inorganic compound.
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4.2.2 Biological characterization

In this section, biological characteristics of Thai silk fibroin/gelatin (50/50)
based scaffold incorporated with inorganic compounds, B-TCP and HA, were
presented and discussed into three parts as follows:

« In vitro biodegradability
* Material cytotoxicity test

* In vitro biocompatibi'ity

collagenase at 37°C, pH4f. = | Weight changes during
degradation test were “ \ Mot remaining weight (%) of
scaffolds.

The remaining w.
with HA and B-TCP after i

were shown in Figure 4.8. It

vlution at various periods of time
nat the remaining weight (%) of all
scaffolds decreased 2 tk IngSeneral, it was noticed that

the remaining weig§ 7§ Y] >mpound was completely

degraded within 7 day{{J The T o) of <ififfold incorporated with both

HA and B -TCP were decgeis.?d and remaine‘iﬁt the weight percentage of incorporated

o o 849 1A TANRIA I et o ot

digested only tRé protein part (Sllk flbrom/gelatln) of scaffolds, thus the remaining

" °faemwrf‘aﬂmwwzwmﬁﬁmﬁ‘““
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Figure 4.8 silk fibroin/gelatin scaffolds

incorporated with inorgani#c *_':'I_;_;ﬁ;
collagenase (pH 7.4) at 37°C o282/ 2 /)

HA, after immersion in 1 U/ml
v sodium azide for1, 3,5, 7, 14, 21
and 28 days. ~A A

-

|

V-‘ |‘d
—o— 0/100, <+ T'! - T2V, + @+ 70B-TCP/30,
- 30HA /70, ==fim=  50HA /50, ==Om== 70HA /3.
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4.2.2.2 Material cytotoxicity test using L929

B Sample extract [J Negative control [ Positive control
Yx

[EEN
N
J

V¥ yx v

H
oo o
1 1

The number of cells (x10%)
(o]

O ' T T 1
s &
'46 .40
S
le QO%\
Figure 4.9 The number of cel! #." A 2/ est of Thai silk fibroin/gelatin
scaffolds incorporajz-A N, L) HA.

* represent the sigm £ gative control (DMEM

i | 4]
containing 10% FBS). il‘ 1)

containing 10

D RSHEARS
ARANFHT AN A s

scaffoldflincorporated with HA and B-TCP using L-929 cell. Figure 4.9 showed the

v represent the sj gniﬁcaﬂ't &itference (p<0.@HJ relative to positive control (DMEM
# Tk
U

number of viable cell determined by MTT assay. Around 70,000 viable cells were
observed when culture in negative control medium(DMEM containing 10% FBS)
while no viable cell was noticed in positive control medium (DMEM containing 10%
FBS and 20 ppm of zinc acetate). The results (Figure. 4.9) clearly presented that all
sample extracts from Thai silk fibroin/gelatin-based scaffolds incorporated with HA
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and B-TCP showed low cytotoxicity effect at the similar level to the negative control
(DMEM containing 10% FBS).

4.2.2.3 In vitro biocompatibility using periosteum derived cells

All Thai silk fibroin/gelatin based scaffolds incorporated with both inorganic
compounds, B-TCP and HA, were conducted on in vitro biocompatibility tests since it

showed low cyctoxicity. Periosteum desiveed cells isolated from periosteal explants of

ultured on these scaffolds. Cell

attachment, proliferation an ™SS 1 an test were assessed.

ells initial attachment and

Periosteum de V' e AN N on Thai silk fibroin/gelatin
| Inds, B-TCP and HA, for 1, 3
and 5 days. The number Sl Y e %elells on scaffolds, analyzed by
DNA assay, was presented | F, oA

After 1 day of seedin oticed that there was no significant

oA
difference in the nuj7 e js f~fter 3 days of seeding, no
RY' Jas found. After 5 days of

culture, it could be :I erved o W1 prffferated cell on the scaffold

significant dlfferen( V

incorporated with both 'ungganic compou%, B-TCP and HA, tended to be slightly

e v ERBH TVGIN B YR s

on the scaffold Yrface by B-TCP ang HA that Was able to promote the proliferation of

AR e -

The morphology of periosteum derived cells cultured on Thai silk
fibroin/gelatin based scaffolds incorporated with B-TCP and HA at the weight
blending ratios of 70/30, 50/50, and 30/70 (inorganic compound/protein) under
proliferating medium for 5 days were depicted in Figure 4.11. Spreaded periosteum
derived cells on all scaffolds were observed. There was no significant difference in

cell morphology. This cell morphology implied that periosteum derived cell was
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active on all Thai silk fibroin/gelatin based scaffolds incorporated with both inorganic
compounds, B-TCP and HA.

The results on attachment and proliferation of periosteum derived cells
implied that, Thai silk fibroin/gelatin based scaffolds incorporated with both inorganic
compounds, B-TCP and HA, could support the attachment and proliferation of
periosteum derived cells but could not obviously enhance the attachment and
proliferation of periosteum derived cell. The result was in contrast to other reports on

inorganic compound/biopolymer systrm, Han et.al. [76] studied the biomimetic

: fis for bone tissue engineering. They
found the favorable biolon ™ ! ablast (MC3T3-E1) on chitosan—

nanohydroxyapatite scaf ™ dinT i == adhesion, higher proliferation,
and well spreading mor= \ ‘ w..nure chitosan scaffold. Peter,
et.al. [78] have studier’ | W (sa—gelatin/nano-bioactive glass

ceramic composite scarf#s - \ glneerlng They reported that
| N glass ceramic composite
itosan—gelatin scaffolds. The
G-63 cells and formed bridges
sallied the biomimetic nanofibrous
gelatin/apatite composite scaffe= > ;. gssue engineering. In the MC3T3-E1
attachment and pro/™gr; : gsf< scaffolds were compared
with commercially ;f .;‘E"J rted that more cells were
attached on gelatin/ag :I COlnpe einan orflelfoam® after of 1 day cell
seeding. After 14 days, tjoqgwere cells pro&'jerated on both gelatin/apatite composite

scaffolds andﬁ %E‘]’a ﬁcﬂ\ mwtﬂ@ﬂtﬁner on gelatin/apatite

composite scaff@lds remained S|gn|f|cantly hlgher than that on Gelfoam scaffolds. In
additi composed of
gelatlrﬂwmﬁaﬁnﬂ fmﬁmqﬁﬁ i]ﬁ ﬁology of cells
attached depended on the sponge type. The attached cells showed flatter morphology
with an increase in the amount of B-TCP. For the gelatin sponge without B-TCP, the
shape of mesenchymal stem cell (MSC) attached was spherical. MSC proliferated in
every sponge, although the profile depended on the amount of B-TCP. The rate of

MSC proliferation increased with the increased B-TCP amount and became significant

large when the amount of B-TCP was 75 or 90 wt%.
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Figure 4.11 Morphology of periosteum derived cell cultured under proliferating
medium for 5 days on Thai silk fibroin/gelatin based scaffolds incorporated with
inorganic compound. (a) 0/100, (b) 30B-TCP/70, (c) 50B-TCP/50, (d) 70B-TCP/30, (e)
30HA/70, (f) 50HA/50 and (g) 70HA/30 ( scale bar = 50 pum)
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4.2.2.3.2 Osteogenic differentiation test

The number of periosteum derived cells on Thai silk fibroin/gelatin scaffolds
incorporated with B-TCP and HA under the culture with osteogenic medium was
presented in Figure 4.12. It was found that after 3 days of seeding, the number of
cells on Thai silk fibroin/gelatin scaffolds with inorganic compound incorporation
tended to be more than those on pure protein scaffold. However, during the 5™ and 7"

day, the number of cells on the Thai,silk fibroin/gelatin scaffolds with inorganic

compounds seemed to be slighy A\ r) ter that (at the 14™ day onwards) the
‘ ‘ roin/gelatin  scaffold with HA
incorporation under ostEm L iLT) te— slightly higher than the pure
protein scaffold. It was.2 X ‘ caroin/gelatin scaffold with HA
| ‘ N woriosteum derived cell under
osteogenic medium. “Inis 48, i | o1 the scaffold surface caused

by inorganic particle. F 4 A=A R L\ %e"Whesion and proliferation of

ALP activity of ! Eehy 57 = ed on Thai silk fibroin/gelatin
= ar'\8 teogenic medium for 3, 5, 7, 14,
21, and 28 days was eIumdated was observed that during the culture
period of 3 days to [ b (Fiived cells cultured in the
scaffolds was gradu‘ .;‘E"J period. ALP activity of
periosteum derived ci '| CUILuh o8 WeWis coyflining inorganic compounds
was generally higher thﬁn that in the Rue Thai silk f|br0|n/gelat|n scaffold.

ot 4 Y VRGN B Y i v

in the group of$dcaffolds contalnln% 30-70% of B -TCP and 50% of HA. This result

R TR N AT AL

cultured human periosteal-derived cells cultured for 42 days in an osteogenic
induction medium in a 6-well plate. The peak of ALP activity was observed at the 14"
day  of culture. Comparing among the four types of scaffolds that showed highest
ALP activity, ALP activity from the group of scaffold with 30-70% of B-TCP tended
to be slightly more than the scaffold with 50% of HA. The explanation of the
observation may due to the fact that B-TCP is more resorpable than HA. When the
bioactive glass agent like B-TCP and HA was added in materials, it is hydrated in cell
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culture media, undergoing a process of continuous calcium and phosphate ion
dissolution and reprecipitation. This process can induce osteoblast differentiation and
mineralization [84]. In addition, Takahashi, et.al. [8] reported the influence of the
incorporation of ceramic granules with the same size, such as HA, a-TCP, alumina,
and B-TCP in the gelatin sponges at different mixing ratios. When MSCs were
cultured in the sponges, the gelatin sponges incorporating B-TCP exhibited the highest
ALP activity among all sponges, although the cell density of all sponges was the
same. They suggested that B-TCP .i%elf functioned to enhance the osteogenic
differentiation of MSC.

/ cells cultured on Thai silk
e

"0 VIth (S LA under osteogenic medium

for 7, 14, 21, and ZSV 3 =4 In the 21-day culture period,
significantly higher calc’ g L e of Thai silk fibroin/gelatin

scaffold incorporated wi4 5K w p TCP and HA, compared to
pure protein scaffolc s Cfea ‘ y ng the culture period was

with 30-70% B-TCP and HA
o 2sult corresponded to the result
of ALP activity described# ¥ scaffolds that presented highest
ALP activity, the early make ; differentiation, also gave the highest
calcium content, t/¥| is could be due to the
osteoinductivity of ;r .“:"J on calcium deposited of
periosteum derived ce :I SOITESp s mgoorts. \fihen periosteum derived cells
were cultured in the ostgegenic medium, the calcium deposited usually found after 2

s r AR BB s v

entire duration @ the culture perlod Arnold et.al. [85] studied the in vitro-cultivation
of hu m p05|tes. In this
systerﬂmjﬁﬁﬁ T@JH bior omj@ CP-composites
scaffold were cultured with osteogenic medium. The calcium deposit was assayed

using von-Kossa staining. The result showed that the presence of calcified deposits

was formed after 30 days of cultivation.
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4.2.2.3.3 Cell and scaffold observation after cultured in

osteogenic medium

The morphology of periosteum derived cells cultured on Thai silk
fibroin/gelatin based scaffolds incorporated with B-TCP and HA in osteogenic
medium for 28 days was illustrated in Figure 4.15. The SEM micrographs showed
that after 28 days of culture, the periosteum derived cells formed multi-layer and the
s observed on all scaffolds. The scaffolds

extracellular matrix (ECM) of cellsy v
' , /e more cells and ECM on the surface
of scaffolds. This was in 2c™ : ‘_,/‘ an the number of cells determined

3 : d
by DNA assay as showt' "'-"u'phology of periosteum derived
cells on Thai silk fiM SSs=arporated with B-TCP and HA
implied that all scaffe . osteogenic differentiation of

periosteum derived Cell 4 \ \‘\
Our result co#£5r 4 a7 . ‘ ' eriosteum derived cell, i.e.
i cdfC . T ‘ Whivity and the osteogenic
ineered bone using rhBMP-2
induced periosteal cellé W ﬂ ‘ yaRoxyapatite/collagen/poly(L-lactic
acid) scaffold. The result on th = after 2 weeks of culture showed
that cells changed 82

porous nano-HA/c{ 8

rgrly all the surface of the
.“":"J' se intercellular gap and
showing the active ra :I Of proveé® i, ar. "L bundant extracellular matrix
was observed around the ‘&ells, which mi&gt play an important role in later bone

formation. Fuﬁ%ﬁ@%ﬂ|%ﬁtﬁﬂﬁ]ﬁﬁrioaeum derived cells

combined witHfllsuperporous hydr(y(yapatlte blocks used as an osteogenic bone

. 0, WGP e 1

surface of the superporous HA block were distributed almost equally in most pore
regions, even in the deeper regions of the HA block. The cell appearance in pore
regions of HA blocks implied that the superporous HA block could induce periosteal

cells to form 3D network inside the pores.
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Figure 4.15 Morphology of periosteum derived cells cultured under osteogenic medium
for 28 days on Thai silk fibroin/gelatin based scaffolds incorporated with inorganic
compounds, B-TCP and HA. (a) 0/100, (b) 30B-TCP/70, (c) 50B-TCP/50, (d) 70B-TCP/30,
(e) 30HA/70, (f) 50HA/50and (g) 70HA/30 ( scale bar = 10 um)
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4.2.2.3.3 Elemental analysis of periosteum derived cells

culture in osteogenic medium

After 28 days of culture in osteogenic medium, all scaffolds were analyzed by
energy dispersive x-ray spectrometer (EDX) to confirm the production of calcium from
periosteum derived cell. EDX results on the cell surface were summarized in Table 4.2.
Calcium and phosphate contents on cell surface were found in all scaffolds. For the pure
protein scaffold, the calcium deposited was found approximately 11-32%. For the
scaffold containing B-TCP, the “ n deposited, 53-75%, was found at the

ﬁontaining HA, the highest calcium

‘-ﬁ! of 50% HA. The incorporation

deposited, 32- 58%, was
of both inorganic compe==

ir

S tively higher calcium contents
®old incorporated with B-TCP
wato the scaffold incorporated

deposited compared tce
seemed to illustrate tk
with HA. The EDX resi

Table 4.2 Elemental &fia’ ‘ ;
medium (minimum and 14 um A A

g
= it
-

\%ent reported in Figure 4.14.

'a days cultured in osteogenic

rement points were shown.)

ZZ3 ent (96)

Scaffold ty=
e -5 ] Ca
Y Y
0/100 1 AV 11-32
g i¥
30B-TCP/70 ¢ 35-59 15-16 15-49

o INENTNBANT wn
AR sl fenat

50HA/50 22-51 14-20 32-58

70HA/30 45-52 17-19 30-38




CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, the Thai s |glatin based scaffold incorporated with

both inorganic compounds.s : vere fabricated via freeze drying
— Neight ,/ i of each inorganic compound

incorporated was invess ' o siai silk fibroin/gelatin based
scaffolds incorporates=##:: v N porous structure with non-
smooth surface. The & \ ' AS%aas the weight blending ratio
of inorganic compoun, -\ | N M of all scaffolds significantly
' and HA, were added. This

Iorganic compounds. At 70%

decreased when the bot;
might be attributable t&th :
incorporation of B-TCP, ated '; __, p sic Rfidantly decreased than that with
HA incorporation. All Thai sili seu scaffolds incorporated with both
inorganic compounds, B-TC& 5‘" .a 2iah porosity more than 87%. The
incorporation of B% i—' J ive strength of scaffolds
comparing to the pu:c v ' condition. For this system,

B-TCP and HA act lik® the reinforcing agents. Howeve the compressive modulus of
Thai silk fibro iiﬁi r%f it P was slightly higher
than that with Efﬁ ﬁﬂﬂ wag)j ﬁ ﬁced to the smaller pore
size of scaffold incorporated with B-TCP campared to thapr of the scaffold
mcorpatmv’} a&aﬂ %ﬂd &Ihu-ﬂ ’3)% &la']ua \E}nore paths for
dlstrlbut"wg to applied stress.

From the study on biological properties, in vitro biodegradability test showed
that the scaffolds without inorganic compounds were completely degraded within 7
days. The remaining weight (%) of scaffolds incorporated with both HA and B-TCP
were decreased and remained at the weight percentage of incorporated inorganic

compound after 7 days. Material cytotoxicity test using L929 clearly presented that all
samples showed low cytotoxicity. The results on in vitro cell culture indicated that all
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Thai silk fibroin/gelatin based scaffolds incorporated with both inorganic compounds,
B-TCP and HA, could support the periosteum derived cell attachment and
proliferation. In case of periosteum derived cell cultured in osteogenic medium, the
results of ALP activity and calcium contents showed that incorporation of both
inorganic compounds could enhance osteoconductive potential of the scaffolds. There
were four groups of scaffold, 308-TCP/70, S0B-TCP/50, 708-TCP/30 and 50HA/50,
that gave the significantly higher of ALP activity and calcium contents. Comparing
among the four types of scaffolds that showed highest ALP activity and calcium
: e group of scaffolds with 30-70% of
}'{i with 50% of HA. This result

n bTsed ﬁcorporated with both inorganic

ative material for bone tissue

content, ALP activity and calcit
B-TCP tended to be slight
revealed that Thai silk fi&
compounds, B-TCP and -z

engineering.
5.2 Recommenda#Gr
Although the effe,

biological properties of ,
investigated in this work, ther ,w

‘orporation on the physical and
o|3n based scaffolds have been
ting points which should be further
considered as follo\/<k

1. The scaffds

in vivo. J U]

) lial should be investigated

2. To ensure tlsegagifferentiation gof periosteum derived cells, the gene

e A REN SNEIAAY
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APPENDIX A

Raw date of water absorption and porosity

Table A-1 Mean and SD of compressive modulus of Thai silk fibroin/gelatin
scaffolds based scaffold incorporated with inorganic compound, 3-TCP
and HA.

Weight blending ra ’/)er absorption (%)

SD
0.4
1.9
0.8
1.1
0.4
1.9
0.8

70HA/30 ¥

Table A-2 Mean and% D gl _ /0 tin scaffolds based

scaffold{Z AX JB-TCP and HA.

[j
.nzY;;%ﬂmm DUNTNETT
RN T INNG nEnaE

30p-TCP/70 91.7 0.1
30B-TCP/70 90.6 0.2
30B-TCP/70 89.9 0.5
30HA/70 93.3 0.4
50HA/50 91.1 0.4

70HA/30 87.1 15




APPENDIX B

Raw data of compressive modulus

Table B-1 Mean and SD of compressive modulus of Thai silk fibroin/gelatin
scaffolds based scaffold incorporated with inorganic compound, B-TCP
and HA, in dry condition.

Weight blending rai ;s‘sive modulus (kPa)
inorganic compoun:

SD
181.9

142.0
189.1
160.2
102.9
215.1
102.1

70HA/30 &

Table B-2 Mean an %

—
scaffold 7 "X _Jinic compound, B-TCP
and HA, i[ .'E /et COras 1l

D ik fibroin/gelatin

AP

lus (kPa

.nwg;%ﬂmm NUNTWE T
SD

RTINS
30B-TCP/70 -
30p-TCP/70 1L.7 48
308-TCP/70 12.8 2.3
SOHA/TO 106 2.0
SOMA/S0 124 1.9
OHA/30 15.9 1.7

89



Table C-1 Mean and SD of remaining weight (%
compound, B-TCP and HA, during t

Raw data

s based scaffold incorporated with inorganic

Degradation time

(day) 0/100 30B-TCP/70 30HA/70 50HA/50 7T0HA/30
mean SD mean SD mean SD mean SD mean SD

0 100 0.0 100 100 0.0 100 0.0 100 0.0
1 781 | 72 | 775 %04 | 87 | 876 | 20 | 936 | 20
3 466 | 19 | 561 .}: "o | 42 | 749 | 48 | 839 | 28

S 23.2 2.6 51.8 43 H 57.2 9.7 62.9 1.8 7.7 7.1
7 3.8 20 | 324 | 43 (€93 | 30 | 748l | 53 | 346 | 28 | 494 | 55 | 712 | 44
14 00 | o0 32.6[%“ -J A% |BV 780 Eﬂs' ﬂz§ 34 | 504 | 71 | 708 | 29
21 0.0 0.0 33.6 4.9 50.1 15 | 71.69 ﬂu5'5 315 ‘vl;_? 51.4 5.0 715 0.4
28 00 | o0 W ﬂﬂ? :95 6 ”pv B 503 | 55 | 696 | 51

90

06



Fluorescence intensity
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APPENDIX D

Standard curve of in vitro cell culture test
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Figure D-3 Standard curve of CaCOj3 standard solution for calcium content.
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APPENDIX E

Raw data of elemental analysis on cell surface after 28 days culture in

osteogenic medium using dispersive X-ray spectroscopy (EDX)
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Figure E-1 Elemental analysis using EDX of periosteum derived cell after 28 day culture in osteogenic media;
0/100
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Figure E-2 Elemental analysis using EDX of periosteum derived cell after 28 day culture in osteogenic media;
30B-TCP/70
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Figure E-3 EIemer$caI analysis using EDX of periosteum derived cell after 28 day culture in osteogenic media;

50B-TCP/50
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Figure E-4 Elemen'l'al analysis using EDX of periosteum derived cell after 28 day culture in osteogenic media;
70B8-TCP/30
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