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ABSTRACT 

        Cartilage tissue engineering has emerged as a promising therapy for patients 
whose cartilage tissue has been damaged. The progress of basic science and 
innovation of technology on stem cell research has revealed a great potential for the 
application of tissue engineering. Multi-potential bone marrow mesenchymal stem 
cells (BMSCs), a member of the adult stem cell series, are useful for cartilage tissue 
engineering. This study aims to investigate the optimal culture condition for in vitro 
chondrogenic induction of hBMSCs, which includes applying patterns of growth 
factor. 
        hBMSCs were expanded up to passage four and then in vitro chondrogenesis 
induction was performed in both two-dimensional (monolayer) and three-
dimensional (scaffold and pellet) cultures. Three kinds of growth factors (TGF-β3, 
BMP-6 and IGF-1) were applied in culture medium in three different giving patterns: 
single, combination and cycling patterns. After 21 days culture, gene and protein 
expression was investigated by using histology, immunohistology, RT-PCR and real-
time PCR techniques.  
        Chondrogenic induction of hBMSCs were reached theirs highest level when the 
cells were treated with a combination of 10 ng/ml TGF-β3 and 500 ng/ml BMP-6 in 
pellet culture. Under these condition, the induced cells showed features like natural 
cartilage which presents the chondrocyte setting in lacunae and the accumulation of 
cartilage-like matrices including type II collagen and proteoglycans as shown in 
histology and immunohistology results. These correlated to the results from real-time 
PCR assay in which the strongest expression of gene encoding type II collagen, 
aggrecan and sox9 was found under the same condition. This finding suggests that 
the combination of TGF-β3 and BMP-6 in pellet culture is the optimal culture 
condition to induce chondrogenesis on hBMSCs in in vitro culture. 
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บทคัดยอ 
          วิศวกรรมเนื้อเยื่อกระดูกออนถือกําเนิดขึ้นเพื่อนํามารักษาผูปวยที่เนื้อเยื่อกระดูกออนถูก
ทําลาย  จากความรูพื้นฐานดานเซลลชีววิทยาและวิวัฒนาการของเทคโนโลยีทําใหมีการนําเซลลมี
เซนครายจากไขกระดูกซึ่งมีความสามารถในการพัฒนาไปเปนเซลลชนิดตางๆมาประยุกตใชใน
วิศวกรรมเนื้อเยื่อกระดูกออน  ในการศึกษาครั้งนี้มีวัตถุประสงคเพื่อศึกษาสภาวะแวดลอมที่
เหมาะสมสําหรับการชักจูงเซลลมีเซนครายจากไขกระดูกเพื่อพัฒนาเปนเซลลกระดูกออนภายใน
หองปฏิบัติการโดยศึกษาปริมาณและวิธีการใหสารกระตุนแกเซลล รวมถึงมิติของการเพาะเลี้ยง
เซลล  โดยเพาะเลี้ยงเพิ่มจํานวนเซลลมีเซนครายจากไขกระดูกถึงรุนที่ 4 แลวนํามาชักจูงเพื่อให
พัฒนาเปนเซลลกระดูกออนโดยใชวิธีการเพาะเลี้ยงเซลลทั้งแบบ สองมิติ (monolayer) และสาม
มิติ (โครงราง และ pellet culture)  ในการชักจูงนี้ไดเลือกใชสารกระตุนที่มีความเหมาะสม 3 
ชนิด คือ TGF-β3, BMP-6 และ IGF-1  โดยใหสารกระตุนแกเซลลดวยกันสามวิธี คือ การให
สารกระตุนชนิดเดียว, การใหสารกระตุนรวมกัน  และใหสารกระตุนแบบหมุนเวียน โดยการชัก
จูงเซลลมีเซนครายนี้ใชระยะเวลา 21 วัน แลววิเคราะหการแสดงออกของยีนและโปรตีนดวยวิธี
เนื้อเยื่อวิทยา, RT-PCR และ real-time PCR  จากผลการวิเคราะหพบวาการเพาะเลี้ยงเซลลมี
เซนครายจากไขกระดูก  โดยใหสารกระตุน 10 ng/ml TGF-β3 รวมกับ 500 ng/ml BMP-6 
ภายใตการเพาะเลี้ยง pellet culture สามารถชักจูงเซลลดังกลาวพัฒนาเปนเซลลที่มีลักษณะ
เหมือนเซลลกระดูกออนในธรรมชาติ โดยเซลลที่ถูกชักจูงมีการวางตัวอยูในชองวาง lacunae 
และจากผลการวิเคราะหทางเนื้อเยื่อวิทยาพบวาเซลลมีการสะสม extracellular matric ของ
เซลลกระดูกออน  คือ collagen type II และ proteoglycan  และจากผลวิเคราะหการแสดงออก
ของยีน (mRNA) จากเทคนิค real-time PCR พบวา เซลลมีเซนครายที่ถูกชักจูงนี้มีการแสดง
ออกของยีน collagen type II, aggrecan และ sox 9 ซ่ึงเปนลักษณะเฉพาะของเซลลกระดูก
ออน จากขอมูลการศึกษาครั้งนี้ช้ีใหเห็นวาการชักจูงเซลลมีเซนครายใหพัฒนาเปนเซลลกระดูก
ออนสามารถทําไดภายในหองปฏิบัติการ และการชักจูงนี้มีประสิทธิภาพดีที่สุดเมื่อใชสารกระตุน 
TGF-β3 รวมกับ BMP-6 ภายใตการเพาะเลี้ยงแบบ pellet culture  
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CHAPTER I 
 

INTRODUCTION 
 
 
 
        Adult stem cells have been extensively studied in many research fields due to 

their fascinating properties. They have highly regulated process involving cell 

proliferation, migration, differentiation and maturation leads to the production and 

maintenance of most cell lineages in adult organisms. They have an extensive capacity 

for self-renewal, and multipotential for giving rise to diverse differentiated progenies 

or mature cells, which have specialized function. Adult stem cells can be identified in 

many sources such as bone marrow, peripheral blood, blood vessels, skeletal muscle, 

lipo-aspirate, epithelial of skin, brain, cornea, liver and pancreas. Recently, several 

research works have shown the evidence suggesting that adult stem cells has their 

potential to differentiate into other cell lineages, example: bone, cartilage, tendon, 

heart, smooth muscle and liver. Today, bone marrow mesenchymal stem cells 

(BMSCs) are the most studied for medical therapy [1].          

        Cartilage repair has necessary for healing in osteoarthritis and rheumatoid 

arthritis patients or who has cartilage defect or injury in articular joint. In the past, 

many patients need to repair their cartilage defect by arthroscopies. Surgical 

procedures were applied for this therapy, including autografts, allografts, xenograft 

and artificial substitutes. Although, those surgical processes have had important 

medical impact but each therapy still has its problem and limitation, example, a lack of 

donor supply or site morbidity in autograft, infection of pathogen and tissue rejection 

in allograft and xenograft and irritation or graft rejection in artificial substitutes [2,3]. 

In the last decade, the cartilage injury is commonly therapy by using autologous 

chondrocyte transplantation (ACT) or microfraction technique.  Basically, the 

procedure can be classified into three main steps: chondrocyte isolation, expansion 

and implantation. However, this technique still meets the restriction from limited 
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ability of harvested cells to proliferate and undergo differentiation and host site 

morbidity. 

        To date, there are many technologies emerged to breakthrough all the limitation 

of those conventional treatment for cartilage repair. Tissue engineering is the new 

science, which based on the combination of many developments in cell biology, 

mathematic, material sciences and engineer. Recently, many experiments are 

successfully shown the tissue engineering approach in cartilage repair by using 

potential useful of bone marrow mesenchymal stem cells [4,5,6].             

        The differentiation of bone marrow mesenchymal stem cells into chondrogenic 

lineage was widely focused for application in cartilage repair.  Numerous strategies 

have developed for this objective. The main concept of this induction is based on the 

imitation of microenvironment such as using appropriately mitogen. This information 

raises the one strategy that breakthrough the limitation of chondrocyte culture. It 

indicates that not only chondrocyte can be used in cartilage repair but also stem cell 

under appropriate condition can be applied for this treatment.  

        This study investigate the appropriate growth factors: transforming growth factor-

beta (TGF-β), bone morphogenic protein (BMP) and insulin-like growth factor. These 

growth factors are used to promote bone marrow mesenchymal stem cells (BMSCs) 

for differentiation into chondrogenic lineage beneath in vitro culture. The effect of 

growth factors on BMSCs proliferation was firstly investigated. Then, the 

concentration of growth factors for this study was briefly optimized. Three patterns of 

giving growth factor (single, combination and cycling patterns) were done to study the 

optimal condition for this in vitro chondrogenic induction. Genes and proteins 

expression of chondrogenesis event were studied by using histology, 

immunohistology, reverse transcription polymerase chain reaction (RT-PCR) and real-

time PCR.    
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Objective of this study: 

 

The aims of this study are: 

1.  To study the characteristic of surface antigens on human bone marrow 

mesenchymal stem cells. 

2. To study the effect of growth factors on cell proliferation in human bone marrow 

mesenchymal stem cells. 

3. To study the chondrogenic induction on human bone marrow mesenchymal stem 

cells under optimal condition. 

 

 



Nitaya  Indrawattana Literature  Review / 4

CHAPTER II

LITERATURE REVIEW

2.1  Stem cells

2.1.1  General principle
        Stem cells are primitive cells that can divide and give rise to more stem cells, or

switch to become more specialized cells. Most scientists use the term of pluripotent to

describe stem cell. The best description of their estate is based on normal human

development (Figure2.1). Human development initiates when a sperm fertilized egg

and created a single cell, a zygote. This cell is totipotent which can develop into all

cell types. The totipotent cell begin specialize, forming a hollow sphere of cells,

blastocyst. The blastocyst has an outer and inner layer, which consisted of a cluster of

cell, inner cells mass.  The outer layer will form the placenta and other supporting

tissue for fetal development. The inner cell mass will finally differentiate into every

cell type that found in human body. They can differentiate into much type of cells

necessary for fetal development. However, the inner cells mass can not form an

organism because they are unable to form a placenta and supporting tissue. Thus, their

potential is not total. These cells in inner cell mass are pluripotent. Stem cells do not

have a specialized function. They are an immature kind of cell that still has the

potential to develop into many different kinds of cell.
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Figure 2.1  Differentiation of human tissues [1].
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2.1.2 Type of stem cells

        Several terms are used to distinguish types of stem cells in term of the degree of

differentiation. However, stem cell generally divided into two types, embryonic and

adult stem cells.

2.1.2.1  Embryonic stem cells

        Nearly 20 years ago, the first embryonic stem cells (ES cells) were isolated from

mouse preimplantation, blastocyst-stage embryos. The background of this discovery is

lay in the study of teratocarcinoma, a spontaneous tumor of the testis in mice and

human. In the mids-1970s, developmental biologist discovered that teratocarcinomas

could be induced in mice by transferring embryos to extra-uterine sites and that they

contained undifferentiated stem cells. Therefore, embryonal carcinoma (or EC) stem

cell could be isolated and grown in culture without losing the capacity to differentiate.

After cell differentiation, they are no longer malignant. Therefore, this study becomes

more interesting for the study of development. Meanwhile, the developmental

biologists address the question that it would be possible to isolate stem cell directly

from mouse embryos without intermediate teracarcinoma stage. In 1981, two groups

succeeded in establishing mouse embryonic stem cell (or ES) cell lines.

        Because of the similarities between mice and human teracarcinomas, it would be

possible to isolate ES cell from human. In 1998, Human ES cells were isolated from

one week old human embryos by Thomson and co-worker the scientists at the

University of Wisconsin. Few time later, jointly at the University of Singapore and at

Monash University described the isolation of two human ES cell lines independently.

Despite these advance, the culture and frozen storage of human ES cells remain

complicate, slow and labor intensive; such as some cell line require manual dissection

and transfer for passage as reported by Reubinoff and his colleague [2-5].

        Now a day, the definition of embryonic stem cells was summarized from many

research works in ES cells. That is first, the cell derived from the inner cell mass of a

blastocyst. Second the cell capable of undergoing an unlimited number of symmetrical

divisions without differentiating (long-term self-renewal). Third, the cell exhibits and

maintains a stable, full (diploid), normal complement of chromosomes (karyotype).
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Fourth, pluripotent ES cell can give rise to differentiated cell types that are derived

from all three primary germ layers of embryo (endoderm, mesoderm and ectoderm as

show in Table 2.1). Fifth, the cell is capable of integrating into all fetal tissue during

development. (Mouse ES cells maintained in culture for long periods can still generate

any tissue when they are reintroduced into an embryo to generate a chimeric animal).

Sixth, call capable of colonizing the germ line and giving rise to egg or sperm cells.

Seventh, cell has a clonogenic that is a single ES cell can give rise to a colony of

genetically identical cells, or clones, which have the same properties as the original

cell. Eighth, cell express the transcription factor Oct-4, which then activates or inhibits

a host of target genes and maintains ES cell in a proliferative, non-differentiating state.

Ninth, cell can be inducing to continue proliferating or to differentiate.

         As well known, ES cells have an ability to differentiate into various cell types in

culture in response to cytokines, hormones and growth conditions. These include

neural cells, insulin-producing pancreas cells, cartilage and bone, cardiomyocyte,

hematopoietic cells, endothelial cells and hepatocytes [6]. ES cells can be addressed

for tissue transplantation. Zhang et al. studied the derivation of neural progenitors

from human ES cell using a combination of high cell density and basic fibroblast

growth factor (b-FGF) and their transfer to the brains of neonatal mice [7]. Later,

Levenberg et al. describes the seeding of human embryonic endothelial cells, selected

from human ES cell aggregates using antibodies against PE-CAM, on biodegradable

polymer scaffolds [8]. Kondziolka and co-worker reported that they transfer the neural

derivatives of human EC cells to the brains of 11 stroke victims in phase I (safety) trial

[9]. The efficiency using EC cell is higher than using ES cells but this was as such a

high-risk trial. In human clinical use, graft rejection is occurred after transferring of

differentiated human ES derivatives to most organs except the central nervous system.

Evidence from human embryos had raised the possibility that human ES cell

themselves might be immune advantaged since they did not appear to express MHC

protein. However, Drukker et al. shown that MHC class I molecules are expressed on

the undifferentiated human ES cells and increase after differentiation [10].

        As previously described, human ES cells provide a useful for many applications:

organ transplantation and tissue engineering. But ES cell has the limitation due to the
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ethical problem of ES cell origin, controversies surrounding the legal and moral status.

Now a day, the research work is more focus in adult stem cells for future clinical

application.

Table 2.1  Embryonic germ layer from which differentiated tissues development.

Embryonic germ layer Differentiated tissue

Endoderm

Thymus

Thyroid, parathyroid glands

Larynx, trachea, vagina, urethra

Gastrointestinal (GI) organ (liver, pancreas)

Mesoderm

Bone marrow (blood)

Adrenal cortex

Lymphatic tissue

Skeletal, smooth and cardiac muscle

Connective tissues (including bone, cartilage)

Urogenital system

Heart and blood vessels (vascular system)

Ectoderm

Skin

Neural tissue (neuroectoderm)

Adrenal medulla

Pituitary gland

Connective tissue of the head and face

Eyes, ears
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2.1.2.2  Adult stem cells

        Adult stem cells are sharing at least two characteristics of stem cells. First, they

can make identical copies of themselves for long periods of time. This ability to

proliferate is referred to as long-term self-renewal. Second, they can give rise to

mature cells types that have characteristic morphologies (shapes) and specialized

functions. Typically, stem cells generate an intermediate cell type or types before they

achieve their differentiated state. The intermediate is called a precursor or progenitor

cell. Progenitor or precursor cells in fetal or adult tissue are partly differentiated cells

that divide and give rise to differentiated cells. Such cells are involved to differentiate

along a particular cellular development pathway, although this characteristic may not

be as definitive as once thought.

        Basically, the function of adult stem cells is to maintain the steady state

functioning of a cell called homeostasis and replace cells that die because of injury or

disease [11]. Furthermore, adult stem cells are dispersed in tissues throughout the

mature animal and behave very differently, depend on the local environment.

        Recent years, several studies have shown evidence suggesting that adult stem

cells are multipotent and can differentiate into different cell lineages. Table 2.2 shows

the type of adult stem cells and their primary direction differentiation. Adult bone

marrow, peripheral blood, brain, spinal cord, dental pulp, blood vessels, skeletal

muscle, epithelial of the skin, cornea, liver and pancreas or progenitor cells with the

capacity to differentiated into cell types other than their tissue of origin. Among all

presently known adult stem cells or progenitor cells, cell populations from bone

marrow have shown the highest potential with respect to multilineage differentiation

and functional engraftment into host.

        From their attractive properties, adult stem cell has been studied in several fields.

This study will focus in the mesenchymal stem cells, which has the potential to

differentiate into chondrocyte, osteoblasts, adipocytes, fibroblasts, marrow stroma and

other tissues of mesenchymal origin.
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Figure 2.2  Distinguishing features of progenitor/precursor cells and stem cells

[1].

        A stem cell is an unspecialized cell that is capable of replicating or self renewing

itself and developing into specialized cells of a variety of cell types. The product of a

stem cell undergoing division is at least one additional stem cell that has the same

capabilities of the originating cell. Shown here is an example of a hematopoietic stem

cell producing a second-generation stem cell and a neuron. A progenitor cell (also

known as a precursor cell) is unspecialized or has partial characteristics of a

specialized cell that is capable of undergoing cell division and yielding two

specialized cells. Shown here is an example of a myeloid progenitor/precursor

undergoing cell division to yield two specialized cells (a neutrophil and a red blood

cell).
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Table 2.2  Human adult stem cells [12,13].

Adult stem cell Location (source) Cell or tissues produced

Hematopoietic stem

cells

Bone marrow, Peripheral

blood

Blood, endothelial, hepatic

(oval) and muscle cells

Mesenchymal stem

cells

Bone marrow, Peripheral

blood

Bone, cartilage, tendon,

adipose, muscle, marrow

stroma and neural cells

Neural stem cells Ependymal cells, astrocytes

(subventricular zone), of the

central nervous system

Neurons, astrocytes,

oligodendrocytes

Hepatic stem cells In or near the terminal bile

ductules (canals of Hering)

Oval cells that subsequently

generate hepatcytes and

ductular cells

Pancreatic stem cells Intraislet, nestin-positive

cells, oval cells, duct cells

Beta cells

Skeletal-muscle stem

cells or satellite cells

Basal layer of the epidermis,

bulge zone of the hair

follicles

Epidermis, hair follicles

Epithelial stem cells of

the lung

Tracheal basal and mucus-

secreting cells, bronchiolar

Clara cells, alveolar type II

pneumocyte

Mucous and ciliated cells,

type I and II pneumocytes

Stem cells of the

intestinal epithelium

Epithelial cells located

around the base of each

crypt

Paneth’s cells, brush-border

enterocytes, mucus-secreting

goblet cells, enteroendocrine

cells of the villi
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Bone marrow mesenchymal stem cells (BMSCs)

Characteristics of BMSCs: Surface antigens, cytokine receptors, adhesion molecules

and production of cytokines and matrix molecules.

        To date, the majority of information regarding the characteristic of marrow

stroma is based on analysis of bone marrow stem cells in culture, populations of

plastic-adherent cells have been now almost described as mesenchymal stem cells

(MSCs).

        By phase contrast microscopy, MSCs cultures exhibit a homogenous population

of fibroblast-like cells. Many research works have observed cell proliferation of MSCs

during expansion. In 1999, Conget et al. reported the cell cycle of MSCs. They reveal

that while a small fraction of MSCs are actively engaged in proliferation

(approximately 10% at S+G2+M), the majority of cells are standing at the G0/G1

phase of the cell cycle [14]. Although check-points and length of each phase of the

cell cycle have not been determined, the high percentage of G0/G1 cells suggests a

high competence of MSCs to differentiate [15]. Moreover, the G0/G1 population of

MSCs include a minor and variable subset of resting quiescent cells, as evidenced by

RNA and DNA content or by fluorescence-activated cell sorting (FACS) analysis of

size and granularity [16].

        Identification of MSCs has been done by many techniques. The development of a

series of monoclonal antibodies emerged toward surface MSCs antigens. Results have

shown that the antigenic phenotype of MSCs is not unique, but there has some feature

can briefly summarized the surface antigenic of MSCs as listed in Table 2.3. It was

shown that MSCs do not express the typical hematopoietic antigens; CD45, CD34 and

CD14 [16,17]. More over, it was found that MSCs produced several hematopoietic

and nonhematopoietic growth factors, interleukines and chemokines. Accompany,

MSCs also express several cytokines and growth factors receptors (Table 2.3). These

data put evidence that MSCs in bone marrow contribute to the formation and function

of a stromal microenvironment, which produces inductive/regulatory signal not only

for MSCs but also for the development of hematopoietic progenitor and other

nonmesenchymal stem cells presented in the bone marrow [18,19]. Prockop et al,
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Chichester et al. and Pitterger et al. reported that the dynamic participation of MSCs

in the marrow microenvironment is strengthened by data showing they produce a vast

array of matrix molecules, including fibronectin, laminin, collagen and proteoglycans

and that they express several counter-receptors associated with matrix- and cell-to-cell

adhesive interactions as summarized in Table 2.3 [14, 17, 20]. Of particular

revelevance is the strong expression of CD44, a receptor for various ligands like

hyarulonan and osteopontin, which play a central role in the organization of the

extracellular matrix in the marrow or in the bone, respectively [21, 22].

Plasticity of BMSCs:

        The term plasticity in this study means that a stem cell from one adult tissue can

generate the differentiated cell types of another tissue. The plasticity of BMSCs has

been conducted the in vitro experiment to execute the differentiation potential of

BMSCs by set up culture conditions, differentiation stimuli and method for

identification of each differentiated feature.

          Much experimental studies shown an evidence to support the hypothesis those

BMSCs can give rise to other cell lineage. Example, Jaiswal et al., Kataoka et al. and

Chen et al. have shown the differentiation of BMSCs into osteoblast under appropriate

culture condition. The differentiated cells have shown cuboidal morphology,

expressed alkaline phosphates and osteocalcin and form minerlization nodule. Beta-

glycerophosphate has a powerful to push BMSCs differentiate into osteoblast lineage.

Specific growth factor, Bone morphogenic protein-2 (BMP-2) induced BMSCs toward

to osteoblast through an increased expression of specific transcription factor [23-25].

        In 1995, Lennon and co-worker reported the plasticity of BMSCs to differentiate

to chondrocytic lineage [26]. Later, Fang et al. and Grigoriadis et al. studies the

differentiation of chondrocyte, which derived from BMSCs. They found that

chondrocyte at early stage of differentiation produces collagen type I and switch  to

collagen type II, IX in the terminal stage of mature chondrocyte [27, 28].

        The plasticity of BMSCs is summarized in Table 2.4. The information supported

by in vivo studies, demonstrates that BMSCs develop into terminally differentiated
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phenotypes like those forming bone, cartilage, tendon muscle, neural and adipose

tissues.

Table 2.3  Main characteristics of bone marrow mesenchymal stem cells [29].

Expression of specific antigens, cytokine receptors, adhesion molecule and production

of cytokines and matrix molecules.

Marker type Designation Reference

Specific antigen SH2, SH3, SH4, STRO-1, α-smooth

muscle actin, MAB 1740

[14, 30-32]

Cytokines and growth

factors

Interleukins: 1α, 6, 7, 8, 11, 12, 14 and

15, LIF, SCF, Flt-3 ligand, GM-CSF, G-

CSF, M-CSF

[18, 19]

Cytokine and growth

factor receptors

IL-1R, IL-3R, IL-4R, IL-6R, IL-7R,

LIFR, SCFR, G-CSFR, IFNγR, TNFIR,

TNFIIR, TGFβIR, TGFβIIR, bFGFR,

PDGFR, EGFR

[14, 17, 33]

Adhesion molecules Integrins: αvβ3, αvβ5, Integrin chains:

α1, α2, α3, α4, α5, αv, β3, β4, ICAM-1,

ICAM-2, VCAM-1, ALCAM-1, LFA-3,

L-selectin, endoglin, CD44

[14, 17, 35]

Extracellular matrix Collagen type I, III, IV, V and VI

Fibronectin, laminin

Hyaluronan

Proteoglycan

[14, 20, 36]
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Table 2.4  Differentiation potential of bone marrow mesenchymal stem cell in

vitro: stimuli, molecular and cellular markers [29].

Differentiation

to:
Stimuli

Terminal phenotype

identification

markers: molecular

Terminal phenotype

identification

markers: cellular

Adipocytes Dexamethasone+
 isobutilmethylxanthine

PPARγ2, C/EBPβ,
adipsin, leptin,
lipprotein

Cytoplasmic lipid
droplet
accumulation

Chondrocytes TGF-β3+ ascorbic acid
TGF-β1+ ascorbic acid

Cbfa-1, collagen
type II and IX,
aggrecan

Matrix enriched in
proteoglycans and
collagen type II
and IX

Osteoblasts Dexamethasone+
β-glycerophosphate+
ascorbic acid

Cbfa-1, alkaline
phosphatase,
osteopontin,
osteocalcin,
collagen type I

Mineralized
matrix formation

Skeletal muscle
cells

5-Azacytidine MyoD, Myf 5 and
6,  myogenin,
MRF4, myosin

Multinucleated
contactile cells

Smooth muscle
cells

PDGF-BB ASMA,
metavinculim,
h-caldesmon,
later-smooth muscle
actin

Cardiac muscle
cell

BFGF GATA4 and 6,
cardiac troponin I
and C, sarcomeric-
actin, slow-switch
myosin

Astrocyte DMSO+dexamethasone Glial fibrillary
acidic protein,
intermediate
filament

Integration into
neonatal brain
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2.2  Growth factor

        In 1960s, growth factors were firstly described when substances such as blood

fluids and tissue extracts were added to tissue culture. Their effect was altering cell

proliferation, differentiation and migration.

        Growth factors, like hormones, regulate cell activity. This regulation is at cell-to-

cell level. Growth factors are peptides (short sequence of amino acid), which usually

transmit signals between cell through their receptor that span through the plasma

membrane.  Once growth factors (outside the cell) interact with a specific domain of

their receptor, the cytoplamic portion of these receptors may have an enzymatic

function, such as protein tyrosine kinase. Binding of growth factor to its specific

receptor can induce transmission of signal to the cytoplasm through activation on the

kinase.  Next step is the transduction of the cytoplasmic signal to the cell nuclease.

The process was achieved by a heterogeneous group of molecules known as second

messenger includes various proteins that are phosphorylated by kinase, small

molecules such as inositol phosphates, cyclic AMP and ions; Ca2+, H+ and Zn2+.

Within nuclease, genes are then activated in response to these second messengers via

transcription factor. This mechanism leads to the expression of those genes.

      

2.2.1  Mitogenic activity

        Few years ago, the mechanism of growth factor action was discovered because in

certain concentrations growth factors substantially increase the rate of cell turnover. It

is proposed that mitosis (cell proliferation) is stimulated by many growth factors

through secondary intracellular messengers, which effect to increase protein, ions and

pH. Finally, DNA synthesis was up-regulated and resulting in mitosis.

       Platelet derived growth factors (PDGF) and epithelial growth factor (EGF) are

typical growth factors which stimulated mitosis through the regulation of intracellular

calcium and pH [37].
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2.2.2  Cell differentiation

       Some growth factors are powerful to stimulate cell differentiation and inhibit

mitosis such as TGF-β. At least one of TGF-β family can inhibit the activity of

tyrosine kinase, an important intracellular secondary messenger. Many scientists

hypothesized that intracellular signal pathway play an important role to regulate cell

proliferation. In some cell, the differentiation can be motivated by TGF-β also play a

significant role in regulating the synthesis of extracellular matrix. It has been shown

that TGF-β effect to the increasing of the extracellular matrix components; collagen,

fibronectin, elastin and glycosaminoglycan [38].

2.2.3  Cell migration

        Cell migration is an extremely complex cellular activity. The interaction between

extracellular growth factors and intracellular events is meaningful in the overall

process of migration. Many growth factors effect cell migration. Example, BB dimer

of PDGF acts as a chemo-attractant for vascular smooth muscle cells in the formation

of artheroscerotic lesion.  Itoh et al. has shown their embryological studied by using

transgenic chick cells in vivo. They reported that FGF acts as a chemo-attractant for

muscle cell precursors [39]. Nerve growth factor (NGF) does not stimulate cell

division but activates neurons to send out pseudopodia and to migrate [40].

2.2.4  Gene regulation

       Growth factors regulate mitosis and differentiation of cells through gene activity.

As previously described growth factors drive through complex via intracellular signal

pathways to regulate intracellular pH and calcium, thereafter influencing genetic

activity such as the regulated gene by insulin-like growth factors-2 (IGF-2) and PDGF

[41, 42].
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2.3  Cartilage

2.3.1 Anatomy, function and pathology

        Cartilage tissue is a kind of connective tissue which high special character. Their

have no blood vessels supply and nerve cells. The main function of cartilage tissue is

to support other tissue to reduce the tension force from the environment. Cartilage can

be divided into major four types basing on their component and function. There are

hyaline cartilage, fibrocartilage, costochondral cartilage and elastic cartilage (Table

2.5).

Table 2.5  Summary of types and locations of cartilage throughout the body [43].

Hyaline Fibrocartilage Costochondral Elastic

Articular Joints

Nose

Trachea

Intervertebral disk (NP)

Vertebral end plate

Tendon insertion site

Ligament insertion site

Meniscus

Intervertebral disk (AP)

Rib

Growth plate

Ear

Hyaline cartilage

        Hyaline cartilage is mostly found in human body. It is semi-transparent, appears

bluish-white in color, extremely strong but very flexible and elastic. Hyaline cartilage

consists of chondrocyte that are situated far apart in fluid-filled spaces, the lacunae.

There contain more number of collagen fibers. Hyaline cartilage can be found in

trachea, the larynx, and the tip of nose, in the connection between the ribs and the

breastbone and the ends of bone where they form joints. The function of hyaline

cartilage is reduces friction at joins that facilitate bone movement, support the shape

windpipe in trachea tube and responsible for the longitudinal growth of bone in the

neck region of the long bone.
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Fibrocartilage

        Fibrocartilage is an extremely tough tissue. It is a hybrid of cartilage and fibrous

tissue. The orientation of the bundles depends upon the stresses acting on the cartilage.

The collagenous bundle takes up a direction parallel to the cartilage. Fibrocartilage is

found as disc between the vertebrae between the pubic bones in front of the pelvic

girdle and around the edges of the articular cavities such as the glenoid cavity in the

shoulder joint. Fibrocartilage functions as shock absorber between adjacent vertebrae

while we run or walk, provides sturdiness without impeding movement and deepens

the socket to make dislocation less possible in articular cavities.

Elastic cartilage

        Elastic cartilage is similar to hyaline cartilage but they contain much more of

collagenous fibres. The matrix of this cartilage contains an abundant network of

branched yellow elastic fibre. Elastic cartilage is found in the lobe of the ear, the

epiglottis and in parts of the larynx. Elastic cartilage help to maintain the shape and

flexibility of the organ, strengthens and supports the structure.

Cartilage pathology and dysfunction

        There are several causes and patterns in cartilage pathology and dysfunction. The

majority reason for cartilage repair is trauma that affected to articular, nasal, auricular

or rib cartilage including intervertebral disc and meniscus.  Degenerative disease such

as arthritis also the major cause of articular cartilage damage.
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Figure 2. 3  Histology of cartilage: hematoxylin/eosin stain [44].

         Scale bar = 250 microns.

Hyaline cartilage

Fibrocartilage

Elastic cartilage
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2.3.2  Cartilage composition and structure

2.3.2.1  Chondrocyte

        Basically, five percents wet weight of cartilage are chondrocyte. Chondroblast

that are derived from mesenchymal cells become trapped in lacunae and developed

into chondrocytes. In consequence, chondrocytes were defined as terminally

differentiated cells. They have highly specialized function in the control of matrix

turnover through production of collagen type II, IX and XI, proteoglycans, specific

and non-specific proteins which express with their development period.

2.3.2.2  Matrix

Water

        Articular cartilage is a highly hydrated material. Water distribution varies,

making up 65% of wet weight at deep zone and 80% at the surface. Weight bearing

capacity is made possible through regional changes in water content which allow

deformation of cartilage surface in response to stress. Water provides nutrition and

lubrication of cartilage. However, the water content is decrease with normal aging and

decrease in osteoarthritis.

Proteoglycan

        Ten to fifteen percent of cartilage matrix is proteoglycan (PG).  The half-life of

proteoglycan is 3 months. Their function is providing compressive strength and

regulating matrix hydration by providing a porous structure to trap and hold water.

Proteoglycan composed of subunit of glycosaminoglycans (GAG’s-disaccharide

polymers) that make small molecule: chrondroitin-4-sulfate, chodroitin-6-sulfate and

keratin sulfate. GAG’s are bound to a protein core via sugar bond to form

proteoglycan aggrecan molecule. Aggrecan molecules are further stabilized by link

proteins which bind them to hyarulonic acid to form a proteoglycan aggregate.

Collagen

        Articular cartilage composes of collagen with 10-20% wet weight. Collagen

forms a cartilaginous framework, which provides tensile strength. Mostly collagen in
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cartilage matrix is type II collagen (90-95%) with increase Gly-Lys-OH, Pro-OH and

hydrogen bonding. However, small amounts of type V, VI, IX, X and XI collagen are

present [45].

2.3.3  Regulation of growth

        There is already known that cartilage synthesis is regulated by growth factors as

shown in Table 2.7.
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Table 2.6  Anatomy and morphology of cartilaginous tissues.

Articular
cartilage

Meniscal
fibrocartilage

Intervertebral disc

Cell type Chondrocytes Fibrochondrocytes Fibrochondrocytes
and Chondrocytes

Cell density 1.4-1.7X104

cells/mm3
Fusiform superficial
cells
Ovoid cells in deeper
zones

5.8X104 cells/ mm3

cartilage end plate
15X104, annulus
9X104 and nucleus
pulp 4X104 cells/
mm3

Collagen type Collagen II (V,
VI, IX, X, XI) 65-
80%

Collagen I (55-65%
dry wt.)
Collagen II, V, VI,
(5-10% dry wt.)

Nucleus: collagen II
(collagen VI, IX,
XI)
Annulus: collagen I,
II, III, V, VI, IX

Fiber orientation Superficial:
parallel
Deep: orthogonal

Circumferential Collagen I/II: radial
in opposing
concentrations

Proteoglycans Aggrecan, 4-
7%w/w

Large aggregating
PG, but monomers
are smaller than in
hyaline cartilage

GlycosaminoglycansA CS, KS C-6-S (40%)
C-4-S (10-20%)
DS (20-30%)
KS (15%)

C-6-S, KS

Intrinsic repair
capacity

Low Low Low

Synthetic activity Low Low Low

Mitotic activity Low Low Low

A C-6-S, Chondroitin 6-sulfate; C-4-S, Chondroitin 4-sulfate; DS, dermatan sulfate;
KS, keratin sulfate
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Table 2. 7  Regulation of cartilage growth by growth factors [45].

Growth factors Regulation

Platelet derived growth factor

(PDGF)

Play a role in healing cartilage lacerations

Transforming growth factor-beta

(TGF-β)

• Stimulate proteoglycan synthesis

• Suppress synthesis of type II collagen

• Prevent the degradative action of actin of

plasmin and stremolysin through stimulation of

formation of plasminogen activator inhibitor-1

and tissue inhibitor of metalloproteinase

(TIMP)

Fibroblast growth factor

(b-FGF)

• Stimulate DNA synthesis in articular

chondrocytes in adult articular cartilage

• Play a role in repair process

Insulin-like growth factor-1

(IGF-1)

Stimulate DNA and cartilage matrix synthesis in

both adult articular cartilage and immature

growth plate cartilage.
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2.4  Osteoarthritis (OA) and rheumatoid arthritis (RA)

2.4.1  Osteoarthritis (OA)

        Osteoarthritis is a type of arthritis that caused by the breakdown and loss of the

cartilage within synovial joints. Clinically, patient will has a joint pain, tenderness,

and limitation of movement, crepitus, occasional effusion, and variable degrees of

local inflammation. Osteoarthritis commonly affects the hands, feet, spine and large

weight-bearing joints, such as the hip and knees as showed in Figure 2.4.

        There are several phases in osteoarthritis. First, cartilage loses its elasticity and

easily damage by injury or extreme use.  Second, the cartilage break down, change

occurs in the underlying bone, which becomes thickened with the formation of body

growths called spurs, from the bone surface. Third, fluid-filled cysts may form in the

bone near the joint lead cartilage may float loosely in joint space. Finally, the

synovium becomes inflamed as a result of the cartilage breakdown. The cytokine and

enzyme were produced and may damage the cartilage further. Figure 2.5 shows the

comparing of normal and arthritic joint.

       Generally, osteoarthritis can be divided into two types; primary and secondary

osteoarthritis. Primary osteoarthritis is related to the aging and frequently develops in

women who in the time of menopause. In this case, the water in cartilage increases and

the protein degenerates. The repetitive use the joint over the year irritates and inflames

the cartilage cause joint pain and swelling. In sever case, there is a total loss of

cartilage cause friction between bones lead to the limitation of joint mobility.

Inflammation of the cartilage can stimulate new bone outgrowths (spurs) to form

around the joints. Secondary osteoarthritis is caused by another disease or conditions.

Conditions that lead to osteoarthritis is obesity, gout, diabetes and other hormone

disorders [46].

        Few data are available on the incident of osteoarthritis. Worldwide estimation is

that 9.6% of men and 18.0% of women aged ≥ 60 years have symptomatic

osteoarthritis. Figure 2.6 shows estimates for osteoarthritis of the knee for seven

regions of the world. In generally, osteoarthritis is more prevalence in Europe and the

USA that in other parts of the world. African-American women are more prone that
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white women to osteoarthritis of the knee but not of the hip. Osteoarthrtis of the hip

occurs more often in European whites that in Jamican blacks, African black, or

Chinese [47].

Figure 2.4  Affected joint with osteoarthitis [48].
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Figure 2.5  Comparing normal and arthritic joint [46].
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Figure 2.6  Prevalence of osteoarthrtitis of the knee, by the age group, sex and

region, 2000 [47].

A regions = Developed countries in North America, Western Europe, Japan, Australia

and New Zealand.

AF = Countries in sub-Saharan Africa.

AM BD = Developing countries in the Americas.

EM = Countries in the Eastern Mediterranean and Northern Africa regions

EU BC = Developing countries in Europe.

SEA = Countries in South-East Asia.

WP B      = Countries in the Western Pacific region.
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2.4.2  Rheumatoid arthritis (RA)

        Rheumatoid arthritis, or RA, causes inflammation in the lining of joint. That

leading to warmth decreases range of motions, swelling and pain in the joint.

Typically, RA affects many different joints throughout the body and can cause damage

to the cartilage, bone, tendon and ligaments of the joints. The disease occurs in all

national groups and in many countries. The incidence and prevalence of rheumatoid

arthritis rise with increasing the age until about age 70 years, when they start to

decline [49]. Around twice as many women as men are affected. The incidence of

rheumatoid arthritis in northern Europe is 20-300 per 10,000 per year [50]. In USA

and Europe, data on the prevalence of rheumatoid arthritis in most industrialized

countries varies between 0.3% and 1%; in developing countries its lies at the lower

end of this range. Few cases have found in African. A link to urban living many exist,

the studies in Soweto showed a prevalence of rheumatoid arthritis among black people

living in urban areas equivalent to that in white Europeans, while the prevalence

among black people who live in rural areas is much lower [51]. The prevalence in

native American groups can be considerably higher [52]. Figure 2.7 shows estimates

of the prevalence of rheumatoid arthritis [53].

        The immune system in human body plays an important role in the inflammation

and joint damage that occur in RA. However, the cause of RA is still not known.  In

RA, cells in the immune system move out the bloodstream, then invade the joint tissue

and cause inflammation. The immune and inflammatory cells in the joint tissue

produce many substances, including enzymes, antibodies and cytokines that attack the

joint and cause damage.  Genes also involve in the progression of RA. Scientist

hypothesized that genes create a susceptibility or tendency for increased risk to

develop RA.

        The symptom of RA is varying in each person. Almost RA patient, joint

symptom change day by day but some degree of arthritis is always present. The

physical signs of arthritis (warm, swollen, tender, painful and difficult to movement in

inflamed joint) are due to inflammation of the lining or synovium of the joint. If this

inflammation persists or does not respond well to treatment, damage of nearby

cartilage, bone, tendons and ligaments can follow. This often leads to joint deformity
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and disability and can be permanent. In case of severe joint damage, the patient need

to be takes total joint replacement (or called total joint arthroplasty) [54].

        Normally, therapy of cartilage defect has many ways, including autografts,

allografts, xenograft and artificial substitutes. Anyhow, each therapy still has its

problem and limitation. Example, a lack of donor supply or site morbidity in autograft,

infection of pathogen and tissue rejection in allograft and xenograft and irritation or

graft rejection in artificial substitutes.

Figure 2.7  Prevalence of rheumatoid arthritis, by age group, sex and region [47].

A regions = Developed countries in North America, Western Europe, Japan, Australia

and New Zealand.

AF = Countries in sub-Saharan Africa.

AM BD = Developing countries in the Americas.

EM = Countries in the Eastern Mediterranean and Northern Africa regions

EU BC = Developing countries in Europe.

SEA = Countries in South-East Asia.

WP B = Countries in the Western Pacific region.
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2.5  Tissue transplantation

        Tissue transplantation is necessary for many surgical procedures for repair or

replaces the damaged or diseased organs or tissue. The conventional technique was

listed as below.

Autografting

        This technique is involved in harvesting a tissue from one location in the patient,

and then transplant it into another part (damaged area) of the same patient. The

autologous grafts method is the best clinical results because there has no rejection

problem. Example of commonly using this technique is procedure of coronary bypass.

The veins grafts are remove from the leg, then transplanted into the heart as a channel

for blood flow around blocked coronary arteries. However, this technique coupled

problems. That are the morbidity at the harvest side can be tremendous with problems

such as pain, infection and blood loss which requiring blood transfusion adding the

associated risks of transfusion reaction and blood born infection.

Allografting

        Allografting involves harvesting tissue or organs from a donor and then

transplanting it to the patient. The donor might have recently died and donated his

organ such as heart, kidney, liver, bone and pancreas. Living donor can be donated his

lung and kidney. In the present day, transplantation technology was improved with the

advent of anti-rejection drugs, the immediate problem is shortages in donor

availability.

Man-made materials and devices

        Many researchers and engineers have tried to make bio-mimic devices and

materials to replicate, enlarge or extend functions performed by biology system such

as artificial hearts and valves to prosthetic hip and breast implants. However, the

materials used in these therapies are subject to weakness, fracture, toxicity, and
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inflammation and do not remodel with time. Moreover, they do not behave

physiologically like true organs or tissue.

        Even through all these therapies have had significant medical impact, there are

many technologies emerged on the possibility which breakthrough the limitation of

these conventional approaches.

2.5.1  Autologous chondrocyte transplantation (Microfracture)

        For cartilage repair, microfracture technique is more popular for taking an 

autologous transplantation in OA or RA patients (Figure 2.8). The first step is an 

arthroscopic evaluation and biopsy. The defect, which can be located on the femoral 

condyle in a load-bearing area or the trochlea, is assessed. A biopsy of healthy 

articular cartilage is then taken from the medial or lateral femoral condylar ridge in a 

non-weight-bearing area. The biopsy specimen is used for laboratory culture of 

additional chondrocytes. Once chondrocytes have grown to about 2.6 million to 5 

million cells, they are ready for implantation, typically 11 to 21 days later. At a second 

surgical procedure, an arthrotomy of the knee is performed. The edges of the defect 

are trimmed to provide a healthy cartilage edge. The base of the lesion is also derided 

so that only bone (no cartilage) is present. Next, a periosteal patch the same size as the 

defect is harvested from the anteromedial proximal tibia. The patch is then sutured 

onto the defect and the edge sealed with fibrin glue. Finally, the cells are injected 

under the patch and the injection point sealed [55]. Normally, the autologous 

chondrocyte transplantation for repair for damaged articular cartilage and 

perichondrium is provides the one advantage that known the cell phenotype and get rid 

of rejection problem.

        However, this microinjection technique will meet some obstructive from limited 

ability of harvested cells to proliferate and undergo differentiation and host site 

morbidity. Therefore, many researchers try to break through this limitation.  As well 

known, the availability of autologous differentiated cells, such as chondrocytes, has 

restricted. Meanwhile, research is increasingly focused on tissue regeneration by 

relevant precursors or multipotent mesenchymal stem cells.
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Figure 2.8  Microfracture technique [55].
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2.6  Tissue engineering
         Tissue engineering has emerged through a combination of many developments in

biology, material science, engineering, manufacturing and medicine. The strategies

developed in tissue engineering involve a variety of approaches, the key factor of

which is the use of biologically based on mechanisms to achieve the repair and healing

of damaged and diseases tissues. Tissue engineering addresses the problem caused by

many injuries and disease processes that result in physically damaged tissues and

organ in human bodies that if left unattended, repair imperfectly or not at all.

        Tissue engineering is a part of new wave of developments in biomedicine in

which understanding of how living cells function will be enable to control and direct

their activity to promote the repair of damaged and diseased tissue.

2.6.1  Cartilage engineering

        Articular cartilage is frequently damaged as a result of trauma and degenerative

joint disease that may be pushed by changes in biomechanics, cytokines, growth

factors and cellular response. A fundamental cartilage engineering approach to

cartilage repair is the delivery and integration of functionally active cells, within an

appropriately carrier system with the respect to cartilage to restore pathologically

altered architecture and function.  This approach depends on the availability of

suitably differentiated chondrocytes to produce and maintain the specialized ECM of

the tissue. These cells may be obtained through culturing primary autologouse

/heterologous chondrocytes and mesenchymal stem cells [17, 56]. The development of

cartilage tissue engineering is summarized in Table 2.8.
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Table 2.8  Developing procedures used in cartilage tissue engineering [57].

1st Generation
(present day)

2nd Generation
(just emerging)

3rd Generation
(future)

Principal
approach

Autologous cell
transplants

• Performed tissue
flaps

• 3D constructs
• ostechondral

transplants

In vivo
regeneration and
guided tissue repair

Important
component Periosteal flap

• Delivery
substances

• Scaffold

Growth factor and
biomaterials
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2.6.2  Bone marrow mesenchymal stem cells for cartilage engineering

        Cell actions and their response to various environmental cues, including 

mechanical, electrical, structural and chemical mediated by protein-based molecules 

loosely referred to as growth factors, cytokines and hormone. Therefore, many 

strategies have apply for regulate the cell culture which use in tissue engineering for 

cartilage repair. This is including the cell induction, proliferation, differentiation and 

transformation [58, 59].

2.6.2.1  Growth factors in chondrogenesis induction.

        A number of research works purpose the challenge of MSCs differentiated to

chondrogenic lineage. The strategies for chondrogenesis induction have been done by

many ways, one of which by using appropriately growth factors. The most popular

which has high effective is transforming growth factor beta (TGF-β), bone

morphogenic protein (BMP) and insulin-liked growth factor-1 (IGF-1).  Their

properties and effect are summarized below.

Transforming growth factor-beta (TGF-β)

        In 1994, Frenz et al. shown chondrogenesis on MSCs by growth factor induction. 

They demonstrated the addition of basic fibroblast growth factor (bFGF) and 

transforming growth factor-β1 (TGF-β1) to culture mouse periotic mesenchyme 

results in a full chondrogenic response [60]. Johnstone et al. also tries the 

chondrogenesis on rabbit mesenchymal progenitor cells. MSCs are formed three-

dimensional aggregates and adding with TGF-β1. The results from RT-PCR indicate 

both type IIA and IIB collagen mRNAs were detected by 7 days postaggragation as 

was mRNA for type X collagen [61].

        The trigger for chondrogenesis induction on MSCs by using TGF-β1 is also

accessed with Maruglia et al. [62]. In 2001, Watanabe et al. reported the TGF-β is

play an important role during chondrogenesis by inducing gene expression of

cartilage-specific molecules [63]. They showed that TGF-β-mediated signaling

pathway which involved in the expression of the aggrecan gene (Agc). At the
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confluent of chondrogenic cell line, ATDC5, TGF-β induced Agc expression within 3

hours. This induction is also required the ERK1/2 or p38 MAPK activation.

Furthermore, the results of this study has suggest an important role for transcriptional

cross talk between Smad and MAPK pathways in expression of early chondrocytic

phenotypes and identify important changes in the regulation of Agc expression

following chondrocyte differentiation.

Bone morphogenic proteins (BMPs)

        Bone morphogenic proteins (BMPs), a member of TGF-beta superfamily have 

been present for chondrogenesis induction of BMSCs in many experiments. The 

effects of BMPs on chemotaxis, mitosis, and differentiation are based on 

concentration-dependent thresholds. In 2001, Sekiya and co-worker reported that the 

addition of BMP-6 enhance chondrogenic induction in BMSCS with TGF-β. They 

found that BMP-6 encourage the increasing the weight of pellets and present more 

extensively of proteoglycan, collagen type II [64]. Then, they analyzed cartilage 

differentiation of induced BMSCs with TGF-β and BMP by using histology and 

microarray technique. They found that the induced cells were continuous increases in 

mRNAs for cartilage matrix (proteoglycans, collagen type II, IX, X and XI), fibroblast 

growth factor-2 receptor (FGF2R), parathyroid hormone-related peptide receptor 

(PTHrP-R) and trascription factors (sox-5,-6 and –9) [65]. Christopher et al. purposed 

that BMP signaling could partially stimulates chondrocyte maturation, increase Indian 

hedgehog expression independent of maturations effects, partially overcome the 

inhibitory effect of parathyroid hormone related protein (PTHrP) on maturation [66].

        In 2003, Chimal-Monnray et al. studied the fucntional of Sox genes and BMP 

signaling during limb chondrogenesis. They show that Sox8 and Sox9 are the most 

talented markers of limb cartilage, and their induction is independent and precedes the 

activation of BMP signaling. They found that Sox10 appears also to cooperate with 

Sox9 and Sox8 in the establishment of the digit cartilages. L-Sox5 and Sox6 are 

respectively induced urgent and after the expression of Bmpr1b in the 

prechondrogenic aggregate, and their activation correlates with the induction of Type 

II collagen and aggrecan genes in the differentiating cartilages. The expression of 
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Bmpr1b precedes the appearance of morphological changes in the prechondrogenic 

aggregate and establishes a landmark from which the maintenance of the expression of 

all Sox genes and the development of cartilage differentiation becomes dependent on 

BMPs. They suggest that BMPs in concert with Sox9, Sox6, and L-Sox5 would be 

responsible for the execution and maintenance of the cartilage differentiation program 

[67].

Insuline liked-growth facotr-1 (IGF-1)

        Several studied shown that the environment and extracellular matrix may

influence the proliferation and differentiation of cells through their physical as well as

chemical effect. This has been seen in studies on cultured cartilage cell or

chondrocyte. Under appropriate culture condition, this cell can proliferate and

differentiate which maintain their extinct characteristic through next generation.

Therefore, the process for maintains chondrocyte characteristic or redifferentiation of

chondrocyte is important in cartilage repair.

        Alison et al. are also successful to induce the chondrogenic differentiation of 

mesenchymal stem cells (MSCs) by using the combination of TGF-β1 and insulin-like 

growth factor-1 (IGF-1) [59]. They shown that these MSCs have significant increased 

the formation of markers of chondrocytic function including disk proteoglycan content 

and procollagen type II mRNA production. Bonassar and his colleague reported that 

IGF-1 have an effect in bovine postellofemoral cartilage explants by increased protein, 

and proteoglycans synthesis [68].

        In 2002, Erik et al. have shown the re-differentiation of human ear chondrocytes 

by using TGF-β1 and IGF-1 [69]. The cells which have re-differentiated by using the 

combination of those growth factors are showed high collagen type II expression and 

high glycosaminoglycan (GAG)/DNA production and less positive for collagen type I 

and 11-fibrau (a fibroblast membrane marker).  In 2003, the combination of those 

growth factors also showed the effective on the periosteal chondrogenesis by 

Fukumoto and his college. They conclude that the TGF-β1 and IGF-1 can act in the 

combination to regulate proliferation and differentiation of periosteal mesenchymal 

cells during chondrogenesis [70, 71].
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2.6.2.2  Scaffold

        As previously describe the environment and extracellular matrix may influence

the proliferation and differentiation of cells through their physical as well as chemical

effect. Chondrocyte cells that cultured under low density and remained as monolayer

on the culture vessel, shown the transformation process. They loose their characteristic

from rounded shape to flatten down and produce collagen type II instead cartilage

matrix. At the end of culture time, almost all the cartilage cell will change their

characteristic to fibroblast. This switching is occurred through their physiological and

biochemical properties.

        The example factor, which may influence to the proliferation and differentiation

of living cell, is the interaction between cell and extracellular matrix (ECM). In

naturally, most cells are surrounding with the ECM that is three-dimensional,

complex, and variable of its molecular composition. This ECM and cell have the

communication for transmit the information via integrin that known as cell-matrix

interaction. Several studies proposed that the cell-matrix interaction play an important

role for regulating cell growth, migration, differentiation, survival, tissue organization

and matrix modeling.  Therefore, the conventional two-dimensional culture is not

appropriate for engineering cell. Since this culture system can not maximized the cell-

matrix interaction. The second possibility of culturing system is proposed the three-

dimensional culture closely mimic the in vivo microenvironments by using scaffold.

        Several matrices and scaffolds have been developed as growth factor and cell

delivery systems for cartilage repair. The use of a matrix-scaffold also provides a

structural template to fill the tissue lesion. The ideal matrix-scaffold is non-

immunogenic, non-toxic, biocompatible, biodegradable and easy to manufacture.

Collagen

        Collagen (in most cases collagen type I) is the most abundant protein in the body. 

It can be prepared in solution or shaped into membrane films, threads, sponges and 

more recently, into acidic hydrogels. Although it is derived from xenogeneic sources 

(mostly porcine and cow skin), purification techniques can now eliminate the 

immunogenic telopeptides, the major cause of the foreign body response to its 
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implantation. Still the possibility of xenozoonoses, the microbial transmission from 

the animal tissue to the human recipient, has to be carefully considered and remains 

one of the primary obstacles in xenotransplantation [72].

Fibrin

        Fibrin, currently used in the clinic as fibrin glue, is a natural polymer originating 

during blood coagulation and playing an important role in hemostasis and wound 

healing. Heparin-containing fibrin hydrogels can slowly and regularly deliver growth 

factors with heparin binding affinity, such as FGF-2 [73].

Alginate

        Alginates are negatively charged co-polymers of L-glucuronic and D-mannuronic 

acids derived from brown algae. They cross-link in the presence of multivalent cations 

(mostly Ca2+) to form an open –lattice 2q hydrogel. The gel is characterized by a large 

average mesh size allowing easy diffusion of macromolecules [74].

Hyaluronic acid

        Hyaluronic acid has unique physico-chemical properties and distinctive 

biological functions. It binds specifically to proteins in the extracellular matrix and on 

the cell surface. Partial esterification of hyaluronic acid increases its stability and 

makes the molecule particularly suitable for controlled peptide release or protein 

delivery [75].

Synthetic polymers

        Synthetic polymers allow a better control of physicochemical properties and, in

principle, of delivery kinetics for specific molecules and cells than natural polymers.

The use of synthetic polymers also reduces the risk of potential bio-hazardous

complications associated with natural polymers. Unfortunately, most synthetic

polymers induce some immune-inflammatory response after implantation.
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There are three kinds of polymer, which have popular used in tissue 

engineering. That are polylactic acid (PLLA), polyglycolic acid (PGA) and poly (D, 

L-lactic-co-glycolic acid) (PLGA). All of these polymers are easily processed into 

desired shaped and mechanically strong. These scaffolds can manipulated by 

controlling the ratio of their components. Moreover, Food and Drug Administration 

(FDA) has approved that all of these polymer scaffolds are able used in tissue 

engineering for transplantation of organ [76-78].

        Today, the hybrid scaffold between synthetic and naturally polymer was 

conducted for combine their advantage. PLGA-collagen hybrid sponge is the one 

hybrid scaffold, which has interested in tissue engineering. Chen and his college 

presented this hybrid sponge in 1999. In this scaffold, PLGA sponge served as a 

skeleton for desired shape with high mechanical strength, while collagen microsponge 

provide a good biocompatibility and hydrophilicity hence cells adhesion. They found 

that mouse fibroblast L929 cells and bovine articular chondrocyte are well adhered to 

the collagen of this hybrid sponge. Adhered cell proliferated and secreted their 

extracellular matrix with culture time.  In 2001, Chen and his college seeded the 

bovine chondrocyte on this PLGA-collagen sponge and implanted subcutaneous in the 

dorsum of athymic nude mice for engineering of articular cartilage in vivo. They 

showed that the percent of cartilagenous extracellular matrix increased with an 

increased implantation period. Those matrixes were homogeneously distributed in the 

PLGA-collagen hybrid sponge. This study shown that hybrid sponge of PLGA-

collagen has facility for cell seeding and promoted the formation of cartilage tissue in 

vivo [77].
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2.7  Transforming growth factors-beta (TGF-β) and signal

transduction

        Transforming growth factor-beta (TGF-β) family comprises a large number of

structurally related polypeptide growth factors, each capable of regulating a charming

array of cellular processes including cell proliferation, lineage determination,

differentiation, motility, adhesion and death. At cellular level, TGF-β inhibits

proliferation of epithelial and heamatopoietc cells, regulate the differentiation of

immune, neuronal, mesenchymal stem cells. A list of the current members of TGF-β 

family and their most representative activities is present in Table 2.9.

2.7.1  Receptor serine-threonine kinase of TGF-β activated Smad

        TGF-β and related factors signal through a family of transmembrane receptor 

serine/threonine kinase. Receptor complexes are heterometric, consisting of two “type 

II” receptor (72-85 kDa), which bind ligand and two signal transducing “type I” 

receptors (50-60 kDa), which in most instances, can not bind ligand directly and thus 

are consider to act downstream of the type II receptor. The assembly of heterometric 

complex is initiate by ligand binding and stabilizing by interactions between the 

cytoplasmic domains of the type II and type I receptors. Forming complexes with 

ligand on the surface resulting in the activation of the domain kinase activity of the 

type I receptor. This receptor then phosphorylase and activates member of the Smad 

family of tumor-suppressor name as R-Smad, which include co-Smad, Smad4 and 

rapidly translocate to the nuclease to regulate expression of specific genes whose 

action will noticeable the multifunctional physiology of TGF-β [79]. The mammalian 

Smad signaling cascade can be classify into activin–TGF-β and BMP pathways as 

showed in Figure 2.9. Nakao et al. and Eppert et al. studied the activation of TGF-β

family receptor to Smad signal pathway [80, 81]. They purposed that of five receptor-

activated Smads, Smad 2 and Smad 3, have been shown to mediate signals from  

TGF-β where as Kawakuta and co-worker reported that Smad 1, 5 and 8 mediate the 

signal from BMP receptor [82].
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        In 1998, Zhang et al. reported that Smad3 could interact directly with c-Jun and

c-Fos through its MH1 and MH2 domains, respectively. They suggested that AP-1

DNA binding sites can be activated either by direct binding of Smad3 and Smad4 to

the DNA element itself or by interaction of the heteromeric Smad3/Smad4 complex

and the AP-1 transcription factor complex, in such a manner as to provide additional

stability to the complex [83].

        In 1999, Anita B. Robert, present the schematic of different classes of receptor-

activated Smads bind and are phosphorylated by the type I receptor serine-threonine

kinase, hetero-oligomerize with Smad4 and are translocated to the nucleus where they

participate in transcriptional complexes. He mentioned that signaling from HGF and

EGF receptors via MAP-kinase pathways can also phosphorylate receptor-activated

Smads, possibly in the middle linker region, with resultant synergistic (HGF on

Smad2) or antagonist (EGF on Smad1) effects on signal transduction, resulting in

integrated cross-talk between receptor tyrosine and serine-threonine kinases. Nuclear

complexes involve both direct binding of Smad proteins to DNA via their MH1

domains, binding of transcription factors (TF) and/or coactivators such as CBP/p300

through their MH2 domains, and possible involvement of additional activators such as

MSG1. Regulation of transcription factor activation and of the co-activators by

alternative signaling pathways and by oncoproteins such as ras and E1A represents yet

another level of transcriptional cross-talk (Figure 2.10) [84].
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Table 2.9 The transforming growth factor-β family and represent activities.

Name (homologous) Representative activities (reference)

BMP2 subfamily
• BMP2
• BMP4

Gastulation, neurogenesis, chondrogenesis, interdigital
apoptosis; in frog: mesoderm patterning; in fly: dorsalization,
eyes, wings.

BMP5 subfamily
• BMP5
• BMP6/Vgr
• BMP7/OP1
• BMP8/OP2

Along with BMPs –2 and –4 this subfamily participates in the
development of nearly all organs; many roles in neurogenesis.

GDF5 subfamily
• GDF5/CDMP1
• GDF6/CDMP2
• GDF7

Chondrogenesis in developing limps

Vg1 subfamily
• GDF1 (Vg1)
• GDF3/Vgr2

Vg1: exial mesoderm induction in frog and fish.

BMP3 subfamily
• BMP3/osteogenin
• GDF10

Osteogenic differentiation, endochondral bone formation,
monocyte chemotaxis.

Intermediate members
• Nodl (Xnr1)
• Dorsalin
• GDF8
• GDF9

Axial mesoderm induction, left-right asummetry.
Regulation of cell differntiation within the neural tube.
Inhibition of skeletal muscle growth.

Activitn subfamily
• Activin βA
• Activin βB
• Activin βC
• Activin βE

Pituitary follicle-stimulating hormone (FSH) production
erythroid cell differentiation; in frog, mrsoderm induction.

TGF-β subfamily
• TGF-β1
• TGF-β2
• TGF-β3

Cell cycle arrest in epithelial and hematopoietic cells, control
of mesenchymal cell proliferation and differentiation, wound
healing, extracellular matrix production, immunosuppression.

Distant member
• MIS/AMH
• Inhibin α
• GDNF

Mullerian duct regression.
Inhibition of FSH production and other actions of activin.
Dopaminergic neuron survival, kidney development.
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Figure 2.9  Signaling specificity in the TGF-β  superfamily.

        Classification of the mammalian Smad signaling cascade into activin–TGF-β 

(maroon) and BMP (blue) pathways. Representative examples of mammalian ligands

(pink shading), type II receptors (red shading), type I receptors (orange shading), R-

Smads (green shading), Co-Smads (bright green shading) and I-Smads (grey shading)

are depicted in pathways linked by arrows or signs of inhibition. Bifurcation of the

TGF-β  pathway at the level of type I receptors towards both TGF-β and BMP Smads

is marked by an asterisk. Nomenclature of proteins not detailed in the text are growth

and differentiation factors (GDFs), Mullerian inhibiting substance (MIS), activin type

II and type IIB receptor (ActRII/IIB), TGF-β  type II receptor (TβRII), BMP type II

receptor (BMPRII), MIS type II receptor (MISRII), activin receptor-like kinases 1 to 6

(ALK1-ALK6).
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Figure 2.10  Smad-mediated signaling and cross-talk.
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CHAPTER III

MATERIALS AND METHODS

3.1  Materials

3.1.1  Chemicals

        Chemicals used in this study were analytical and molecular biological grades.

Chemical name                                                            Company                     Country

- Absolute ethanol Merck Germany

- Acetic acid Merck Germany

- Benzene Sigma USA

- Boric acid Sigma USA

- Chloroform Sigma USA

- Diaminobenzidine (DAB) Dako USA

- DEPC Sigma USA

- Eosin Sakura Japan

- Ethacinmate Nippon gene Japan

- Ethidium bromide Sigma USA

- Ethylene diamine tetraacetic acid (EDTA) Sigma USA

- Neutral formalin buffer Sigma USA

- Hydrochloric acid Merck Germany

- Isogen Nippon gene Japan

- Isopropanol Sigma USA

- 0.2% Light green solution Muto Japan

- Malinol Muto   Japan

- Mayer’s hematoxylin Muto   Japan
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Chemical name                                                            Company                     Country

- Paraffin Muto   Japan

- Phosphate buffer saline (PBS) Sigma USA

- 1 B 463 Safranin O Waldeck GmbH Germany

- Saturated phenol Gibco USA

- Sodium acetate BDH UK

- Toluidine blue O (Zinc chloride double) MERCK Germany

- Tris-buffered saline (TBS) Dako Japan

- Trisma base Sigma USA

- Trypan blue Gibco USA

- Xylene Sigma USA

3.1.2  Reagents

        Reagents used in this study were cell culture and molecular biological grades

Reagent name                                                              Company                     Country

- Agarose Promega USA

- Albumin Nacalai tesque Japan

- Antibody diluent Dako Japan

- Anti-CD13, CD44, CD45, Biocarta USA

- Anti-CD24, CD34, CD71, CD117 Caltag USA

- Anti CD90, CD105, CD166, CD235a Serotec UK

- Anti-CD133 Miltenvi Biotec Germany

- Anti-HLA-DR Immunotech USA

- Anti-Immunoglobulin G labeled FITC Immunotech USA

- Anti-Immunoglobulin G labeled PE Immunotech USA

- Anti-Stro-1 Iowa University USA

- Anti-SH2,SH3,SH4 Ahnold I. Caplan USA

- Block Ace Dainipponn Japan
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Reagent name                                                              Company                     Country

- Bromophenol blue BDH England

- Cell proliferation ELISA BrdU kit Roche Germany

- Diaminobenzidine (DAB)-substrate chromogen Dako Japan

- Dexamethasone Sigma USA

- DMEM-high glucose Gibco USA

- Freezing medium with 10% (v/v) Gibco USA

       dimetlysulfoxide (DMSO)

- DNA ladder (100 base pair) Invitrogen USA

- DNA loading dye Invitrogen USA

- Goat serum Dako Japan

- Human bone morphogenetic protein-6 Sigma USA

     (BMP-6)

- Human insulin-like growth factor-1 Sigma USA

     (IGF-1)

- Human transforming growth factor-beta3 Sigma USA

     (TGF-β3)

- ITS+1 liquid media supplement Sigma USA

- L-ascorbic acid-2-phosphate Sigma USA

- L-proline Sigma USA

- Mesenchymal stem cell growth factor Poietics USA

    (hMSC basal medium,Serum,

    L-Glutamine and Penicillin/Streptomycin)

- Mouse anti-human cartilage proteoglycan: Chemicon USA

     (adult) monoclonal antibody

- Mouse monoclonal anti-human collagen II Neomarker USA

- Penicillin-Streptomycin Sigma USA

- Peroxidase-blocking solution Dako Japan

- Peroxidase; Mouse Dako Japan

- Peroxidase; Rabbit Dako Japan
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Reagent name                                                              Company                     Country

- Proteinase K Dako Japan

- Rabbit anti-human collagen I Monosan USA

- RNA PCR (AMV) kit Takara Japan

- RQ1RNase-free DNase Promega USA

- Secondary antibody labeled PE Pockland USA

- Secondary antibody labeled FITC Leinco USA

- 0.25% Typsin-EDTA Sigma USA

- TaqMan universal PCR master mix Applied Biosystems USA

3.1.3  Poly (lactic-co-glycolic) (PLGA)-collagen  mesh

        Mesh of polyglycolic acid (PLGA)-collagen hybrid mesh was kindly provided

from Dr.Guoping Chen, Biomaterials Center, National Institute for Materials Science,

Japan. A PLGA solution in chloroform at a concentration of 20 (w/v)% was prepared

by dissolving 75:25 PLGA in chloroform. Sieved NaCl particulates (9.0 g), ranging in

diameter from 355 to 425 µm, were added to the PLGA solution (5 ml). The

dispersion was mixed and poured into an aluminum pan (diameter, 4 cm). The

chloroform was allowed to evaporate by air drying in a current of air for 24 hours,

followed by 24 hours of vacuum drying. The PLGA/NaCl composite was removed

from the aluminum pan, and the NaCl was leached out by washing the composite with

deionized water until the weight of the dried sponge remained constant. Finally, the

PLGA sponge (diameter, 4 cm; height, 0.6 cm) was formed after drying. The PLGA–

collagen sponge was prepared by introducing collagen microsponges into the pores of

PLGA sponge. The PLGA sponge was immersed in type I collagen acidic solutions

(pH 3.2, 0.3 wt%) under a vacuum. So, the sponge pores was filled with collagen

solution. The collagen solution-containing PLGA sponge was frozen at -80°C for 12

hours, and freeze dried under a vacuum of 0.2 Torr for an additional 24 hours to

enable the formation of collagen microsponges in the sponge pores. The collagen
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microsponges was further crosslinked by treatment with glutaraldehyde vapor

saturated with 25% glutaraldehyde aqueous solution at 37°C for 4 hours. After being

wash with deionized water and freeze-dried, the PLGA–collagen hybrid sponge was

fabricated.

3.1.4  Instruments

- ELISA reader; Biotrek visible plate reader version 1.4; USA

- Laminar flow: LOBCONCO purifier class II biosafty cabinet; Delta series

(Oriental); USA

- PCR Thermocycler: Applied Biosystems; Germany.

- iCycler Thermal: BioRad; USA

- Microcentrifuge, Carl Roth; Germany.

- Microscope: Nikon; USA

- UV/VIS-Spectrophotometer Lamda n, Perkin Elmer; Germany.

- Disposable seropipette; 20 ml, 10 ml: FALCON company; USA

- Disposable pasture pipette: FALCON company; USA

- Water bath: TAITEC PERSONAL-11; USA

- Vacuum pump; Japan

- Centrifuge; Japan

3.1.5  Laboratory equipments

- Autopipette P100, P200, P1000: Gilson; France

- 15, 50 ml Conicol polypropylene tube: FALCON company; USA

- Culture flask 75 cm2: FALCON company; USA

- Filter paper: Whatman; USA

- Fireboy: IntegraBioscience; USA

- Hemacytometer: AO Scientific Instruments; USA

- Micro cover glass 24x24 mm., thickness No.7 0.12-0.17 mm.: Matsunami Glass;

Japan.
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- Micro slide glass SUPERFROST®, thickness 0.9x1.2 mm., pre-cleaned 76x26

mm., superfrosted 15 mm.: Matsunami Glass; Japan.

- Pipette pump: FALCON express (Becton Dickinson labware); USA

- 6, 12, 24, 96-multiwells culture plate: FALCON; USA

- Sterilized siliconized pipette tip P100, P200, P1000; USA

- 0.5, 1.5 ml Sterilized siliconized microtube: Porex Hoproduct; USA

- 10 ml Sterilized syringe: FALCON; USA

- 0.2µm sterilized filter: FALCON; USA

- 0.2 ml PCR thin wall tube: BM Bio; USA

3.1.6  Oligonucleotides

        All oligonucleotide in this study were derived from Applied Biosystems, USA.

According from Chen et al., the oligonucleotides in Table 3.1 were used as forward

and reveres primers to investigate gene expression in chondrogenesis event. Reverse

transcription polymerase chain reaction (RT-PCR) was performed to amplify GAPDH,

collagen type I, II and sox 9.

        Quantitative of gene expression during chondrogenic induction was investigated

by real time PCR technique. The oligonucleotides were derived from Applied

Biosystem, USA. The forward, reverse primer and probe sequences are listed in Table

3.2.
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Table 3.1 Oligonucleotides for RT-PCR

Human gene Sequence 5’->3’

GAPDH: F: CTC ATG ACC ACA GTC CAT GC

R: CCC TGT TGC TGT AGC CAA AT

Collagen type I: F: GAT GGA TTC CAG TTC GAG TAT G

R: GTT TGG GTT GCT TGT CTG TTT C

Collagen type II:
F: ATC GAG TAC CGG TCA CAG AAG AC

R: TAG TTT CCT GCC TCT GCC TTG AC

 Sox 9: F: TGA AGA AGG AGA GCG AGG AG

R: GCG GCT GG ACT TGT AAT CC

3.1.7  Sample for in vitro chondrogenic induction

        In vitro chondrogenic induction was performed in human bone marrow

mesenchymal stem cells (hBMSCs). These cells were derived from Poietics™

company (cat no.PT-2501, lot no.2F1657). hMSCs are isolated from bone marrow by

density gradient centrifugation and selective culturing technique. Cells are

cryopreserved in second passage in a solution containing 5% (v/v) human serum

albumin and 10% (v/v) dimetlysulfoxid (DMSO).
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3.1.8  Preparation of reagents

- 1% Acetic acid

        The solution of 1% acetic acid was prepared by diluted one milliliter of absolute

acetic acid was diluted with 99 ml milli Q water. The solution was kept at room

temperature.

- 10 mM HCl

        Four milliliters of 100 mM HCl were diluted with 36 ml distilled water. Then, the

solution was sterilized by 0.2 µm micro-filter and stored at 4°C.

- 4 mM HCl containing 0.1% bovine serum albumin (BSA)

        Four milliliters of 10 mM HCl will be diluted with 6 ml distilled water. The

solution was added with 10 mg BSA and mixed and then sterilized by 0.2 µm micro-

filter. The solution should be stored at 4°C.

- 1x Phosphate buffer saline (PBS) containing 0.1% bovine serum albumin

(BSA)

        Ten milliliters of PBS was added with 10 mg BSA and mixed, then, sterilized by

0.2 µm micro-filter and stored at 4°C.

- 10x Tris-EDTA buffer (TE buffer)

        The solution of 10x Tris-EDTA buffer pH 7.8 was prepared by dissolved 12 g of

Tris base and 2.9 g of EDTA (acid) in distilled water to total volume of 1 liter and

sterilized by autoclave at 15 psi for 30 minutes. This solution was kept at room

temperature.

- 1x Tris-EDTA buffer

        One volume of 10x TE buffer was added with 9 volumes of distilled water and

then autoclaved at 15 psi for 30 minutes. This solution was kept at room temperature.
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- 10x Tris-borate-EDTA buffer (TBE buffer)

        The solution of 10x Tris-borate-EDTA buffer pH 8.0 was prepared by dissolved

108 g of Tris base, 55 g of boric acid and 2.9 g of EDTA (acid) in distilled water to

total volume of 1 liter and sterilized by autoclave at 15 psi for 30 minutes. This

solution was kept at room temperature.

- 5:1 (v/v) Phenol/chloroform

Five volumes of phenol were added with 1 volume of chloroform. This solution

was kept at 4°C.

- Proteinase K working solution

The working solution was prepared by adding one drop of proteinase K solution

into 2 ml 1xTris buffer saline, pH 7.4. Warming up to 37°C was preferable prior using.

- DAB-substrate chromogen working solution

This solution was prepared prior using.  One drop of DAB-substrate chromogen

was diluted into 1 ml DAB buffer and then mixed.

- 0.1% Safranin O stain

One hundred milligrams of safranin O powder was dissolved in 100 ml distilled

water and filtrated with 0.8 µm filter paper. The solution was kept at room

temperature.

- 0.1% Toluidine blue O

One hundred milligrams of toluidine blue O powder was dissolved in 100 ml

distilled water and filtrated with 0.8 µm filter paper. The solution was kept at room

temperature.




