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ABSTRACT 

 

 

 

CHARACTERIZATION AND IDENTIFICATION OF HUMAN 

MESENCHYMAL STEM CELLS AT MOLECULAR LEVEL 

 

 

Aksoy, Ceren 

PhD, Department of Biotechnology 

Supervisor: Prof. Dr. Feride Severcan 

Co-Supervisor: Prof. Dr. Duygu Uçkan Çetinkaya 

 

 

March 2012, 154 pages 

 

 

 

Bone marrow mesenchymal stem cells (BM-MSCs) are pluripotent cells that can 

differentiate into a variety of non-hematopoietic tissues. They also maintain 

healthy heamatopoiesis by providing supportive cellular microenvironment into 

BM. In this thesis, MSCs were characterized in terms of their morphological, 

immunophenotypical and differentiation properties. Then, they were examined by 

attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy 

together with hierarchical clustering, and FTIR microspectroscopy.  

 

In the first part of this study, global structural and compositional changes in BM-

MSCs during beta thallasemia major ( -TM) were investigated. The significant 

increase in lipid, protein, glycogen and nucleic acid concentrations in thalassemic 

MSCs with respect to healthy MSCs were attributed to enhanced cell proliferation 

and BM activity during ineffective erytropoiesis (IE). MTT assay results reflected 



 v 

increase in cellular activity of thallasemic BM-MSCs. The significant decreases in 

the concentrations of the mentioned macromolecules after BM transplantation 

therapy were interpreted as recovery of IE. Based on these changes, sampling 

groups were successfully discriminated by using cluster analysis.  

 

In the second part of this study, it was aimed to identify new molecular marker(s) 

in order to determine the effects of donor age on healthy BM-MSCs. The spectral 

results reflected that there were significant increases in the concentrations of 

saturated lipids, proteins, glycogen and nucleic acids in children and adolescent 

group BM-MSCs when compared with the infants, early and mid adults. These 

results were interpreted as increased proliferation activity in younger BM-MSCs. 

The results of MTT assay clarified the increased cellular activity. Spectral data of 

five different sampling groups was discriminated by hierarchical cluster analysis.   

 

The FTIR microspectroscopic imaging study was also performed  in two different 

parts of the study in order to support the ATR-FTIR spectroscopy results. The 

FTIR microspectroscopic results were found in agreement with ATR-FTIR 

spectroscopy results. 

 

 

 

Key words: Bone marrow mesenchymal stem cells, bone marrow transplantation, 

beta thalassemia major, donor age effect, attenuated total reflection- Fourier 

transform infrared (ATR-FTIR) spectroscopy, Fourier transform infrared (FTIR) 

microspectroscopy. 
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İNSAN MEZENKİMAL KÖK HÜCRELERİNİN MOLEKÜLER 

SEVİYEDE KARAKTERİZASYONU VE TANIMLANMASI 
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Tez Yürütücüsü: Prof. Dr. Feride Severcan 

Ortak Tez Yürütücüsü: Prof. Dr. Duygu Uçkan Çetinkaya 

 

 

Mart 2012, 154 sayfa 

 

 

Kemik iliği mezenkimal kök hücreleri (Kİ-MKH) hematopoetik olmayan, çok 

sayıda farklı doku hücresine farklılaşabilme özelliği olan hücrelerdir. Bu hücreler 

kemik iliği mikroçevresi için destek görevi görerek sağlıklı bir hematopoezin 

devamını sağlarlar. Bu tez kapsamında, Kİ-MKH’leri morfolojik, 

immunofenotipik ve farklılaşma özellikleri bakımından karakterize edilmişlerdir. 

Daha sonra attenuated total reflectance-Fourier dönüşüm kızılötesi spektroskopisi 

(ATR-FTIR), kümeleme analizi ve FTIR mikrospektroskopisi yöntemleri ile 

incelenmişlerdir. 

 

Çalışmanın ilk kısmında, Kİ-MKH’lerinde beta talasemi major hastalığı süresince 

meydana gelen genel yapısal ve kompozisyonel değişimler araştırılmıştır. 

Talasemik Kİ-MKH’lerinde sağlıklı Kİ-MKH’lerine göre lipit, protein, glikojen ve 

nükleik asit konsantrasyonlarında görülen artışlar inefektif eritropoez (IE) 

süresince artan hücresel aktivite ve Kİ aktivitesi olarak yorumlanmıştır. 
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Bahsedilen bu makromoleküllerin konsantrasyonları Kİ nakli sonrasında anlamlı 

olarak azalmıştır. MTT testi ile talasemik hücrelerdeki hücresel aktivite artışı 

gösterilmiştir. Bu azalış Kİ nakli sonrasında IE’in iyileşmesi olarak 

yorumlanmıştır. Bu değişimlere göre örneklem grupları kümeleme analizi ile 

başarılı bir şekilde birbirlerinden ayrılmışlardır.  

 

Çalışmanın ikinci kısmında donor yaşının sağlıklı Kİ-MKH’leri üzerine etkilerini 

belirleyebilmek için yeni moleküler belirteçlerin bulunması amaçlanmıştır. 

Spectral sonuçlar, çocuk ve adolesan çağındaki sağlıklı donörlerin Kİ-

MKH’lerinde doymuş lipit, protein, glikojen ve nükleik asitlerin 

kontsantrasyonlarında bebek, erken yaş ve ileri yaş erişkinlerin Kİ-MKH’lerine 

göre anlamlı artışlar olduğunu göstermiştir. Bu sonuçlar daha genç yaştaki 

donörlerden alınan hücrelerde artmış hücresel aktivite olarak yorumlanmıştır ve bu 

sonuç MTT testi ile doğrulanmıştır. Beş farklı yaş grubuna ait Kİ-MKH’lerin 

spectral verileri kümeleme analizi ile ayrılmıştır.  

 

FTIR mikrospektroskopik görüntüleme deneyleri ile çalışmanın her iki 

bölümünden elde edilen ATR-FTIR spektroskopisi sonuçları desteklenmiştir. 

FTIR mikrospekrospi deneylerinin sonuçları ATR-FTIR spektroskopisi ile aynı 

yönde çıkmıştır. 

 

Anahtar Kelimeler: Kemik iliği mezenkimal kök hücresi, kemik iliği nakli, beta 

talasemi major, donör yaşı etkisi,  attenuated total reflectance-Fourier dönüşüm 

kızılötesi spektroskopisi (ATR-FTIR), Fourier dönüşüm kızılötesi spektroskopisi 

(FTIR) mikrospektroskopi. 
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CHAPTER 1 

 

 

  INTRODUCTION 

 

 

 

1.1. What is Stem Cell? 

 

Stem cells are unique cells with ability to self-renew for a long time and to give 

rise to different cell types that make up the tissues and organs of the body. The 

ability to differentiate into different cell types is called as plasticity. Stem cells 

may be isolated from embryo, umbilical cord and several adult tissues, and 

differentiation potention of them varies depending on where they originate from 

(Kelly, 2007; Panno, 2005). 

 

Embryonic stem (ES) cell is obtained from the inner cell mass of the early (4 to 5 

days) embryo called as blastocyst (Figure 1.1) (Chung et al., 2008). ES cells are 

capable of unlimited number of symmetrical divisions without differention, which 

means they have long-term self-renewal ability (Kirschstein, 2001). When they are 

cultured in appropriate media and culture conditions, they can be induced to 

differentiate selectively into more specialized populations. ES cells are pluripotent 

and they can differentiate into every cell types in the body. Therefore, they are 

very attrative candidates for wide range of tissue regeneration and cellular 

therapies in regenerative medicine (Ami et al., 2008). To date, there has been 

some success in inducing mouse ES cells to form particular types of cells, such as 

cardiomyocytes, smooth muscle cells, neuron cells, and hepatocytes (Thumanu et 

al., 2011).  
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Adult stem cells are multipotent cells found in a differentiated tissues and organs. 

They can renew themselves for a long periods of time by making identical copies 

and they can differentiate into all of the specialized cell types of the tissues from 

which they originate (Kirschstein, 2001). They exist in various tissues such as 

blood, bone marrow, cord blood, kidney, adipose tissue, teeth. Adult stem cells are 

important for homeostatis by keeping the number of stem cells constant and for 

self renewal of tissues during cellular aging and diseases (Orlic et al., 1999; 

Perkins, 1998). Adult stem cells can arise from any organ or tissue including 

hematopoietic or mesenchymal tissues; thus called as hematopoietic stem cells 

(HSCs) or mesenchymal stem cell (MSC), respectively. HSCs, are obtained from 

bone marrow, periferal blood, umbical blood, generate all types of blood cells by 

the process called as hematopoiesis. Another population of adult stem cells is 

called as mesenchymal stem cells, which can be isolated from many types of 

tissues and also can be differentiated into mesenchym originated tissues such as 

adipose tissue, bone tissue and cartilage tissue.  

 

1.2. Mesenchymal Stem Cells  

 

The notion of the mesenchymal stem cells (MSCs) was suggested by Maureen 

Owen by considering the first experimantal findings about fibroblast-like colony 

forming cells of bone marrow of Alexander Friendestein and his colleagues in mid 

60’s. In early 1990’s Arnold Caplan proposed that MSCs were fibroblast like 

adherent cells (Figure 1.1) isolated by fractionation on a density gradient solution 

ficoll. Especially, in last two decades there was an increasing interest on MSCs 

studies from different research groups that they were trying to clarify MSCs 

characteristics to accelerate basic scientific investigations and for further clinical 

studies of MSCs. In 2000, a report was published by International Society for 

Cellular Theraphy (ISCT) to define scientifically accurate MSCs identity  mainly 

for laboratory based research purposes by universially accepted standarts. 
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According to ISCT recommendations; MSCs have to be adherent to plastic 

surfaces when cultivated in appropriate complete media, they must express CD73, 

CD90 and CD105 surface antigens while they lack expression of CD34, CD45 and 

finally they have to have capacity differentiate to osteaoblast, adipocytes and 

chondroblasts using specific in-vitro inducing media (Horwitz et al., 2005; 

Dominici et al., 2006). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1. Characteristics of Mesenchymal Stem Cells 

 

MSCs which are non-hematopoietic, stromal cells found primarily in bone marrow 

stroma and other to many human tissues (Jackson et al., 2007). MSCs of the bone 

marrow (BM) provide cellular microenvironment to support maintanance of 

hematopoietic stem cells’s growth and differentiation (Jackson et al., 2007; Kemp 

Figure 1.1 Mesenchymal stem cells. “a) Monolayer of rapidly expanding 

adherent spindle-shaped fibroblastoid cells compatible with undifferentiated 

mesenchymal stem cells (×100) b) Cell cluster of rapidly expanding adherent 

spindle-shaped fibroblastoid cells compatible with undifferentiated mesenchymal 

stem cell morphology (×100)” (Adopted from Koch et al., 2007 with permission). 



 4 

et al., 2005). BM can be collected from posterior iliac crests of pelvis and then 

mononuclear cells (MNCs) are harvested from BM with a density gradient 

isolation procedure with ficoll (Pittenger et al., 1999). A small fraction of (0,01-

0,0001 %) isolated MNCs adhere to the plastic surfaces in culture and expand as 

fibroblast like cells that are considered as the primary ex-vivo source of 

mesenchymal progenitor cells (Pittenger et al., 1999; Minguell et al., 2001; 

Jackson et al., 2007).  

 

1.2.1.1. Phenotype of Mesenchymal Stem Cells  

 

There is a considerable interest on definition of MSC phenotype to be able to 

accomplish characterization, purification and further analysis of MSCs. Recent 

studies has shown the availibility of an expression of several cell surface antigens 

and monoclonal antibodies in BM-MSCs (Aerts, 2004; Dennis and Caplan, 2004). 

Human MSCs don’t express main hematopoietic antigens called as CD14, CD34 

and CD45 (Baksh et al., 2004). The monoclonal antibodies SH2, SH3 and SH4 are 

raised against human MSCs (Barry, 2003). SH2 antibody binds an epitope on 

endoglin (CD105, a receptor for tranforming growth factor I and III). SH3 and 

SH4 antibodies recognize different region of antigenic epitopes on the membrane 

bound ecto-5-nucleotidase that known as CD73 surface antigen expressed by 

MSCs. The SB10 antibody reacts with activated leukocyte-cell adhesion molecule 

(ALCAM; CD166). The monoclonal antibody Stro1 is specific for clonogenic BM 

stem cell progenitors in human bone marrow. In order to characterize phenotype of 

MSCs and to enrich MSCs from mixed cell population, the combination of 

antibodies have to be used (Aerts, 2004; Kemp et al., 2005). MSCs also express 

cell adhesion molecules like ICAM-1, integrin 4, 5 and  1, 3 and 5 

and CD44H. MSCs express extracellular matrix molecules such as collagen 

fibronectin, laminin, and proteoglycans which clarify and strengthen the 



 5 

suggestion about an important and dynamic role of MSCs in the BM during 

development of stromal marrow microenvironment. The several counter receptors 

required for cell-matrix and cell-to-cell direct interactions are also expressed by 

MSCs (Minguell et al., 2001).   

 

1.2.1.2. Production of Cytokines and Growth Factors 

 

MSCs, which have capabilities of self-renewal and differentiation into different 

lineages of mesenchym tissues, need secretion and regulation of specific growth 

factors, cytokines and chemokines in a lineage or stage specific manner (Dormady 

et al., 2001). The variability of secretion profile of MSCs provide therapeutic 

effects of them (Zhukareva et al., 2010). BM-MSCs produce an extended profile 

of growth factors and cytokines, which have significant role in the regulation of 

hematopoiesis (Majumdar et al., 2000). Primary stromal cell cultures or in stromal 

cell lines secrete Granulocyte-Colony Stimulating Factor (G-CSF), GM-CSF, M-

CSF, Interleukin-1 (IL-1), IL-3, IL-6, IL-7, IL-8, IL-11, IL-12, IL-14, IL-15, LIF, 

fibroblast growth factor (FGF), stem cell factor (SCF), Flt-3 ligand (FL), and 

tumor necrosis factor (TNF) (Dormady et al., 2001; Majumdar et al., 1998; 

Harneysworth et al., 1996; Thalmeier et al., 1996).  

 

1.2.1.3. Differentiation Capacity of Mesenchymal Stem Cells  

 

Differentiation ability of bone marrow mesenchymal stem cells into osteocytes 

was firstly discovered by Friedenstein et al., 1966. Then Pittenger et al., 1999 

mentioned about differentiation potential of human mesenchymal stem cells into 

lineages of mesenchymal tissues, like bone, cartilage, fat, tendon, muscle and 

marrow stroma. However; recent studies have shown that bone marrow 

mesenchymal stem cells (BM-MSCs) have multilineage differentiation capacity 

with their differentiation into mesodermal and non-mesodermal cell lineages (Yan 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Majumdar%20MK%22%5BAuthor%5D
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et al., 2010). As it is seen in Figure 1.2, BM-MSCs can differentiate into not only 

osteocytes, adipocytes, chondrocytes but also myocytes, cardiomyocytes, 

fibroblasts myofibroblasts, epithelial cells and neurons (Liu et al., 2009). 

Miyogenic differentiation of MSCs was determined by myotube formation (Beier 

et al., 2010; Yan et al., 2010) and induction and differentiation of BMMSCs into 

cardiomyocyte-like cells. The in-vitro differentiation of BM-MSCs into neuron-

like cells was explained by not only expression of neuron phenotype and 

membrane channel protein including Nav1.6, Kv1.2, Kv1.3 and Cav1.2 but also 

exhibited functional ion currents (Zeng et al., 2011). BM-MSCs have also capacity 

to differentiate into renal (Asanuma et al., 2010) of kidney and also hepatic cells 

of liver (Mohsin et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 “The mesengenic process. The stepwise cellular transition from the 

putative mesenchymal stem cell (MSC) to highly differentiated phenotypes are 

depicted schematically” (Adopted from Caplan, 2009 with permission). 
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1.3. Clinical Usage of Mesenchymal Stem Cells  

 

Human MSCs with their multilineage differentiation ability and self renewal 

capacity have great potential as a source of cells for cellular therapies in 

regenerative medicine and for tissue engineering approaches (Baksh et al., 2004). 

Autologous or allogenic stem cells may be transplanted into patients during stem 

cell therapy, therefore; the use of MSCs in clinical applications requires 

standardization and quality control of each step from isolation to transplantation 

(Wagner et al., 2010). BM-MSCs provide housing for HSCs and enhance their 

engraftment after HSC transplantation (Lazarus et al., 2005) which has been used 

for some years in the treatment of leukemia and other cancers (Tabbara et al., 

2002). MSCs carry the potential for use in treatment of injury in different diseases 

including cardiovascular repair, coronary artery disease (Stamm et al., 2003), 

treatment of lung fibrosis, spinal cord injury and bone and cartilage repair (Barry, 

2003). Implemantation of stem cells with the ability to differentiate into neurons 

and neural stem cells in an adult rat model of spinal cord injury resulted in long-

term functional healing (Teng et al., 2002). It was shown in rat models that MSCs 

may be useful in the treatment of stroke, traumatic injury and Parkinson’s Disease. 

MSCs can also be used in the area of orthopedic medicine for the repair of 

segmental  bone defects (Quarto et al., 2001) and craniotomy defects (Krebsbach 

et al., 1998), and for  repair of focal defects in articular cartilage (Ponticiello et al., 

2002) and tendon (Young et al., 1998). 

 

1.4. Mesenchymal Stem Cells as a Main Cellular Component of the Bone 

Marrow Microenvironment and Hematopoiesis 

 

The bone marrow microenvironment contains both mesenchymal and 

hematopoietic stem cells. This microenvironment is the main site of hematopoiesis 

during the development of any types of blood cells (Gordon, 2010). The other cell 



 8 

types such as osteoblasts, adipocytes and endothelial cells have an important roles 

throughout the regulation of normal and malignant mechanisms in hematopoiesis 

(Walkley, 2011). “It has been well established that some hematopoietic diseases 

can dramatically affect the composition or function of certain cell types of the BM 

microenvironment, and that this in turn may further contribute to the severity of 

the hematopoietic disease” (Askmyr et al., 2011). “Thalassemia represents an 

extreme example of chronic anemia associated with changes in the bone marrow 

microenvironment” (Walkley, 2011). 

 

1.5. What is Thalassemia? 

 

Thalassemia is an inherited blood disorder. The defect in the globin gene causes 

unsufficient production of hemoglobin molecule that leads to anemia as a result of 

excessive destruction of red blood cells. Hemoglobin which is an oxygen carrying, 

tetrameric, globular protein composed of four globin chains. The most well known 

adult hemoglobin molecule is called as Hemoglobin A consisting of 2  and 2  

globin chains (Figure 1.3). Thalassemia results from a genetic mutation in alpha or 

beta globin molecule that causes non or reduced production of mutated globin 

chain while unmutated globin chain accumulates in red blood cells (Lanzkowsky, 

2000).   

 

Thalassemias are characterized according to type of deficient globin chain. The 

missing or mutated alpha genes related with the absence or reduced synthesis of 

alpha ( ) globin protein that give the name to the disease as alpha thalassemia. If 

similar genetic defect affects the genes of beta ( ) globin protein, the disease is 

called as beta thalassemia (Mader, 1997). Alpha thalassemias are observed 

commonly in people from South Asia, Malaysia, and Southern China, while beta 

thalassemias generally are seen in people from  Mediterranean origin, Africa and 
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other Asia countries. Thalassemia has been started to be seen since ten years in 

America, because of the huge migration potential of America (Loukopoulos et al., 

1991).   

 

The severity of disease is defined according to the number of mutated genes in 

globin protein. If inherited defective gene(s) comes from both mother and father, 

the disease called as thalassemia major. However, thalassemia minor occurs when 

the defective gene(s) comes from only one parent. People who have thalassemia 

minor become a carrier of the disease, however they usually do not have disease 

symptoms (Lanzkowsky, 2000).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 The structure of hemoglobin (Adopted from Mader, 1997 with 

permission). 
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1.5.1. Beta Thalassemia Major  

 

Beta thalassemia is an autosomal recessive blood disease with diminished 

production of hemoglobin that leads to hemolytic anemia. In order to make 

sufficient  beta globin chains, two genes are required. If one or both of these genes 

are mutated beta thalassemia occurs. The severity of beta thalassemia and resulting 

anemia depends on the number of genes that are affected from mutations. If one 

gene is abnormal, the disease is known as beta thalassemia trait that is associated 

with  reduced beta globin chain which does not cause great problem in the normal 

functioning of hemoglobin molecule. When two genes are mutated the more 

severe form of beta thalassemia which is called as beta thalassemia major ( -TM) 

or Cooley’s anemia are seen. The severe decrease or complete lack of beta globin 

synthesis prevents the production of Hemoglobin A that causes life-threatening 

anemia after three months of age. Survival of patients with this severe anemia 

depends on lifelong regular blood transfusions that lead iron accumulation in vital 

organs of the body such as liver and heart (Olivieri, 1999; Lanzkowsky, 2000; 

Birgens and Ljung, 2007).   

 

1.5.2. Ineffective Erythropoiesis 

 

The inbalanced synthesis of -globin chains leads to accumulation of excess -

globin chains in red blood cells. The aggregation of -globin chains produces 

precipitates that cause cell hemolysis by destroying red cell membranes and results 

with destruction of erythroid precursors in bone marrow termed. This is called as 

ineffective erythropoiesis (IE). In thalassemia, IE is characterized by apoptosis and 

limited differentiation of erythroid cells. Overall erythropoiesis in BM and spleen 

increases impressively during ineffective erythropoiesis conditions. However, such 

an increased erythropoietic activity can not prevent intramedullary and intrasplenic 
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death of erythroid precursors. This condition is often coupled with a dramatic 

expansion of the bone marrow to get rid of exarcerbation of deep anemia and iron 

accumulation (Melchiori et al., 2010). Changes of oxygen tension occur in tissues 

due to anemia which is associated with a rise in erythropoietin (EPO) level in 

order to compansate for anemia. EPO serves as the main regulator of all stages of 

erythroid differentiation, proliferation, and maturation during profound anemia 

(Fang et al., 2007). Increased EPO levels drive an uncontrolled expansion of 

erythroid precursors with an enhanced proliferative and survival capacity. 

However, these cells fail to differentiate into mature red blood cells, therefore 

severe anemia can not be ameliorated by excess production of erythroid precursors 

in bone marrow which leads ineffective erythropoiesis (Libani et al., 2008). 

GDF15 is a protein of  transforming growth factor-β (TGF-β) superfamily which is 

involved in several processes like cell differentiation, development and apoptosis 

(Whitman et al., 1998). Since the expression of GDF15 is generally associated 

with apoptosis, serum GDF15 levels increases in many types of hematological 

diseases associated with  ineffective erythropoiesis such as thalassemia (Tanno et 

al., 2010). Imbalance in the production of α- and β-globin chains cause apoptosis 

of erythroblasts during which severe ineffective erythropoiesis  and extreme bone 

marrow expansion are combined as a result of anemia (Schrier et al., 2002). 

Meanwhile, GDF15 is overexpressed and secreted from erythroblast as a member 

of bone morphogenic protein family, also contributes to the severe bone 

abnormalities of thalassemia. Therefore, elevated GDF15 levels in serums of β-

thalassemia patients is used as a biomarker of the disease (Tanno et al., 2007).  

 

1.5.3. Hematopoietic Stem Cell Transplantation Therapy in Beta Thalassemia 

Major 

 

The standard blood transfusion therapy in order to sustain life of thalassemic 

patients causes development of splenomegaly and also dramatic iron overload in 
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tissues. Excessive iron accumulates in vital organs like liver, heart, endocrine 

glands. Therefore; iron overload is one of the major reason of death in thalassemia 

patients. (Melchiori et al., 2010). In order to improve the quality of life of 

thalassemic patients and to prevent undesired effects of iron accumulation, iron 

chelation therapies are applied. Aggressive blood transfusions and iron chelation 

are expensive and life-long therapies with significant morbidity Allogeneic 

hematopoietic stem cell transplantation (HSCT) from an HLA-compatible family 

donor  has been accepted as the most effective therapy of thalassemia major since  

30 years (Aggarwal et al., 2003). HSCT in thalassemia major replaces IE with an 

effective allogeneic hematopoietic cell substitute to obtain permanent, effective 

healing of the hemolytic anemia (Angelucci and Baronciani, 2008) 

 

Chimerism analysis after bone marrow transplantation (BMT) is used to determine 

genotypic origin of bone marrow cells. It has been shown that full donor 

chimerism is usually achieved in hematopoetic cells after transplantation. 

However, BM-MSCs remain of host origin post-transplant (Rieger et al., 2009; 

Bartsch et al., 2005) The normal MSC content of bone marrow is about 0.01 to 

0.05% of mononuclear cells (Minguell et al., 2001). The limited MSCs content of 

bone marrow could explain why after bone marrow transplantation, MSC of donor 

origin could not be detected.  

 

1.6. HSC and MSC Interactions in Bone Marrow Microenvironment: Stem 

Cell Niche 

 

Stem cells (SCs) are located in highly regulated, complex and multifactorial 

microenvironment defined as niche. A stem cell niche is required for the 

maintenance of balance between self-renewal and differentiation. There is constant 

dialog between SCs, non-SCs, an extra cellular matrix and molecular signals in the 

niche to control stimuli for differentiation and self-renewal (Becerra et al., 2011; 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Minguell%20JJ%22%5BAuthor%5D
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Mitsiadis et al., 2007). The control and regulation of SCs and interactions with 

their niche are important in terms of cell therapy and regenerative medicine for 

gaining of basic understanding of stem cell applications into clinical medicine 

(Becerra et al., 2011).  

 

Hematopoietic stem cells are localized in two different niches in the bone marrow. 

The locations are called as an “endosteal niche” and a “perivascular niche” 

(Mitsiadis et al., 2007). Interaction between HSCs and their niches provide 

maintanance and balance for their differentiation, self-renewal and quiescence. 

Therefore, the location of HSCs are determined according to the their lineages and 

hierarchical positioning. While undifferentiated HSCs are mainly found in the 

endosteal region, hematopoietic progenitors are generally located in central 

(vascular) bone marrow regions (Kiel and Morrison, 2006).  

 

Hematopoietic stem cell transplantation has gained great importance  for the 

treatment of hematologic malignancies and non-malignant disorders. Several 

research groups have  focused on ex vivo expansion of HSCs in order to improve 

the clinical outcome of autologous and allogeneic HSC transplantation (Jing et al., 

2010). In this context, understanding of factors contributing the maintanace of 

HSCs in their niches has been recently investigated and the existing studies 

showed that MSCs facilitate HSCs maintenance through the secretion of soluble 

factors and cell-cell contact (Wagner et al., 2007). Therefore; investigation of 

interactions between HSCs with MSCs will provide an information in order to 

understand in-vivo regulation of hematopoietic stem cells and to design stem cell 

based cellular therapies (Purton and Scadden, 2011).   
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1.7. Aging of Stem Cell Niches and Intrinsic Aging of Mesenchymal Stem 

Cells 

 

Adult stem cells in specific organ systems are required for the maintenance and 

repair of these organs throughout adult life. This funcion of stem cells is regulated 

by molecular signaling to ensure proper cellular, tissue and organ homeostasis, but 

how this coordination changes with aging is mostly unknown (Drummond-

Barbosa, 2008). The reciprocal interactions between stem cell aging on tissue 

homeostasis and aged cellular microenvironment on stem cells will be critical to 

the success of any therapeutic application of stem cells in the emerging field of 

regenerative medicine (Rando, 2006; Drummond-Barbosa, 2008; Greco  and 

Rameshwar, 2008).  

 

The process of MSC aging is important because of their role in tissue  regeneration  

and repair. For the success of clinical application and for desired therapeutic 

outcome, the impact of aging on stem cells have to be understood (Wilson et al., 

2010). Existing studies have focused on the effect of aging on the differentiation 

ability or the changes in the number of MSCs. Some, but not all studies showed 

that aging reduces osteogenesis, chondrogenesis and adipogenesis (Moerman et 

al., 2004; Zheng et al., 2007; Tokalov et al., 2007) and they also showed decreases 

in the number of MSCs in the  bone marrows of rodents, monkeys and humans. 

Recent studies in the literature observed that MSCs of older donors showed 

decreased proliferation potential and increased senescence when compared with 

the cells of younger donors (Vacek, 2000; Stenderup et al., 2003; Baxter et al., 

2004; Mareschi et al., 2006).  

 

Recent studies suggested that aging can be related with decrease in the number and 

function of stem cells. However, causal relationships is largely unknown. In other 

words, there are some questions to be answered; does aging lead to decline in stem 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drummond-Barbosa%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drummond-Barbosa%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rando%20TA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drummond-Barbosa%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Greco%20SJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rameshwar%20P%22%5BAuthor%5D
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cell number or does stem cell decline lead to aging? Despite available information, 

little is known about how and why MSCs age in vivo. The effects of donor age in 

regenerative medicine and in-vivo use for damage healing has not been 

investigated well. It is thougth that donor age can be effective parameter to obtain 

most efficient recovery. Stem cells can differentiate into many different cell types 

and the determining of molecular changes depending on the donor age in the stem 

cells have great importance in terms of regenerative medicine to select donor for 

therapeutic purposes. These recent knowledge will contribute development of in 

vitro conditions for stem cell based clinical applications. Characterization of 

interactions of cellular, biochemical and molecular interactions between MSCs and 

their microenvironment will contribute to understand in vitro control of them. 

 

1.8. Optical Spectroscopy 

 

1.8.1. Basis of the Spectroscopy  

 

A spatially-varying electric field generates time-varying magnetic field which 

oscillate mutually perpendicular in a single plane to form electromagnetic 

radiation. Figure 1.4 shows these fields as a sine wave with their direction of 

propagation (Stuart, 1997).  

 

The interaction between electromagnetic radiation and matter redirect radiation 

between energy levels of the atoms or molecules. This interaction can be in 

various manners like absorbtion, scattering, reflection, emission etc. When the 

light is absorbed, chemical bonds vibrate and intermolecular distance of two or 

more atoms changes. This is called as vibrational energy which is resulted from 

excitation of an atom to an upper energy level in accordance with the wavelength 

of the light (Freifelder, 1982). An excited atom or molecule can have any one of a 

set of unique amounts of energy which are called as the energy levels of the 
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molecule. The energy levels are usually described by an energy level diagram 

shown in Figure 1.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The total energy of a molecule is composed of several distinct reservoirs of energy 

as it is given by the following equation (Campbell and Dwek, 1984). 

  

Etotal=Etranslation+Erotation+Evibration+Eelectronic+Eelectronicspinorientation+Enuclearspin orientation 

 

In this equation, each E that is represented by its subscript reflects the appropriate 

energy level. The separations between the neighboring energy levels 

corresponding to Erotation, Evibration and Eelectronic are associated with the microwave, 

infrared and ultraviolet-visible regions of the electromagnetic spectrum, 

respectively (Campbell and Dwek, 1984).  

 

 

 

 

Figure 1.4 Electromagnetic wave 
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When the specific vibration with an equal frequency of IR radiation moves on the 

molecule, the molecule absorbs the energy of radiation by transitions induced 

between different energy states of the molecules in the sample. Absorption is most 

probable when the energy level separation matches the energy of the incident 

radiation as indicated below,  

ΔE=hν 

 

where ΔE is the dispertion between the energy states of sample, ν is the frequency 

of the applied radiation and h is Planck’s constant (h = 6.6x10
-34

 joule second), 

Figure 1.5 “Energy level diagram illustrating the ground and first excited 

electronic energy level. Vibrational energy levels are represented as parallel lines 

superimposed on the electronic levels. The long arrows show a possible electronic 

transition from the ground state to the first excited state while the short arrow 

represents a vibrational transition within the ground electronic state” (Freifelder, 

1982). 
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c = λ ν 

 

c is the speed (3.0x10
8
 ms

-1
) and λ is the wavelength of light. From these two 

equations we can derive wavenumber, which is presented by ν, reciprocal with the 

wavelength (λ). Wavenumber means the number of waves per unit length, so it is 

directly proportional to frequency, as well as the energy of the IR absorption.  

Wavenumber is defined as in the below interconvertion;   

 

ν = wavenumber = (1/ λ)  has a unit of cm
-1

 

 

Thus, IR absorption positions are shown with wavenumbers ( ν ) or wavelengths 

(λ). In contrast, wavelengths are inversely proportional to frequencies and their 

associated energy.   

 

E = h ν = h c (1/ λ ) = hcν, 

 

The study of interaction of electromagnetic radiation with matter is called as 

spectroscopy. Spectrum is defined by a plot of the energy absorbed (E =hν ) as a 

function of wavelength or more commonly frequency. The electromagnetic 

spectrum ranges from the shorter wavelengths (including gamma and x-rays) to 

the longer wavelengths (including microwaves and broadcast radio waves) (Figure 

1.6). Light can interact with sample with some form of electromagnetic radiation 

like scattering, absorption, or emission. The determination of radiation in terms of 

some measured parameters and the interpretation of these measured parameters 

generates the basis of spectroscopic techniques.  
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1.8.2. Infrared Spectroscopy  

 

The region between 14.000 cm
-1

 and 4 cm
-1

 of the electromagnetic spectrum is 

called as infrared region which is divided three sub-regions as near-infrared region 

(14.000 cm
-1

 to 4.000 cm
-1

), mid-infrared region (4.000 cm
-1

 to 400 cm
-1

) and far-

infrared region (400 cm
-1

 to 4 cm
-1

). The infrared applications related with 

biological samples use mid infrared region of the electromagnetic spectrum. The 

IR spectroscopy works on the basis of determination of the chemical functional 

groups in the sample according to their unique absorbtion charactheristics. 

Therefore, the infrared spectrum can be used as a fingerprint for identification of 

unknown molecule by comparing it with known reference spectra (Hsu, 1997). 

 

The molecular atoms oscillate constantly around average positions. The chemical 

bonds and the intramolecular distance between two or more atoms changes when 

the IR radiation is absorbed by the molecule. When the change in the dipole 

Figure 1.6 The Electromagnetic Spectrum 
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moment, which occurs during charge separation across the bond, is accompanied 

by the vibration, the molecule can absorb IR radiation. The oscillations of the 

atoms can be defined in terms of two types of molecular vibrations as stretching 

and bending. Stretching is a symmetric or antisymmetric rhythmical movement 

along the bond axis. The bending vibration occurs when the bond angle change. 

These motions are also called as scissoring, wagging, rocking, and twisting (Figure 

1.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The infrared spectroscopy is a useful chemical analytical method, because each 

different material has a unique chemical structure and therefore each molecule has 

a different wavenumber which is correlated with its chemical structure. This 

means that two compounds create different infrared spectrum like their chemical 

fingerprints. This makes infrared spectroscopy available for identification of  

Figure 1.7 “The  schematic  representation  of  some  molecular  vibrations  in  

linear triatomic molecules (A) and non-linear triatomic molecules (B). (+) and (–) 

symbols represent atomic displacement out of page plane” (Arrondo et al., 1993). 
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unknown materials, determination of quality or consistency of a sample and 

determination of the amount of components in a mixture, ect.  

 

1.8.2.1. The Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier transform infrared (FTIR) spectroscopy has found increasing  interest by 

the invention of Michelson interferometer (Figure 1.8) since early eighties. 

Michelson interferometer produces an interferogram by spliting an 

electromagnetic radiation between two directions and then by recombining the 

intensity variation which can be determined as a function of the path difference 

between them. The interferometer contains two orthogonal mirrors: one movable 

and the other fixed. The light passes through a beam splitter, which sends the light 

in two directions at right angles. One beam goes to a stationary mirror then back to 

the beam splitter. The other beam goes to a moving mirror. The motion of the 

mirror makes the total path length variable versus that taken by the stationary-

mirror beam. When the two meet up again at the beam splitter, they recombine, 

and the difference in path length creates constructive and destructive interference, 

which is called as an interferogram. The recombined beam passes through the 

sample. The sample absorbs all the different wavelength characteristics of its 

spectrum. The detector now reports variation in energy absorbed or transmitted 

versus time for all wavelengths simultaneously. A laser beam is superimposed to 

provide a reference for the instrument operation.  

 

Energy versus time is an odd way to record a spectrum until it is recognized the 

relationship between time and frequency was recognized: they are reciprocal. A 

mathematical function called Fourier transform allows us to convert an intensity-

versus-time spectrum into an intensity-versus-frequency spectrum. The 

spectrometer computer is able to deconvolute (Fourier Transform) all the 
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individual cosine waves that contribute to the interferogram and so produce a plot 

of intensity against wavelength (cm
-1

), or more usually frequency (cm
-1

). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.8.2.1.1. Advantages of FTIR Spectroscopy 

 

 It is rapid and sensitive technique which enables to make measurements 

within seconds and reduce the noise levels (Hsu, 1997). 

      Figure 1.8 Schematic representation of a Michelson Interferometer. 
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 FTIR spectrometers are self-calibrating and never need to be calibrated 

externally (Rigas et al., 1990) 

 It is a non-invasive and non-destructive technique (Melin et al., 2000; 

Severcan et al., 1999; Cakmak et al., 2003). 

 It is a low cost technique.   

 FTIR can analyze small quantities of samples (Mendelsohn et al., 1986). 

 It can be applied to any kind of materials in different physical states such 

as solutions, viscous liquids, suspensions, inhomogeneous solids or 

powders (Colthup et al., 1975). 

 It gives valuable information about the biological samples by detecting 

changes in the functional groups belonging to the tissue components such 

as lipids, proteins, carbohydrates and nucleic acids, simultaneously 

(Kneipp et al., 2000; Bozkurt et al., 2007; Garip et al., 2007). 

 The specific computer based softwares for FTIR spectrometers enable to 

make data storage and data processing (Yono et al., 1996; Ci et al., 1999). 

Digital substraction is used to obtain good difference spectra especially for 

infrared spectra of aqueous solutions (Campbell and Dwek, 1984). 

 The shifts in the band frequencies and changes in the bandwidth, and band 

area/intensity values provide valuable informations that are correlated with 

the alterations in the structure and composition of macromolecules. These 

informations can be used as a diagnostic tool for the analysis of cell 

components, tissue sections, biofluids and so on. So that, FTIR 

spectroscopy has become mostly preferable method for biomedical 

diagnosis, recently (Liu et al., 1996; Yano et al., 1996; Schultz et al., 1998; 

Ci et al., 1999; Dicko et al., 1999; Severcan et al., 2000; Toyran et al., 

2004; Akkas et al., 2007a; Akkas et al., 2007b; Szczerbowska-

Boruchowska et al., 2007).  
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 Recently, FTIR spectroscopy has become a promising tool in biomedicine 

for diagnosis and discrimination of characteristic molecular changes 

between normal and disease states, especially in different cancer types 

(Argov et al., 2002; Babrah et al., 2009).  This technique is also used in the 

analysis of cytotoxic effects of radiation in radiobiology, taxonomical 

stuies in microbiology (Dogan et al., 2007; Garip et al., 2007) and plant 

studies (Gorgulu et.al., 2007), the discrimination of drug resistant and drug 

sensitive cancer cells, the examination of apoptosis (Gaigneaux et al., 

2006; Sahu et al., 2006) and the determination of stem cell differentiation 

into adipogenic, osteogenic and neurogenic cells (Aksoy et.al., 2012; 

Tanthanuch et al., 2010; Downes et al., 2010; Ishii et al., 2007). 

 

1.8.2.1.2. Attenuated Total Reflectance Fourier Transform Infrared (ATR-

FTIR)  Spectroscopy  

 

ATR-FTIR spectroscopy works on the basis of total internal reflection 

phenomenon.  When the infrared beam, which is directed onto an optically dense 

crystal with a high refractive index, passes through an ATR crystal at a certain 

angle, it is internally reflected that causes creation of evanescent wave protruding 

only a few micrometers beyond the surface of ATR crystal. If the refractive index 

of sample be slower than that of the crystal, the light will be transmitted rather 

than internal reflectance. Although the extention of the evenescent wave depends 

on the type of crystals being used, the wave can protrude maximum between 0.5 μ 

-5 μ beyond the surface of the crystal into the sample. There are many kinds of 

materials used for ATR crystal such as diamond, amorphous material transmitting 

IR (AMTIR), germanium and silicon, however; the mostly used one is zinc 

selenide (ZnSe). ZnSe which is water resistant, cost effective and easly cleanable 

material for ATR. The distance that the wave extends from the crystal surface is 



 25 

about 1.66 m for ZnSe ATR crystal. The radiation that penetrates a fraction of a 

wavelength beyond the surface of the crystal enters the sample that is placed on its 

surface and therefore, there must be complete contact between sample and crystal 

surface (Figure 1.9 and Figure 1.10) (Perkin Elmer Life Sciences, 2005; Kazarian 

et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ATR is very applicable technique to different kinds of samples. A solid sample can 

be directly placed on ATR crystal with a pressure to obtain best contact for reliable 

FTIR spectra, while aqueous samples can be placed on crystal with a volume of a 

few microliters appropriate with their concentration. However cells are deposited 

onto crystal by evaporating the cell suspension buffer by nitrogen flux to obtain 

cell film (Peak, 2004). In the cell studies absolute absorbance can change as a 

Figure 1.9 ZnSe Diamond ATR attachment of Perkin Elmer Spectrum 100 FTIR 

spectrometer. 
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results of variation in the cell density, because the distribution of cells on the ATR 

crystal can not be adjusted accurately during cell film preparation. Therefore, 

absolute absorbance variation is usually corrected by the scaling of all spectra to 

be compared. The usual scaling criteria is the setting of the maximum absorbance 

of Amide I peak to 1 (Gaigneaux et al., 2006) Attenuated Total Reflection (ATR) 

mode of FTIR spectroscopy has wide range of application area like discrimination 

of normal and disease states (Bozkurt et al., 2010; Khanmohammadi et al., 2007), 

biodiagnostics and cell line classification (Ozek et.al., 2010; Gaigneaux et al., 

2006), investigation of cellular activation (Timlin et.al., 2009), characterization of 

stem cells in disease and healthy states (Aksoy C et.al., 2012), fingerprinting of 

microorganisms (Winder et al., 2004) and detection of microbial products (Bullen 

et al., 2008; Leitermann et al., 2008), structural analysis of proteins (Goldberg and 

Chaffotte, 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Schematic representation of ATR top plate (Perkin Elmer TCH 

material)  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bullen%20HA%22%5BAuthor%5D


 27 

1.8.2.2. Fourier Transform Infrared Microspectroscopy  

 

Fourier transform infrared (FTIR) microspectroscopy can be defined as a 

combination of an infrared spectroscopy with a microscope (Figure 1.11). FTIR 

microspectroscopy allows the detection of chemical species from a spatial region 

by combining spatial specificity with information on its chemical constitution. 

“The integration of a microscope into the FTIR spectrometer enables it to be used 

in an imaging mode to create micron-scale chemical maps of a multicomposite 

sample like single cell. This can be achieved by using a single point detector with 

an adjustable sampling aperture to define an area on the cell from which the 

spectral data can be acquired. The cell is then moved in small increments that 

complement the sampling aperture size, with an IR spectrum recorded at each 

increment, resulting in the IR chemical map. Thus, the lateral resolution of the IR 

map is defined by the sampling aperture size” (Gazi et al., 2005). Compared to 

standart methods of histology, cytology and biomedical microscopy, IR  spectral 

imaging offer the adventage of probing biochemical nature of cells with minimal 

sample preparation and without the use of dyes, stains and flourescent agents 

(Bechtel et al., 2009; Diem et al., 2004; Romeo et al., 2008). 

 

IR microspectroscopy of biological systems is a developing area to investigate 

cells in different stages such as their growth cycles (Matthaus et al., 2006), 

cancerous states (Dukor, 2002), contaminated states with pathogens 

(Erukhimovitch et al., 2003). IR microspectroscopy applications can be performed 

in transmission or reflection mode according to the optical properties of the sample 

(Bechtel et al., 2009). In transmission mode, sample or substrate are placed on an 

IR transparent microscope slides such as barium floride (BaF2), calcium floride 

(CaF2), ZnSe glass slides. In reflection mode measurements gold or silver coated 

substrates are used. In recent studies “low-e slides” of Kevley Technologies are 

used in transflection measurement. Low-e slides, coated with this silver tin oxide 
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(Ag/SnO2), are made of glass and they are similar dimension to traditional glass 

microscope slides. The slides are chemically inert and nearly transparent to visible 

ligth; however, mid infrared radiation is almost completely reflected. The ligth 

beam passes through the sample to the substrate, reflects off the silver surface, and 

passes through the sample a second time (Romeo et al., 2008). Sample preparation 

for microspectroscopic investigation of individual cells is composed of several 

steps as attachement of cells onto microscopic slides, fixatition of cells on slide, 

washing of fixed cells and drying. These steps were expressed as in methodology 

chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Perkin Elmer Spectrum Spotlight 400 imaging FTIR 

microscope. 
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1.8.3. Infrared Spectroscopy in Stem Cell Researches  

 

Over the last few years, there has been increased interest of biomedical 

applications of stem cells in therapeutic and regenerative medicine because of their 

significant role in tissue renewal and homeostasis with their unique capacity to 

differentiate into cell types. Such an inceasing interest on the therapeutic usage of 

stem cells, bring with its challenges, that have to be addressed before cell-based 

clinical applications, such as isolation, identification, purification and enrichment 

of stem cells (Pijanka et al., 2010; Chan et al., 2009). Identification of purity and 

differentiation stages of stem cells are greatest challanges of stem cell biology and 

regenerative medicine. The existing methods to carefully monitor and characterize 

the stem cells have some unwanted effects on the properties of stem cells and these 

methods also do not provide real-time information about cellular conditions. These 

challanges enforces the usage of non-destructive, rapid, sensitive, high quality, 

label-free, cheep and innovative chemical monitoring methods. Commonly used 

biological assays for stem cell analyses like fixation, staining and drying do not 

provide real time information and destroy cellular characteristics (Konorov et al., 

2011). Therefore, the development of new methods that are available to collect 

real-time biochemical information about living stem cells is important for clinical 

studies in regenerative medicine (Moody et al., 2010). Some spectroscopic 

methods can be successfully used to characterize the biochemical make-up of 

intact live stem cells in non-destructively and label-free manner (Pijanka et al., 

2010; Konorov et al., 2011). IR spectroscopy is complementary, label-free, non-

invasive and non-destructive vibrational spectroscopic techniques in which the 

optical signals is generated intrinsically from the sample to obtain information 

about relative concentrations and structure of macromolecules such as protein, 

lipids, carbohydrates and nucleic acids (Krafft et al., 2006; Diem et al., 2008). IR 

spectroscopy is very attractive method because of its great potential to identify 

similarities and differences between stem cell populations and stem cell lineages, 
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and the level of maturation and differentiation of stem cells, by determining their 

unique optical markers (Chan et al., 2009).  

 

Cells and tissues give complex infrared spectra with their complex biological 

nature. The infrared spectrum of cells and biological tissues is composed of 

summation of proteins, lipids, carbohydrates, sugars and nucleic acid 

contributions. Each component is assigned with a characteristic absorbtions in the 

mid-infrared region (4000–400 cm
-1

). The bands observed in within the 3000–

2800 cm
-1

 region are resulted from the symmetric and antisymmetric stretching 

vibrations of CH2 (2852 and 2922 cm
-1

) and CH3 (2874 and 2956 cm
-1

), 

respectively (Mantsch, 1984; Severcan et al., 2000; Severcan et al., 2003, Cakmak 

et al., 2006). The strong absorbtion band located 1735 cm
-1

 is associated with the 

C=O stretching vibration of ester groups. The frequency of this band is strongly 

affected by hydration (Melin et al., 2000; Cakmak et al., 2003; Severcan et al., 

2003). The most intense absorption bands are observed in 1800-800 cm
-1

 region. 

The band at 1650 cm
-1

 is attributed mainly from  the C=O stretching vibration of 

the amide C=O group and is termed as the amide I band. The frequency of this 

band can be used detailed analysis of  conformation of the protein secondary 

structure. Another amide mode of protein spectra is the amide II absorption band 

that is located between 1500–1560 cm
-1

 is associated with the N– H bending 

vibrations and the C–N stretching vibrations of proteins. Additional bands which 

are found at 1580 and 1400 cm
-1

 are assigned to the COO
-
 symmetric and 

antisymmetric stretching vibrations, respectively. These absorptions are related 

with the amino acids aspartate and glutamate (Manoharan et al., 1993, Haris and 

Severcan, 1999). Small numbers of very weak bands are observed between 1500–

1250 cm
-1

 region. The most distinct band is located at 1452 cm
-1

 which is 

characteristic of the CH2 bending vibration (Cakmak et al., 2003; Di Giambattista 

et al., 2011) and COO
−
 symmetric stretching vibrations of fatty acid and amino 

acid side chains, at around 1400 cm
−1

 (Peuchant et al., 2008; Cakmak et al., 2006; 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D
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Melchiori et al., 2010). There are two intense bands due to the symmetric and 

antisymmetric vibrational modes of phosphate groups (PO2
-
),

 
respectively. These 

are associated with the phosphodiester linkages of the polynucleotide chain and 

are assigned to symmetric (1085 cm
-1

) and antisymmetric (1225 cm
-1

) phosphate 

stretches. The frequency of these bands can provide information into head-group 

hydration (Rigas et al., 1990; Wong et al., 1991; Wang et al., 1997; Cakmak et al., 

2003). Carbohydrates give rise to strong bands between 1200 and 1000 cm
-1

. The 

band at 1152 cm
-1

 is due to stretching mode of the CO-O-C groups present in 

glycogen and nucleic acids (Rigas et al., 1990; Cakmak et al., 2003). The bands at 

1025 and 1045 cm
-1

 are attributed to the vibrational frequency of CH2OH groups 

and the C-O stretching frequencies coupled with C-O bending frequencies of the 

C-OH groups of carbohydrates (including glucose, fructose, glycogen, etc.) 

(Parker, 1971). The main absorption bands found within mammalian cells and 

tissues are displayed in band assignment table (Table 3.1). 

 

1.9. Aim of the Study  

 

Stem cell studies hold enormous potential for development of new therapies. 

Investigation of stem cells in normal developmental and physiological state as well 

as in pathological conditions may lead to understanding of disease pathogenesis 

and development of cellular therapies.  

 

Bone marrow mesenchymal stem cells (BM-MSCs), which are the main cellular 

components of the bone marrow (BM), have been deeply investigated in order to 

clarify their significant contributions to heamatopoietic stem cells (HSCs) and 

organ transplantation because of their intrinsic ability to differentiate into 

functional cell types and immunsuppressive properties. BM-MSCs provide a 

supportive microenvironment for maintanance of healthy heamatopoiesis. Their 

contributions in the prevention of bone marrow rejection by supporting and 



 32 

enhancing engraftment potential of newly developing hematopoiesis is very 

important that raises the question what type of cellular interaction is available in 

bone marrow microenvironment. The specific microenvironment in which HSCs 

interact with MSCs is called as stem cell niche that is important for heamatopoietic 

regeneration including erythropoiesis. BM-MSCs both provide the supportive 

microenvironmental niche for hematopoietic stem cells (HSCs) and facilitate HSC 

maintenance by secreting soluble factors and direct cell-to-cell contact.  

 

Beta thalassemia is a genetic based  hematological disease resulting from lack or 

reduced synthesis of -globin chains in hemoglobin because of partial or total 

mutations in the genes of these chains. The defect in hemoglobin cause deep 

anemic symptoms that leads to increased but non effective erythropoietic activity 

in bone marrow that is called as ineffective erythropoiesis. How cell-to-cell 

interactions between hematopoietic cells and BM-MSCs are effected during 

genetic based beta-thalassemia major ( -TM) disease condition have not been 

investigated yet. Within this context, in the first part of the study we aimed to 

investigate the molecular changes of BM-MSCs in -TM disease pathology by 

FTIR spectroscopy and microspectroscopy. We hypothesized that hematopoietic 

defect in -TM may induce changes in morphological, proliferative, differentiative 

and molecular properties of BM-MSCs as a result of cellular interactions between 

defective HSCs and healthy BM-MSCs.  

 

In the second part of the study we aimed to investigate the molecular level effects 

of donor age on BM-MSCs properties by means of FTIR spectroscopy and 

microspectroscopy. A complete characterization of the cellular, biochemical, and 

molecular interactions of MSCs with their niche components is needed to 

understand how these cells can be optimally regulated in vitro. Therefore; 

understanding the effect of donor age on efficiency of tissue homeostasis, disease 
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recovery and the success of therapeutic application has to be answered. In this 

context, we hyphothesized that infrared spectroscopy can be used as a new, non-

destructive research method that enables real-time chemical monitoring, high-

quality data collection with less experimental complexity to identify novel 

molecular marker(s) that reflects the stem cell aging.  
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CHAPTER 2 

 

 

MATERIALS and METHODS 

 

 

 

2.1. Materials 

 

2.1.1. Chemicals 

 

The list of used and their suppliers are given in Appendix A. 

 

2.1.2. Mesenchymal Stem Cells and Hematopoietic Stem Cells 

 

Human bone marrow aspirates (3-5 ml) which were obtained from posterior iliac 

crest of healthy bone marrow donors and patients with thalassemia major  were 

used as a source of BM-MSCs and HSCs. All samples were taken after signing of 

informed consent that were prepared according to procedures approved by the 

ethics commitee of the Hacettepe Univesity Childrens Hospital, BMT Unit 

Ankara, Turkey. 

 

2.1.2.1. Sampling Groups  

 

2.1.2.1.1. Study 1 

 

Human BM-MSCs were isolated from bone marrow samples of -TM patients 

before and after their BMT therapy. The aged matched healthy mesenchymal stem 
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cells were used as a control. The groups that were used to obtain BM-MSCs 

during this part of the study were ordered in below.   

 

Control Group (n=5): Aged matched healthy bone marrow donors. 

Pre-Transplant Group (n=5): Patients before BMT therapy.  

Post-Transplant Group (n=5): Same patients after BMT therapy. 

 

2.1.2.1.2. Study 2 

 

Human BM-MSCs of healthy donors from different ages were used in the second 

part of the thesis study. The BM-MSCs were grouped according to human life 

cycle and development stages. The groups that were used to obtain BM-MSCs 

during this part of the study were ordered in below.   

 

Infants: Ages were between 0-3 (n=5)   

Children: Ages were between >3-12 (n=5) 

Adolescents: Ages were between >12-19 (n=5)  

Early Adults: Ages were between >19-35 (n=5)  

Mid-Adults: Ages were between >35-50 (n=5) 

 

2.2. Methods 

 

2.2.1. Cell Culture Experiments 

 

2.2.1.1. Isolation and Cultivation of Mesencyhmal Stem Cells from Human 

Bone Marrow Samples 

 

Bone marrow aspirates (3-5 ml) were diluted in an equal volume of 0,9% 

phosphate buffer solution (PBS) (Sigma, USA). They were subjected to 
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fractionation on a density gradient solution Ficoll (1.077 g/l; Biochrom AG, 

Berlin, Germany) to obtain mononuclear cells (MNCs). MNCs were then washed 

twice with PBS and cultivated in complete medium contaning Dulbeco’s Modified 

Eagle Medium-Low Glucose (DMEM-LG; Biochrom AG, Berlin, Germany), 10% 

(vol/vol) Fetal Bovine Serum (FBS; Biochrom AG, Berlin, Germany), 1% 

(vol/vol) L-glutamine (0.584 g/l; Biochrom AG, Berlin, Germany), 1% (vol/vol) 

penicillin (100 units/ml) and streptomycin (100 g/ml) (Biochrom AG, Berlin, 

Germany), 0,1% (vol/vol) Leukemia Inhibitory Factor (LIF) (0,5 g/ml in 1% 

BSA solution; Invitrogen) at 37°C in a 5% CO2 environment to obtain primary 

BM-MSCs culture. After 24 hours non-adherent mononuclear cells were discarded 

and adherent primary MSCs called as passage 0 MSCs, were expanded by 

replacing culture medium twice a week. After the cells reached 80% confluency in 

2 weeks, they were detached with 3ml 0.25% Trypsin + 1mM EDTA in PBS for 

10 mins. The trypsinization was blocked with 10% FBS supplemented cmplete 

medium and then the cells were washed with PBS once and harvested with 

centrifugation at 1500 rpm for 5 minutes by using Eppendorf International 5810 

centrifuge. 3x10
5
 viable cells were plated per T75 culture flask for following 

passages. The cells were counted by Thoma Lam after mixing with trypan blue by 

considering their viability. All detailed investigations in scope thesis study were 

perfomed by using passage 3 BM-MSCs. 

 

2.2.1.2. Freezing and Storage of Bone Marrow Mesenchymal Stem Cells  

  

The cells were stored at -196°C in liquid nitrogen cooled special tank to use during 

thesis study. The cells were firstly suspended in freezing medium containing 10% 

(vol/vol) DiMethylSulfoxide (DMSO, Applichem, Germany) suplemented with 

20% (vol/vol) FBS and 70% (vol/vol) DMEM-LG on ice. Then the cell suspension 

was  aliquoted into cryovials (Greiner Bio-One) as 1x10
6 

MSCs/ 1 ml/ tube on ice. 
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Cryovials were placed in a Mr. Frosty freezing container (Nalgene Labware, 

Rochester, NY, http://www.nalgenunc.com) for 24 hours at -80
o
C. After Mr. 

Frosty was stored at -80°C overnight, cryotubes were transferred to -196°C liquid 

nitrogen tank for long term preservation. 

 

2.2.1.3. Characterization of Bone Marrow Mesenchymal Stem Cells  

 

2.2.1.3.1. Morphological Assessment  

 

BM-MSCs was evaluated in terms of their adherence onto the plastic surface of 

culture flask and fibroblast like morphology under inverted light microscopy.  

 

2.2.1.3.2. Differentiation Experiments  

 

Healthy and thalassemic BM-MSCs were induced for osteogenic and adipogenic 

differentiation by cultivating them into the special differentiation mediums during 

21 days.  

 

2.2.1.3.2.1. Adipogenic Differentiation  

 

After harvesting trypsinized BM-MSC (at P2) by centrifugation at 1500 rpm for 5 

mins by using Eppendorf International 5810 centrifuge, the trypsinization was 

blocked with 10% FBS supplemented complete medium and then cells were 

washed with PBS once and harvested with centrifugation by using Eppendorf 

International 5810 centrifuge at 1500 rpm for 5 minutes into cells. The washed 

cells were seeded in 6-well plates at a density of 25x10
3
 cells/well. The cells were 

expanded in complete medium until 90-100% conflueny. Then medium was 

removed and replaced with adipogenic induction medium including DMEM-LG 

(Biological Industries, Israil), 10% of Fetal Bovine Serum (FBS) (Gibco, USA),  

http://www.nalgenunc.com/
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1μM dexamethasone (Sigma, USA), 60 μM indomethacine (Sigma, USA), 500 μM 

IBMX (Sigma, USA) and 5 μg/ml insulin (Sigma, USA). The induction medium 

of wells was replenished every 3 days and also adipogenesis was followed by 

microscopic investigation during 21 days period. Meanwhile, the cells in control 

well were cultured for 21 days in low glucose DMEM with 10% FBS. At the end 

of differentiation period cells were stained with Oil Red O (Sigma,USA) to 

visualize adipogenic differentiation.  

 

2.2.1.3.2.1.1. Oil Red O Staining for Adipogenic Differentiation Assessment 

 

At specified time points,  adipogenic induction media was aspirated and the wells 

were washed with PBS buffer. The fixation of cells was done in 10% formol 

(Sigma, USA) for 20 mins at RT. After fixation, cells in each well were stained 

with 500 μl Oil Red O solution (Sigma, USA) by incubating at RT for 10 mins.  At 

the end of 10 mins, the Oil Red O Solution was aspirated and cells were rinsed 

gently with for dH2O two times. For picture capturing (Olympus, Japan), 1-2 ml 

dH2O was added into the wells. Then cells were rinsed and incubated for 1 hour 

with %2 igepal/isopropanol (v/v) (Sigma-Aldrich, USA; DOP Organik Kimya 

Sanayi, Turkey) for quantitative analysis of lipid droplets.  

 

2.2.1.3.2.2. Osteogenic Differentiation  

 

After harvesting trypsinized passage 2 BM-MSC by centrifugation at 1500 rpm 

(Eppendorf International 5810) for 5 mins, cells were washed with PBS and then 

seeded in 6-well plates at a density of 12.5x10
3
 cells/well. Cells were expanded in 

complete medium until 60-70% conflueny. Then medium was removed and 

replaced with osteogenic induction medium consisting DMEM-LG (Biological 

Industries, Israil), 10% of Fetal Bovine Serum (FBS) (Gibco, USA), 100 nM 

dexamethasone (Sigma, USA), 10 mM beta glycerophosphate (Sigma, USA) and 



 39 

0.2 mM ascorbic acid (Sigma, USA). Meanwhile, the cells in control wells were 

cultured for 21 days in low glucose DMEM with 10% FBS. The induction medium 

of wells was replenished every 3 days and also osteogenesis was followed by 

microscopic investigation during 21 days period. At the end of differentiation 

period cells were stained with Alizerin Red Stain (Sigma,USA) to visualize 

osteogenic differentiation.  

 

2.2.1.3.2.2.1. Alizerin Red Staining for Osteogenic Differentiation Assessment 

 

At specified time points,  osteogenic induction media was aspirated and the wells 

were gently washed with PBS buffer. The fixation of cells was done in 10% 

formol (Sigma, USA) for 20 mins at RT. After washing with dH2O, Alizarin Red 

solution (Sigma,USA) was left at room temperature in wells for 10 minutes. At the 

end of 10 mins, the stain was aspirated and cells were gently washed with dH2O 

for 3 times to remove any nonspecific staining. Then 1-2 ml distilled water was 

added to each well for imaging of stained area by microscopically (Olympus, 

Japan). 

 

2.2.1.3.3. Immunophenotyping of Bone Marrow Mesenchymal Stem Cells by 

Flow Cytometry 

 

2.2.1.3.3.1. Cell Surface Marker Staining  

 

The analysis of cell surface markers were studied by passage 3 BM-MSCs. The 

cells in T75 flasks were washed with PBS buffer for once and then trypsinized at 

37°C for 10 mins. The trypsinization was blocked with 10% FBS supplemented 

with complete medium and then washed with PBS once and harvested with 

centrifugation at 1500 rpm (Eppendorf International 5810) for 5 minutes into the 

falcon tubes. 
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Previously, trypsinized passage 3 BM-MSCs were separated into different flow 

cytometry tubes in 2ml PBS buffer at a density of 2x10
5
 cells/tube for specific cell 

surface marker staining. After centrifugation at 1500 rpm for 5 mins supernatant 

was removed and cell pellet was distributed by finger tapping. 100 μl PBS-BSA-

Na Azide and CD34 (BD Biosciences, USA), CD45 (BD Biosciences, USA), 

CD73 (BD Biosciences, USA), CD90 (BD Biosciences, USA), CD105 (E-

Bioscience, USA), CD133 (E-Bioscience), antibodies were added homogenized 

cell pellet and then tubes were incubated +4°C for 30 min by covering thinfoil. At 

the end of 30 mins incubation in dark, cells were washed twice with 2 ml PBS-

BSA-Na Azide and centrifuged at 1500 rpm (Eppendorf International 5810) for 10 

minutes. Finally, cells were resuspended in 200 μl PBS-BSA-Na Azide in FACS 

tubes and analyzed in FACS Aria (Becton, Dickinson Biosciences, USA). 

 

2.2.1.3.3.2. Flow Cytometry Analysis  

 

The analysis of cells was done according to 10.000 event count with the FACS 

Aria (Beckon Dickinson Biosciences, USA). The channel choice, gating and 

compensation adjustments were done related to sample and staining properties.The 

analysis of acquired data was carried out using BD FACSDiva Software v6.1.2 

(Becton, Dickinson Biosciences, USA). 

 

2.2.1.4. MTT (Thiazolyl Blue Tetrazolium Bromide) Proliferation Assay 

 

Passage 2 BM-MSCs were trypsinized and the trypsinization was blocked with 1 

complete medium. After the cells were washed with PBS once and harvested with 

centrifugation at 1500 rpm (Eppendorf International 5810) for 5 minutes into 

falcon tubes, they were seeded in a 96-well plates at a density of 1x10
4
 cells/well 

in 200 μl complete medium. Cultured cells were expanded in 5% CO2 incubator at 

37ºC to obtain passage 3 BM-MSCs which were used in MTT assay. One set of 
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wells with MTT and complete medium without cells were used as a blank control. 

20 μl MTT (5mg/ml in PBS) (Thiazolyl Blue Tetrazolium Bromide, Sigma-

Aldrich,USA) solution was added to each well at day 1, 3, 5, 7, 9 and 11 of 

culturing. After addition of MTT 96-well plate was covered with thinfoil and 

incubated for 4 hours at 37ºC in 5% CO2 incubator in dark. After incubation period 

was completed in dark side, the black formazan crystals were observed by  

inverted ligth microscope at the bottom of the wells. Once the incubation time was 

ceased, 100 μl sodium dodesyl sulphate (SDS) (Sigma-Aldrich,USA) was put into 

each well and then incubated at room temperature for 24 hours by covering the 

plate thinfoil. SDS which is defined as MTT solvent dissolves formazan cystals, 

producing a purple solution. At the end of incubation time, the absorbance of each 

well was measured at 620 nm using ELISA reader (Tecan Systems Inc., San Jose, 

CA, USA). 

 

2.2.1.5. Determination of Eythropoietin (EPO) and Growth Differentiation 

Factor 15 (GDF 15) Levels in Bone Marrow Plasma Samples 

 

Bone marrow samples of thalassemic patients and healthy donors were collected 

into heparin anticoagulant containing tubes. The tubes were centrifuges at 2500 

rpm (Eppendorf International 5810) for 15 minutes to obtain BM plasma samples. 

Quantification of EPO and GDF15 levels of BM plasma samples was performed 

by ELISA assays for human EPO (Quantikine IVD, R&D Systems, Minneapolis, 

USA) and for human GDF 15 (Quantikine IVD, R&D Systems, Minneapolis, 

USA) according to the instruction manual of manufacturer’s. While BM plasma 

samples were used immediately in ELISA assays, remaining plasma samples were 

stored at -20 ºC by aliquoting. 
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2.2.1.6. Analysis of Chimerism by Short Tandem Repeat Polymerase Chain 

Reaction (STR-PCR) 

 

Genomic DNAs were extracted from recipient and donor BM-MSCs samples 

using MagNA Pure Systems (Roche) according to the manufacturer’s 

recommendation.  AmpFlSTR  Identifiler amplification kit (Applied Biosystems) 

was used to perform STR-PCR. The kit amplifies 15 loci (CSF1P0, D7S820, 

D8S1179, D21S11, D2S1338, D3S1358, D13S317, D16S539, TH01, D1S51, 

D19S433, TPOX, vWA, D5S818, FGA and Amelogenin in a single tube and 

provides loci consistent with major world-wide STR databasing standards. PCR 

was performed using 1 ng of genomic DNA in a final reaction volume of 15 μl as 

suggested by the manufacturer. The PCR cycle conditions were: 95°C for 11 min, 

followed by 28 cycles with 94°C for 1 min, 59°C for 1 min and 72°C for 1 min. 

The final elongation step was 60 min at 60°C. The PCR products were analyzed 

with an ABI PRISM 310 DNA sequencer and GeneScan Analysis software 

(Applied Biosystems) as described in  the the instruction manual of 

manufacturer’s. Percentage donor chimerism was assumed from the peak area 

contributed by one heterozygous allele, visible distinct in the mixed profile, was 

identical to that area contributing to a mix ture of donor and recipient. Chimerism 

analysis was perfomed in DNA Analysis Laboratory of Hacettepe University 

Faculity of Medicine Department of Pediatric Hematology as a procurement of 

services. 
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2.2.2. Fourier Transform Infrared (FTIR) Spectroscopy and 

Microspectroscopy Experiments  

 

2.2.2.1.   Attenuated Total Reflectance (ATR-FTIR) Spectroscopy Study 

 

2.2.2.1.1. Sample Preparation  

 

In ATR-FTIR spectroscopy measurements, 2x10
6
 BM-MSCs at passage 3 were 

used. MSCs cells harvested by 5 mins centrifugation at 1500 rpm (Eppendorf 

International 5810) after 10 mins trypsin (0.25% Trypsin+1Mm EDTA) treatment 

at 37°C in a 5% CO2 environment. Then cell pellet was washed twice with 1ml 

0.9% PBS solution to remove all groving media. The cell pellet was re-suspended 

in 10 l 0.9% PBS buffer and then cell suspension was deposited on 

Diamond/ZnSe (Di/ZnSe) crystal plate of the Universal ATR unit of the FTIR 

spectrometer by rapidly evaporating using mild N2 flux during 30 mins to obtain a 

homogenous film of entire cells on ATR crystal.  

 

2.2.2.1.2. Data Acquisition and Spectroscopic Measurements 

 

Infrared spectra were obtained by scanning the prepared homogenous BM-MSCs  

film on Diamond/ZnSe (Di/ZnSe) crystal plate of the Universal ATR of Spectrum 

100 FTIR spectrometer in the one-bounce ATR mode (Perkin-Elmer Inc., 

Norwalk, CT, USA). The spectra were recorded in the 4000-650 cm
-1 

region at 

room temperature. A total of 100 scans were taken for each interferogram at 4 cm
-1

 

resolution. The spectrum of atmospheric water vapor and carbondioxide 

interference were recorded as background and then subtracted automatically using 

the Spectrum One Software program. Figure 2.1 shows the infrared spectrum of 

air. In order to prevent the contribution from the inorganic phosphate in PBS, 10 
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µl PBS buffer was first dried with nitrogen (N2) flux during 30 minutes and the 

buffer spectrum was subtracted from the cell spectra. Figure 2.2 shows the infrared 

spectra of the PBS buffer. Recording and analysis of the spectral data were 

performed using the Spectrum One Software from Perkin Elmer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Before the spectral analysis are performed, according to the requirements of 

analysis technique, some preprocessing steps are applied to the spectral data sets to 

make the spectra comparible. By these preprocessing approaches the number of 

variables can either be reduced to prevent overfitting. Baseline correction, which is 
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     Figure 2.1 Infrared spectrum of air. 
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mainly used to get rid of a sloping and curving baseline, is a wavelength-

dependent intercept and unique for each sample spectrum (Franke, 2006). The 

detailed data analysis and accurate determination of  the variations in band area 

values original base-line corrected spectrum was considered, while the band 

positions (frequency values) were measured according to the center of weight of 

the peaks from raw spectral data. All these mentioned quantitative analysis were 

performed on non-normalized but pre-processed average spectra. However, by the 

purpose of visual presentation of the differences, the average spectra of sampling 

groups were normalized with respect to the specific bands and information about 

the intensity of the spectrum is completely eliminated (Kramer, 1998).  
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Figure 2.2 The ATR FTIR spectrum of PBS buffer solution. 
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2.2.2.1.3. Statistical Analysis 

 

The results of spectral measurements were expressed as “mean ± standard error” 

values. The spectra were analyzed by using different spectral parameters like band 

frequencies, band widths and band areas. As first, the data were evaluated by 

normality test to decide whether the parametric or non-parametric statistical test to 

be used. Since the data showed normal distribution, they were compared to each 

other by using One Way Anova and Tukey Multiple Comparison Test by 

considering their statistical significances in terms of p<0.05, p<0.01, p<0.001. 

 

2.2.2.1.4. Cluster Analysis 

 

It was applied to find out spectral relationships among sampling groups that were 

investigated in the study.  The  first derivativative, vector normalized spectra were 

used in the cluster analysis by using OPUS 5.5 software (Bruker Optic, GmbH) in 

order to distinguish control and thalassemic MSCs, and also to distinguish MSCs 

belonging to different age groups. Cluster analysis is separated the spectra of 

samples according to their spectral similarities and differences. The result of the 

analysis are represented in the form a dendrogram. The change in variances 

between the spectra of samples is represented by heterogeneity values. Higher 

heterogeneity in between the clusters demonstrates higher differences among 

analyzed groups. Pearson’s correlation coefficients were used to measure the 

distances between the pairs of spectra. Ward’s algorithm was used to construct 

dendograms for hierarchical clustering. The details of the calculation and 

algorithm can be found in Severcan et al., 2010. 
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2.2.2.2. FTIR Microspectroscopic Study  

 

2.2.2.2.1. Slide Preparation 

 

2.2.2.2.1.1. Deposition and Fixatition of BM-MSCs on Low-e Microscope 

Slides 

 

Passage 3 BM-MSCs were trypsinized and after the tryspsin was blocked with 

10% FBS collected with centrifugation at 1500 rpm (Eppendorf International 

5810) for 5 mins, the cell washed with PBS once and then the two final washings 

were performed with serum physiologic solution to remove salt crystals. The cell 

pellet was dissolved in 1mL of culture medium and BM-MSCs were counted with 

thoma lam by using trypan blue. 25.000 MSCs were placed on silver (Ag/SnO2) 

coated low-e microscope slides and they were grown on at 37ºC in a 5% CO2 

environment by overnigth cultivation. At the end of cultivation time, MSCs on 

low-e microscope slide were fixed by 10% formalin for 10 minutes. In order to 

remove excess formalin, slides were washed with serum physiologic solution and 

then they were kept in dry environment to evaporate excess solution at room 

temperature for at least 1 hour.  

 

Fixation is a major issue after cells are deposited onto microscope slides. Air 

drying is a mild form of fixation and for further fixation some chemicals such as 

ethonol, methanol, acetone and formalin are used. Ethanol and methanol cause 

minor spectral changes because of removal of phospholipids and minor changes 

are observered in the main protein bands amide I and amide II (Romeo et al., 

2008). Acetone fixation decreases cell volume, breaks hydrogen bonds and causes 

coagulation of water-soluble proteins and  the destruction of cellular organelles 

(Hasting et al., 2008). Therefore, buffered formalin that preserves lipids and has 

little impact on carbohydrates is generally used for fixation of cells that will be 
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used in IR microscopy. 10% buffered solution of formaldehyde, is called as 

formalin, preserves protein secondary structure of cells and it does not harm the  

spectra of cells (Romeo et al., 2006). After fixation, cells have to be washed with 

deionized water or physiological saline solution (0.9 % NaCl) in order to prevent 

hemolysis. Then they have to be dried very quickly under a stream of dry and 

compressed air. The attachement of cells to the slide is so strong that they can be 

fixed onto the slide by chemically without dislodging them (Romeo et al., 2006; 

Romeo et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The low-e MirrIR slides are coated with Ag/SnO2 layer which provide reflectance 

property of slides. Infrared beam is reflected by Ag/SnO2 layer through a thin 

sample. Since the low-e slides are transparent in the visible region, before IR 

A B 

Figure 2.3 Inverted ligth microscopy images of BM-MSCs that were directly 

grown on silver coated low-e FTIR microscopy slides. A) Before formalin 

fixation. B) After formalin fixation.  
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imaging of cells samples can be examined by light microscope as it can be seen 

from Figure 2.3.  

 

2.2.2.2.2. Collection of Visible Images and Spectral Maps 

 

Perkin Elmer FTIR microscope coupled with Perkin Elmer Spotlight 400 software 

was used to map MSCs samples on slides. The microscope is equipped with a 

liquid nitrogen cooled MCT detector and a CCD camera to provide an optical 

image of the area under interrogation. An aperture size of 6.25μm X 6.25μm was 

used to obtain spectra from confluent monolayers. IR image maps were collected 

in the reflection mode through the spectral range between 4000-700 cm
-1

 with a 4 

cm
-1 

resolution and 32 scan numbers. Background spectra were collected from a 

separate piece of blank MirrIR low-e slide. At least 3 spectra were acquired from 

each sample.  

 

2.2.2.2.2.1. Selection of Spectral Images and Preprocessing of Spectral Data 

 

ISys software (Spectral Dimensions, Olney, MD, USA)  was  used  to  analyze  the 

conventional FTIR microspectroscopic data. ISys programme uses image files 

with the .spf extention, however; Perkin Elmer FTIR microscope coupled with 

Perkin Elmer Spotlight 400 software provides image files with .fsm extention. 

Therefore, at the beginnig of image data analysis with ISys software, the .fsm 

extended files were translated to .spf extended ones. Whole baseline correction 

were performed between 3800-800 cm
-1

 region. Then spectral masking was 

applied for analysis by using ISys software to get rid of the contributions from the 

surface around the cellular regions by marking the cells. The chemical maps were 

constructed for each group by taking area of specifically selected spectral bands 

arisen from lipids, proteins and nucleic acids. The integrated spectral regions for 
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the infrared bands that were used to determine distribution of functional groups 

were presented in Table 2.1. 

 

   Table 2.1 The integrated spectral regions  

 

Infrared Band Integrated Spectral Range (cm
-1

) 

CH2 antisymmetric stretching 2944-2880 

CH2 symmetric stretching 2864-2862 

Amide I 1712-1534 

Amide II 1534-1480 

PO2
-
 antisymmetric stretching 1272-1184 
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CHAPTER 3 

 

 

RESULTS 

 

 

 

Bone marrow mesenchymal stem cells (BM-MSCs) are found in BM 

microenvironment with other cells like hematopoietic stem cells as a main cellular 

supportive component. Therefore, prior to experiments BM-MSCs have to be 

isolated from bone marrow samples and then they have to be characterized. BM-

MSCs were characterized by their adherence to plastic surface of culture flask and 

their fibroblast like morphology under inverted light microscope according to the 

rules of ISCT (International Society for Cellular Therapy) (Horwitz et.al., 2005; 

Dominici et.al., 2006). These cells  have to be evaluated for their expression of 

CD73, CD90 and CD105 surface antigens and their capacity to differentiate into at 

least osteoblasts and adipocytes by standard differentiation inducing media 

(Dominici et.al., 2006) in order to be defined as MSCs. BM-MSCs that were used 

in the thesis study were characterized first in terms of their morphological, 

immunophenotypical and differentiation properties and then used in other 

experimental parts of the study.  

 

3.1. Harvesting of Mesenchymal Stem Cells from Bone Marrow Samples by 

Culturing 

 

As first, bone marrow MNCs were isolated from bone marrow aspirates by ficoll 

extraction method as stated in section 2.2.1.1. Then, MNCs were seeded in plastic 

culture flasks to obtain MSCs. At the first day of culturing of MNCs, 

hematopoietic progenitor cells and erythrocytes were observed as unattached 
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bright cells in flask. Culture media was aspirated and replenished with fresh media 

during two weeks to remove these concomitant cell types. While these 

contaminating cells were eliminated with the media replenishment, BM-MSCs 

were obtained by their plastic adherence property. These BM-MSCs were called as 

passage 0 (P0) cells (Figure 3.1).  
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Day 1 Day 3 

Day 14 Day 7 

Figure 3.1 Photomicrograph of healthy BM-MNCs in culture flask during their 

expansion phases to obtain P0 MSCs. A) MNCs after 24 hours, B) Newly formed 

fibroblast like MSCs around erythropoietic colony, C) Fibroblast like MSCs and 

brigth hematopoietic cells, D) Confluent MSCs colony.(Mag = 10X) 
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Further passaging was performed to obtain pure P3 BM-MSCs that were used in 

other experiments during the thesis study. In Figure 3.2, P1, P2 and P3 (passage 

number will be stated as P1, P2, e.g.) BM-MSCs populations could be observed. 

As can be seen from the Figure 3.2, while shiny hematopoietic cells were available 

in P1, they disappeared during proceeding passages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Healthy BM-MSCs at different passages. A) P1 MSCs with several 

round and shiny hematopoietic cells, B) P2 MSCs, C) P3 MSCs. (Mag = 10X) 

C 

A B 
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3.2. Characterization of Human Bone Marrow Mesenchymal Stem Cells  

 

Bone marrow mesenchymal stem cells from healthy and thalassemic bone marrow 

samples were isolated and characterized as mentioned in sections 2.2.1.1 and 

2.2.1.3. After BM-MSCs were isolated by their adherence to plastic surface of 

culture flask and their morphological characterization was performed by inverted 

light microscopy. They were also analyzed in terms of their expression of BM- 

MSCs’s surface markers by flow cytometry.  

 

3.2.1. Flow Cytometry Analysis of CD Marker Expression Profile of Bone 

Marrow Mesenchymal Stem Cells 

 

In the late passages, the genes that are involved in cell cycle, DNA replication and 

DNA repair are significantly down-regulated (Wagner et al., 2010). Passaging 

over and over can affect stem cell like potential of MSCs that they can loose their 

stemness properties (Yu et al., 2010), while early passages contain contaminating 

cells which decrease purity of MSC population. Therefore, both in the first and the 

second part of the thesis BM-MSCs were used in P3. 

 

Passage 3 BM-MSCs, which were used in the present study, were evaluated for 

their expression of MSCs surface antigens CD105, CD73, CD90, CD34, CD45. 

Both thalassemic and healthy BM-MSCs were positive for CD105, CD73 and 

CD90 antigens in 95%, while they showed lack of expression for heamatopoietic 

markers CD45, CD34, as stated in the definitions of ISCT for MSCs (Dominici et 

al., 2006). There was no difference in the levels of expressions of BM-MSCs 

specific surface antigens between P3 thalassemic and their healthy control BM-

MSCs (Figures 3.3, 3.4 and 3.5).  
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In the scope of second part of the thesis, P3 BM-MSCs obtained from different age 

donors showed same expression profile for surface antigens CD105, CD73, CD90, 

CD34, CD45. They expressed CD105, CD73 and CD90, while they did not show 

any expression for CD34 and CD45. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A                                              B  

Figure 3.3 The FSC/SSC parameters of passage 3 BM-MSCs A) Healthy BM-

MSCs; B) Thalassemic BM-MSCs.  

 

99% 99,4% 99,5% 

Figure 3.4 Surface antigen profile of healthy BM-MSCs at passage 3. 
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3.2.2. Differentiation Analysis of Bone Marrow Mesenchymal Stem Cells 

 

Healthy and thalassemic BM-MSCs, which were cultivated till P3 in six well 

culture dishes, were investigated in terms of their adipogenic and osteogenic 

differentiation potentials. 

  

3.2.2.1. Adipogenic Differentiation Analysis  

 

Mesenchymal stem cells can be differentiated into different lineages by using 

selective induction media supplemented with specific compounds at specific 

concentrations.  

 

In the first part of the thesis study, adipogenic differentiation potentials of P3 

thalassemic BM-MSCs before and after bone marrow transplantation therapy 

(BMT) and their healthy controls were examined by using specific adipogenic 

induction media. Adipocyte conversion of BM-MSCs by incubating with selective 

media takes 21 days. By the 6
th

 day of an induction, shiny lipid droplets started to 

be observed in the BM-MSCs. Throughout the induction period, the lipid droplets 

   Figure 3.5 Surface antigen profile of thalassemic BM-MSCs at passage 3. 

99,5% 99,5% 99,3% 
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became larger and increased in number. At the end of induction period, they filled 

the cytoplasm and Oil Red O staining were perfomed to evaluate adipocyte 

differentiation. Morphological assessment of induced cells was performed under 

inverted light microscope. Figure 3.6 shows adipogenic differentiation results of 

thalassemic BM-MSCs before and after BMT therapy and healthy control BM-

MSCs. There was no morphological difference for the adipogenic differentiation 

of healthy and thalassemic BM-MSCs. In the second part of the study adipogenic 

differentiation potentials of healthy BM-MSCs that were obtained from volunteer 

BM donors in different ages were compared. The results showed that BM-MSCs 

of younger and older donor groups differentiated into adipocytes (Figure 3.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Oil Red O staining of thalassemic and healthy control BM-MSCs at 

the end of 21 days. A) Healthy BM-MSCs, B) Thalassemic MSCs before 

transplantation, C) Thalassemic MSCs after transplantation. (Mag = 20X) 

A B C 
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3.2.2.2. Osteogenic Differentiation Analysis  

 

In the first and the second part of the thesis study, BM-MSCs were induced by 

using specific induction media for osteogenic differentiation during 21 days. By 

the 7
th 

day of induction, fibroblast like morphology of BM-MSCs started to change 

and they became larger, dark-colored calcium deposition was observed in cells. As 

the induction period continued, the number of amorphous calcium deposition 

increased and filled up the cell cytoplasm. At the end of induction period, calcium 

deposition in differentiated cells were observed by Alizerin Red staining as black 

crystals under inverted light microscope as an indicator of osteogenic 

Figure 3.7 Oil Red O staining of healthy P3 BM-MSCs at the end of 21 days A) 

Infants MSCs, B) children MSCs, C) adolescents MSCs, D) early adults MSCs, 

E) mid adults MSCs. (Mag = 20X) 

B C 

D E 

A 
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differentiation. The osteogenic differentiation results of thalassemic BM-MSCs 

before and after BMT therapy with their healthy control BM-MSCs are shown in 

Figure 3.8. The osteogenic differentiation of BM-MSCs that was obtained from 

different aged healthy donors is presented in Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Alizerin Red staining of thalassemic and healthy control BM-MSCs at 

the end of 21 days A) Healthy MSCs, B) Thalassemic MSCs before 

transplantation, C) Thalassemic MSCs after transplantation. (Mag = 20X) 

A B C 
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3.3. Results of Chimerism Analysis Following Bone Marrow Transplantation 

 

In the present study, chimerism analysis was performed by amplifying 15 STR loci 

in genomic DNA to determine whether BM-MSCs were of recipient or donor 

origin after bone marrow transplantation (BMT) therapy. STR-PCR is based on the 

amplification of tetranucleotide STR loci by PCR. Post-transplant DNAs of BM-

MSCs of our all 5 patients were obtained between +25 and +35 days after 

transplantation and they were used in chimerism test by comparing pre-transplant 

DNA of patients and DNA of donors. Our chimerism results showed that after 

BMT bone marrow MSCs were of patient origin while while complete donor type 

Figure 3.9 Alizarin Red staining of healthy P3 BM-MSCs at the end of 21 days. 

A) Infants MSCs, B) children MSCs, C) adolescents MSCs, D) early adults 

MSCs, E) mid adults MSCs. (Mag = 20X) 

 

A B C 

D E 
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hematopoietic engraftment was present in all patients.  The results of chimerism 

analysis revealed that BM-MSCs were of 100% patient origin while there were 

between 95% and 99% donor type HSCs engraftment in their bone marrows.   

 

3.4. FTIR Spectroscopy Results 

 

The thesis study was aimed to investigate molecular level differences or 

similarities in human BM-MSCs during human aging periods and thalassemia 

disease states. The FTIR spectrum of BM-MSCs represents many different 

functional groups belonging to many different macromolecules.  

 

Fourier-transform infrared (FT-IR) spectroscopic approach is very convenient to 

obtain quantitative and structural information about biological samples. The 

specific groups of atoms in the system are defined by specific infrared absorption 

bands that are assigned to specific vibrational modes of particular functional 

groups in molecule (Steele, 1971).  

 

Attenuated Total Reflection (ATR) mode of FTIR spectroscopy does not require 

detailed sample preparation procedure (Kazarian et al., 2006; Perkin Elmer Life 

and Analytical Sciences, 2005). ATR-FTIR is based on the total reflection 

phenomenon. When the radiation beam passes through an ATR crystal, it is 

internally reflected that causes creation of evanescent wave protruding only a few 

micrometers beyond the surface of ATR crystal. The distance that the wave 

extends from the crystal surface is about 1,66 m for ZnSe diamond ATR crystal. 

The radiation that penetrates a fraction of a wavelength beyond the surface of the 

crystal enters the sample that is placed on its surface (Perkin Elmer Life and 

Analytical Sciences, 2005). A solid sample can be directly placed on ATR crystal 

by applying a pressure to obtain best contact for realible FTIR spectra, however; 

cells are deposited onto crystal by evaporating the cell suspension buffer to form 
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cell film. When the infrared beam reflected through the ATR crystal, the sample 

absorbs a part of the radiation as a result of an interaction and the sample interface 

produces an absorbance spectrum (Kazarian et al., 2006; Gaigneaux et al., 2006). 

 

3.4.1. General FTIR Spectrum and Band Assignments of Thalassemic and 

Healthy Control Bone Marrow Mesenchymal Stem Cells  

 

Figure 3.10 shows the averaged representative infrared spectrum of thalassemic 

and healthy control BM-MSCs in the 3800-800 cm
-1

 region. The wavenumber 

(frequency) values of the bands at peak positions were used to assign the bands.  

The main bands are labelled with numbers in the figure and specific assignments 

of these spectral bands for BM-MSCs are listed in Table 3.1.  
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Table 3.1 General band assignment of human bone marrow mesenchymal stem 

cells. 

 

 

 

 

 

 

  

Peak 

No 

Wavenumber 

(cm
-1

) 
Definition of the sprectral assignments 

1 3330 
Amide A: N-H and O-H stretching vibrations of 

polysaccharides, proteins  

2 3065 Amide B: N-H vibrations of proteins 

3 3015 Olefinic =CH stretching: unsaturated lipids, cholesterol esters  

4 2957 
CH3 antisymmetric stretching: lipids, protein side chains, wih 

some contribution from carbohydrates and nucleic acids  

5 2924 
CH2 antisymmetric stretching: mainly lipids, with the little 

contribution from proteins, carbohydrates, nucleic acids 

6 2873 
CH3 symmetric stretching: protein side chains, lipids, with 

some contribution from carbohydrates and nucleic acids 

7 2852 
CH2 symmetric stretching: mainly lipids, with the little 

contribution from proteins, carbohydrates, nucleic acids 

8 1740 C=O stretching vibrations of triglycerides, cholesterol esters 

9 1639 Amide I: C=O stretching vibrations of proteins 

10 1545 Amide II: N-H bending and C-N stretching vibrations of  

11 1453 CH2 bending vibrations of lipids  

12 1402 COO
-
 symmetric stretching: fatty acid side chains  

13 1310 Peptide side chain vibrations 

14 1234 

PO
-
2 antisymmetric stretching: fully hydrogen bonded: 

mainly nucleic acids with the little contribution from 

phospholipids 

15 1152 
CO-O-C antisymmetric strectching vibraitions of glycogen 

and nucleic acid ribose 

16 1080 
PO

-
2 symmetric stretching: nucleic acids and phospholipids; 

C-O stretching: glycogen,polysaccharides, glycolipids  

17 1045 
CO stretching vibrations of carbohydrates, glycogen; 

deoxyribose/ribose of nucleic acids 

18 1025 Mainly from glycogen  

19 925 Sugar vibrations in backbone of DNA-Z form  

20 855 Vibrations in N-type sugars in nucleic acid backbone 
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3.4.2. Comparison of Spectra of Thalassemic and Healthy Control Bone 

Marrow Mesenchymal Stem Cells  

 

In the first part of the thesis study, the differences in the structure and the function 

of macromolecular components of healthy control BM-MSCs and thalassemic 

BM-MSCs before and after BMT therapy were investigated by FTIR spectroscopy 

and microspectroscopy. FTIR spectra of all samples were collected in 4000-650 

cm
-1

 frequency region. A detailed spectral analysis was performed in two separate 

regions, namely 3050-2800 cm
-1

,
 
1800-800 cm

-1
 (Figure 3.11 and Figure 3.12). As 

seen from these figures, thalassemic and healthy control BM-MSCs spectra 

substantially differ in band positions, band heights and band widths. The details of 

these differences between thalassemic and control BM-MSCs were discussed in 

Chapter 4 more specifically.  
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3.4.2.1. General Information about Numerical Comparisons of the Bands of 

Thalassemic and Healthy Control Bone Marrow Mesenchymal Stem Cells  

 

The spectrum of each sample was analyzed using Spectrum 100 Software by 

considering different spectral parameters such as band frequencies, band widths 

and band areas. The shift in the wavenumber (frequency) value of the spectral 

band at peak position gives information about the structure/conformation and 

intermolecular interactions (Jackson  et al., 1997; 1999; Toyran et al., 2003), while 

the area under the bands reflects the concentration of the related molecules 

(Freifelder, 1982; Toyran and Severcan, 2003; Toyran et al., 2004). The band area 

and band wavenumber values were expressed in terms of  “means and standard 

errors”. The baseline-corrected average spectra of each sample group were used to 

perform accurate measurements of the spectral parameters. However, all spectra 

represented in the figures were normalized with respect to the amide A band 

centered at around 3330 cm
-1

 for illustrative purposes. Then the data were 

evaluated by normality test in order to decide whether the parametric or non-

parametric statistical test to be used for an evaluation of statistical significancy. 

Since in the present study, the data showed normal distribution; spectral 

measurements were compared to each other by using One Way Anova and Tukey 

Multiple Comparison Post Test. Statistical significances were conveyed in terms 

of p<0.05, p<0.01, p<0.001. The changes in wavenumber and band area values are 

given in Table 3.2 and in Table 3.3, respectively.  
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3.4.2.2.  Detailed Spectral Analysis of Thalassemic and Healthy Control Bone 

Marrow Mesenchymal Stem Cells 

 

3.4.2.2.1. Comparison of Thalassemic and Healthy Control Bone Marrow 

Mesenchymal Stem Cells in the 3050-2800 cm
-1

 region 

 

The deconvolved and normalized averaged representative infrared spectra of 

thalassemic and control BM-MSCs in the 3050-2800 cm
-1

 region are shown in 

Figure 3.11. The spectra were normalized with respect to the amide A band 

located at around 3360 cm
-1

. The 3050-2800 cm
-1

 region contains some important 

bands. The band centered at 3015 cm
-1

 attributes C-H stretching mode vibrations 

of the H-C=C-H groups. This olefinic C-H stretching band is used to determine the 

level of unsaturation of phospholipid acyl chains (Takahaski et al., 1991; Melin et 

al., 2000; Liu et al., 2002; Severcan et al., 2005). As given in Table 3.3, there was 

a significant increase in the area of this band in pre-transplant group BM-MSCs 

(0.658±0.02) (p<0.01) with respect to the value of healthy control BM-MSCs 

(0.506±0.02). The area of this band was significantly lower in post-transplant 

group (0.538±0.02) (p<0.01) when compared to pre-transplant group (0.658±0.02).  

 

The other bands located at 2957 cm
-1

, 2924 cm
-1

, 2873 cm
-1

 and 2852 cm
-1

, 

belongs to CH3 and CH2 antisymmetrical, and CH3 and CH2 symmetrical 

vibrations, respectively (Melin et al., 2000; Chang and Tanaka, 2002; Cakmak et 

al., 2003; Severcan et al., 2003; Cakmak et al., 2006). The CH3 antisymmetric, the 

CH2 antisymmetric and the CH2 symmetric stretching bands originate mainly from 

lipids, the CH3 symmetric stretching band originates mainly from proteins 

(Mantsch, 1984; Severcan et al., 2000; Severcan et al., 2003; Cakmak et al., 

2006). As seen in Table 3.3, the area of CH3 antisymmetric, CH2 antisymmetric 

and CH2 symmetric stretching bands significantly (p<0.05) increased in pre-

transplant thalassemic BM-MSCs with respect to the control ones. However, after 
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BMT therapy we observed tendency to decrease in the area of these bands 

according to pre-transplant BM-MSCs.  

 

The shifts in the wavenumber values of the CH3 and CH2 antisymmetric, CH2 

symmetric stretching bands are related to the order/disorder states of membrane 

lipids (Toyran et al., 2004; Umemura et al., 2000). The changes in the frequency 

values of the band at 2957 cm
-1

 provides structural information about deep interior 

part of the membrane (Mantsch, 1984; Severcan et al., 1997). The wavenumber of 

this band tended to decrease both in pre (2957.194±0.173) and post-transplant 

(2957.228±0.156) BM-MSCs with respect to the healthy controls BM-MSCs 

(2957.428±0.124). The peak positions of CH2 antisymmetric and symmetric 

stretching bands determine degree of conformational order/disorder of the 

membrane structures and give information about the average trans/gauche 

isomerization of membrane fatty acids (Mantsch, 1984; Severcan et al., 1997; 

Bizeau et al., 2000). The reduction in CH2 antisymmetric stretching band 

frequency was significant in pre-transplant group (2923.88±0.144) (p<0.05) when 

compared with healthy control group (2924.68±0.342). The frequency of the CH2 

symmetric stretching band shifted to a lower values for the pre- and post-transplant 

groups according to the control group (Table 3.2).  

 

Table 3.2 Changes in the wavenumber values of some infrared bands for the 

healthy control, pre and post-transplant BM-MSCs. The values were shown as 

‘mean ±  standard error’ for each group. The degree of significance was denoted 

as: *p<0.05 with respect to the healthy control group. 

 

  
Healthy Control 

(n=5) 

Pre-Transplant 

(n=5) 

Post-Transplant 

(n=5) 

Wavenumber (cm
-1

) Band wavenumber 

2957 2957.428±0.124 2957.194±0.173 2957.228±0.156 

2924 2924.684±0.342 2923.88±0.144*  2924.316±0.122 

2852 2853.022±0.376 2852.514±0.034 2852.718±0.087 
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Table 3.3 Changes in the band area values of the infrared bands for control, pre 

and post transplant BM-MSCs.  The values were shown as ‘mean ± standard  

error’  for  each  group. The degree of significance was denoted as *p<0.05, 

**p<0.01, ***p<0.001 according to the healthy control group and
 †

p<0.05, 
††

p<0.01 according to the pre-transplant group.  

 

  Band Area 

Band 

No 

Band 

Wavenumber   

(cm-1) 

Healthy Control 

(n=5) 

Pre-Transplant 

Group (n=5) 

Post-Transplant 

Group (n=5) 

3 3015 0.506±0.02 0.658±0.02 **  0.538±0.02 
††

 

4 2957 1.522±0.097 1.958±0.074 *  1.766±0.123 

5 2924 2.510±0.09 3.172±0.118 *  2.890±0.177 

6 2873 0.334±0.01 0.424±0.016*  0.38±0.026 

7 2852 0.586 ±0.042 0.746±0.033 *  0.654±0.045 

8 1740 0.40±0.01 0.48±0.01 *  0.41±0.02 
†

 

9 1639 17.371±0.456 19.22±0.366 *  18.71±0.577 

10 1545 7.158±0.339 11.78±0.759 ***  10.07±0.484 **  

11 1453 1.584±0.108 2.606±0.124 ***  2.382±0.189 **  

12 1402 2.064±0.084 3.792±0.284 ***  3.37±0.221 **  

13 1310 1.234±0.042 2.294±0.227 **  1.898±0.178 *  

14 1234 1.904±0.173 3.704±0.286 **  3.29±0.359 *  

15 1152 0.634±0.114 1.996±0.141 ***  1,99±0.151 ***  

16 1080 1.452±0.066 3.107±0.046 ***  

2.852±0.092 ***  

                         
†

 

17 1045 1.594±0.132 3.616±0.126 ***  

2.938±0.114***  

                     
††

 

18 1025 1.594±0.109 3.77±0.203  ***  3.728±0.241 ***  

19 925 0.142±0.016 0.276±0.03 **  0.242±0.027 *  

20 855 0.068±0.004 0.094±0.017 0.088±0.008 
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3.4.2.2.2. Comparison of Thalassemic and Healthy Control Bone Marrow 

Mesenchymal Stem Cells in the 1800-800 cm
-1

 Region 

 

The 1800-800 cm
-1

 contains several bands that originate from the protein, 

carbohydrates, nucleic acid vibrational modes and from the interfacial and head 

group vibrational modes of the membrane lipids (Mendelsohn and Mantsch, 1986). 

Therefore, this region is called as fingerprint region. 

 

The band located at about 1740 cm
-1

 is assigned to the >C=O ester stretching 

vibration in phospholipids (Melin et al., 2000; Cakmak et al., 2003; Severcan et 

al., 2003). The area of this band was significantly higher in pre-transplant group 

BM-MSCs (0.48±0.01) (p<0.05) than the healthy controls (0.40±0.01). Following 

BMT therapy, significant decline was observed in the post-transplant group BM-

MSCs (0.41±0.02) (p<0.05) with respect to the pre-transplant group. 

 

The bands located at around 1639 cm
-1

 and 1545 cm
-1

 are attributed to the amide I 

and amide II vibrational modes of structural proteins, respectively. The band at 

1639 cm
-1 

(amide I) correspons to the C=O and C-N stretching (60%) modes of 

vibrations weakly coupled with the N-H bending (40%) of the polypeptide and 

protein backbone (Manoharan et al., 1993; Haris and Severcan, 1999). However; 

the band at 1545 cm
-1 

(amide II) correspons to the N-H bending (60%) and the C-

N stretching  (40%) modes of proteins (Melin  et  al., 2000; Takahashi et al., 1991; 

Wong et al., 1991; Haris and Severcan, 1999; Cakmak et  al.,  2003). The band 

area of amide I was significantly increased in pre-tranplant MSCs (19.22±0.366) 

(p<0.05) when compared with the healthy control values (17.37±0.456). The area 

of amide II band was significantly higher in both the pre-tranplant group MSCs 

(11.78±0.759) (p<0.001) and post-transplant group MSCs (10.07±0.484) (p<0.01) 

with respect to the healthy control group (7.158±0.339).  
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The CH2 bending vibrations of lipids are located at around 1453 cm
-1

 (Cakmak et 

al., 2003; Di Giambattista  et al., 2011) and COO
−
 symmetric stretching vibrations 

of fatty acid and amino acid side chains, at around 1400 cm
−1

 (Peuchant et al., 

2008; Cakmak et al., 2006; Melchiori et al., 2010). As can be seen from Table 3.3, 

there were significant (p<0.001) increase in the areas of these two bands both in 

the pre- and post-transplant group BM-MSCs. The band area values of post-

transplant group BM-MSCs diminished with respect to the pre-transplant group as 

a result of transplantation therapy. 

 

The band located at around 1310 cm
-1

 is attributed to amide II band components 

and peptide side chains of protein structures (Yang et al., 2005; Fujioka et al., 

2004; Richter et al., 2002). The area of this band showed significant increase in 

the pre-transplant (2.294±0.227) (p<0.01) and post-transplant group BM-MSCs 

(1.898±0.178) (p<0.05) with respect to the healthy control BM-MSCs 

(1.234±0.042).  

 

The bands, which are located in the region between 1300-1000 cm
-1

, provide 

insigth about several important macromolecules such as polysaccharides and 

phosphate carrying compounds like phospholipids and nucleic acids (Melin et 

al.,2000; Cakmak et al., 2003). The relatively strong bands at 1234 cm
-1

 and 1080 

cm
-1

 are mainly due to the antisymmetric and symmetric phosphate stretching 

modes, respectively. They are originated from phosphodiester groups in cellular 

nucleic acids in addition to phospholipids, respectively (Rigas et al., 1990, Wong 

et al, 1991; Wang et al, 1997; Cakmak et al., 2003). There were significant 

increases in the area values of phosphate antisymmetric stretching band (1234cm
-

1
) of pre-transplant (3.704±0.286) (p<0.01) and post-transplant BM-MSCs 

(3.29±0.359) (p<0.05) according to the healthy controls (1.904±0.173). Phosphate 

symmetric stretching band (1080 cm
-1

) area also showed significant increases in 

similar direction in the pre-transplant (3.107±0.046) (p<0.001) and post-transplant 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D
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BM-MSCs (2.852±0.092) (p<0.001). BMT therapy caused significant decrease in 

the area of this band in post-transplant group (2.852±0.092) (p<0.05) with respect 

to the control group (1.452±0.066). It has been reported that the three strong peaks 

at 1025, 1045, 1152 cm
-1

 as a spectral contribution of glycogen might mask the 

PO2
-
 symmetric stretching band (Chiriboga et al, 2000; Cakmak et al, 2006). The 

band at 1152 cm
-1

 is assigned to stretching mode of the CO-O-C groups in 

glycogen and nucleic acids (Rigas et al, 1990; Cakmak et al, 2003). As can be 

seen in Table 3.3, significant increases (p<0.001) were observed in the band area 

for pre- and post-transplant group BM-MSCs. The bands at 1025 cm
-1

 and 1045 

cm
-1

 are attributed to the vibrational frequencies of -CH2OH groups and the C-O 

stretching frequencies coupled with C-O bending frequencies of the C-OH groups 

of carbohydrates (including glucose, fructose, glycogen, etc. (Parker, 1971). We 

observed significant increases (p<0.001) in the area of the bands located at 1025 

cm
-1

 and 1045 cm
-1

 for pre- and post-transplant group BM-MSCs with respect to 

the healthy control BM-MSCs (Figure 3.12 and Table 3.3). 

 

The 1000-800 cm
-1

 wavenumber region is composed of spectral bands that are 

originated from the CO stretching vibrations of protein structures and the 

symmetric stretching mode of dianionic phosphate (PO3
-2

) monoester of nucleic 

acids especially for DNA (Taillandier et al., 1992; Sahu et al., 2004; Lee et al., 

2009). Relatively weak spectral bands were observed at about 925 cm
-1

 and 855 

cm
-1

 which were assigned as sugar vibrations in backbone of DNA-Z form and 

vibrations in N-type sugars in nucleic acid backbone, respectively (Banyay and 

Gräslund, 2003). The area of the band located at 925 cm
-1

 was significantly higher 

in the pre-transplant BM-MSCs (0.276±0.03) (p<0.01) and post-transplant 

(0.242±0.027) (p<0.05) when compared to the healthy control BM-MSCs 

(0.142±0.016). As seen in Table 3.3, there were non- significant increases in the 

area of 855 cm
-1

 band in pre and post-transplant groups with respect to the control 

group. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20SY%22%5BAuthor%5D
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The ratio of peak area values of the CH2 antisymmetric strectching band (2924 cm
-

1
) to the amide I (1639 cm

-1
) band was significantly higher (p<0.05) in the pre-

transplant group with respect to the control group MSCs (Table 3.4). The area 

ratio of the bands located at 1045 cm
-1

 and 1545 cm
-1 

provide an information about 

the carbohydrates such as glucose, fructose and glycogen etc. in the cells (Steiner 

et al., 2003). 

 

Table 3.4 Numerical summary of the detailed differences in the lipid-to-protein 

and carbohydrate-to-protein ratios of control and thalassemic BM-MSCs spectra. 

The values are the “mean ± standart error” for each sample. The degree of 

significance was denoted as *p<0.05 according to the healthy control group. 

 

 

3.4.2.3. Cluster Analysis  

The spectra of healthy, pre- and post-transplant group BM-MSCs showed 

considerable differences as it was observed from general representative spectra of 

thalassemic and healthy BM-MSCs in Figure 3.10. In this context, on the basis of 

spectral differences in ATR-FTIR data, hierarchical cluster analysis was employed 

to differentiate and characterize healthy, pre and post-transplant group BM-MSCs. 

The analysis was applied to first-derivative and vector normalized spectra 

belonging to the samples in three different regions namely 3050-800 cm
-1

, 3050-

2800 cm
-1 

and 1800-800 cm
-1

. The results of cluster analysis are demonstrated in 

Figure 3.13, 3.14 and 3.15.  As seen from the dendograms, all samples were 

Ratio of band areas 

 

Healthy Control 

(n=5) 

Pre-Transplant 

(n=5) 

Post-Transplant 

(n=5) 

(CH2 antisymmetric/ 

amide I) 0.142 ± 0.005 0.17 ± 0.007 *  0.154 ± 0.007 

(1045 cm-1/ amide II)  0.224 ± 0.022 0.316± 0.032 *  0.294 ± 0.012 
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successfully distinguished for three different spectral regions. Higher 

heterogeneity in cluster analysis demonstrates higher differences between 

sampling groups. The heterogeneity value obtained from the cluster analysis in the 

3050-800 cm
-1

 region was 1.2, in the 3050-2800 cm
-1

 region was 2 and in the 

1800-800 cm
-1 

region was 1.6. Macromolecular alterations that were observed 

from the spectral changes among control, pre- and post-transplant group BM-

MSCs were clarified and supported by cluster analysis. As seen from Figure 3.13, 

there was only one misclassification in the cluster analysis belonging to the 3050-

800 cm
-1

 region. One of the sample from pre-transplant group that was marked 

with ‡ mixed into post-transplant group. There were two misclassification in the 

cluster analysis of the 1800-800 cm
-1

 region that is presented in Figure 3.15. One 

sample from the control group and one sample from the post-transplant that were 

marked with # mixed into pre-transplant group. These results revealed that 

different groups can be successfully differentiated based on the spectral changes 

obtained from ATR-FTIR spectroscopy by cluster analysis. 
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Figure 3.13 Hierarchical cluster analysis performed on the first-derivative and 

vector normalized spectra of control, pre- and post-transplant group BM-MSCs 

and resulting from Ward’s algorithm. The analysis was applied in the 3050-800 

cm
-1

 spectral region. The mixed sample was marked with ‡.  

 

‡ 
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Figure 3.14 Hierarchical cluster analysis performed on the first-derivative and 

vector normalized spectra of control, pre- and post-transplant group BM-MSCs 

and resulting from Ward’s algorithm. The study was applied in the 3050-2800 cm
-

1
 spectral region. 
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Figure 3.15 Hierarchical cluster analysis performed on the first-derivative and 

vector normalized spectra of control, pre and post-transplant group BM-MSCs and 

resulting from Ward’s algorithm. The study was applied in the 1800-800 cm
-1

 

spectral region. The mixed samples were marked with #. 
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3.4.2.4. FTIR Microspectroscopic Analysis and Comparison of Thalassemic 

and Healthy Control Bone Marrow Mesenchymal Stem Cells 

 

FTIR microspectroscopy provides spatially resolved information on unstained thin 

tissue samples or cell monolayers by allowing the generation of IR images with 

high image contrast. Unlike staining  techniques, IR spectroscopy with its label-

free, non-invasive and non-destructive properties generates information about 

relative concentrations and structure of macromolecules by considering alterations 

in the infrared spectra and the specific heterogeneties (Krafft et al., 2006, Diem et 

al., 2008). In this context, “FTIR imaging contains a multiplicity of contrast 

yielding mechanisms that are derived from variations in the chemical composition, 

without  the addition of extrinsic markers or stains” (Lester et al., 1998).  

 

In the first part of the study, the chemical maps of thalassemic and healthy control 

BM-MSCs were obtained by FTIR microspectroscopy to get functional group 

images of the main biological molecules of interest. Figures 3.16, 3.17, 3.18 and 

3.19 show the chemical maps of pre-transplant, post-transplant thalassemic and 

healthy MSCs. These figures were obtained using high resolution aperture size 

(6.25µm x 6.25µm pixel size). Chemical maps that are obtained from IR 

microspectroscopy allow us to track the distribution of chemical entities in 

accordance with their relative absorbance intensity level for a chosen wavenumber 

in a pixel-by-pixel fashion. In the chemical maps, the absorbance intensity is 

proportional with the color changes that are represented by color scales from blue 

(lowest intensity) to red (highest intensity). 

 

The average colored chemical maps of lipids which was derived from the peak 

integrated areas of the CH2 antisymmetric stretching and CH2 symmetric stretching 

bands are seen in Figure 3.16 and 3.17, respectively. Each chemical map is 

composed of thousands of spectra. The mean area values of mentioned bands from 
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the highest (red color) to lowest (blue color) concentrations are demonstrated by 

absorbance values in color bars. As seen from the figures and the mean absorbance 

values stated under the figures, lipid concentration of thalassemic BM-MSCs were 

higher than healthy MSCs. Lipid contents in post-transplant group decreased after 

BMT therapy. The changes in the lipid content that were obtained by IR 

microspectroscopy similar with the ATR-FTIR spectroscopy results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

         Control                 Pre-transplant           Post-transplant   

         0.54±0.25                   0.68±0.23                     0.61±0.21 
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Figure 3.16 Spectral image maps of control, pre- and post-transplant BM-MSCs, 

which were derived from the peak integrated areas of CH2 antisymmetric 

stretching band, reflect lipid distribution in cells. Mean absorbance values of each 

map was given under the maps. 
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The protein distributions in control, pre- and post-transplant group BM-MSCs are 

seen in Figure 3.18A and 3.18B. Chemical maps were derived by calculating 

integrated area values of  the amide I and amide II vibrational modes of structural 

proteins, respectively. The absorbance values reflected that the protein content in 

the BM-MSCs was higher in pre-transplant group BM-MSCs and decreased 

following BMT therapy. The results of FTIR imaging supported the results of 

ATR-FTIR spectroscopy. 

 

 

 

Figure 3.17 Spectral image maps of control, pre and post transplant BM-MSCs, 

which were derived from the peak integrated areas of CH2 symmetric stretching 

band, reflect lipid distribution in cells. Mean absorbance values of each map was 

given under the maps. 

                 Control                 Pre-transplant          Post-transplant   
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Figure 3.18 Spectral image maps of control, pre and post transplant BM-MSCs. 

A) Chemical maps were derived from the peak integrated areas of amide I and B) 

chemical maps were derived from the peak integrated areas of amide II band, 

reflect protein distribution in cells. Mean absorbance values of each map was 

given under the maps. 

 

 

A 
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The distribution of nucleic acids in BM-MSCs is given in Figure 3.19. Chemical 

maps of thalassemic and healthy control BM-MSCs were derived by calculating 

integrated band area value of  PO2
-
 antisymmetric band. As it can be seen from the 

figure, the nucleic acid content in the BM-MSCs was the highest in pre-transplant 

group BM-MSCs and decreased after BMT therapy. These results are in agreement 

with the results of ATR- FTIR imaging data  
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Figure 3.19 Spectral image maps of control, pre and post transplant BM-MSCs, 

which were derived from the peak integrated areas of PO2
-
 antisymmetric 

stretching band, reflects nucleic acid distribution in cells. Mean absorbance 

values of each map was given under the maps. 
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3.4.3. Comparison of Spectra of Bone Marrow Mesenchymal Stem Cells from 

Different Age Groups 

 

In the second part of the thesis study, molecular level differences or similarities 

between healthy BM-MSCs from different age groups were investigated by FTIR 

spectroscopy and microspectroscopy.  

 

3.4.3.1. General Information about Numerical Comparisons of the Bands of 

Bone Marrow Mesenchymal Stem Cells from Different Age Groups 

 

The spectrum of each sample was analyzed by Spectrum 100 Software by 

considering different spectral parameters like band frequencies, band widths and 

band areas that were expressed in terms of “means and the standard errors”. Then 

the data were evaluated by normality test in order to decide whether the parametric 

or non-parametric statistical test to be used. Since the data showed normal 

distribution, spectral measurements were compared to each other by using One 

Way Anova and Tukey Multiple Comparison Test. Statistical significances were 

conveyed in terms of p<0.05, p<0.01, p<0.001. The changes in band area values 

are given in Table 3.5 

 

3.4.3.2.  Detailed Spectral Analysis of Bone Marrow Mesenchymal Stem Cells 

from Different Age Groups 

 

Figure 3.20 shows the general representative FTIR spectrum of the healthy human 

BM-MSCs from different age donors in 3800-800cm
-1

 spectral region. As can be 

seen from the quite complex spectrum that contains several bands representing 

many different functional groups of lipids, proteins, carbohydrates and nucleic 

acids. The positions of these bands are assigned in Table 3.1. The spectra of BM-

MSCs from all age groups were analyzed in two major regions; 3050-2800 cm
-1
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and 1800-900 cm
-1

. The baseline-corrected average spectra were used to perform 

accurate measurements of the spectral parameters like band frequencies, band 

widths and band areas. All spectra presented in the figures were normalized with 

respect to the amide A band centered at around 3330 cm
-1

 for illustrative purposes. 

 

3.4.3.2.1. Comparison of Bone Marrow Mesenchymal Stem Cells from 

Different Age Groups in the  3050-2800 cm
-1

 region 

 

Figure 3.21 represents the deconvolved and normalized FTIR spectra of BM-

MSCs from five different age groups in the 3000-2800 cm
-1

 region. This region 

contains five main bands belonging to stretching modes of the olefinic =CH, CH2 

and CH3 groups of unsaturated and saturated lipids. The bands at 2957 cm
-1

 and 

2873 cm
-1

 are assigned to the CH3 antisymmetric and symmetric stretching 

vibrations. The CH3 antisymmetric streching band originates mainly from lipids, 

whereas CH3 symmetric stretching bands originates with th contribution of 

proteins (Cakmak et al., 2011; Gorgulü et al., 2007; Takahashi et al., 2001). The 

CH2 antisymmetric and symmetric stretching vibrations of methylene (-CH2) 

groups of fatty acids are located at around 2924 and 2852 cm
-1

, respectively 

(Kneipp et al., 2002; Melin et al., 2000; Cakmak et al., 2003). 
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The band area values under the spectral bands gives us an information about the 

concentration of the corresponding functional groups (Kneipp et al., 2002; Bruno et 

al., 1999; Krafft et al., 2007; Manoharan et al., 1993). As can ben seen in Table 3.5, 

the band area values of the CH3 antisymmetric stretching band at 2957 cm
-1

 was 

significantly higher in the children group (p<0.01) and adolescents group (p<0.001) 

with respect to the infants group. The area of this band decreased significantly in 

early adults (p<0.01) and mid adults BM-MSCs (p<0.01) in comparison to the area of 

children group BM-MSCs. The area of this band decreased significantly in early 

adults (p<0.001) and mid adults BM-MSCs (p<0.001) according to the area of 

adolescents groups MSCs.   

 

As  seen  from  Figure 3.21 and Table 3.5, the area of the CH2 antisymmetric 

stretching band of BM-MSCs increased significantly in the children group (p<0.001) 

and the adolescents group (p<0.001) with respect to the infants group. Meanwhile, 

the area of this band decreased significantly in early adults (p<0.001) and mid adults 

(p<0.001) when they were compared with the area of children and adolescents groups 

BM-MSCs. 

  

As it is given in Table 3.5, the area values of the CH3 symmetric stretching band were 

higher in children (p<0.05) and adolescents (p<0.01) groups with respect to the 

infants group BM-MSCs. The area of this band decreased in early adults BM-MSCs 

(p<0.05) and mid adults BM-MSCs (p<0.05) according to the value of children 

groups BM-MSCs. Similarly, the area of this band decreased in early adults BM-

MSCs (p<0.01) and mid adults BM-MSCs (p<0.001) according to the value of 

adolescents groups BM-MSCs. 

 

The CH2 symmetric stretching band area was higher in adolescents group BM-MSCs 

(p<0.01) with respect to infants groups BM-MSCs. The band area degrees decreased 
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in early adults BM-MSCs (p<0.01) and mid adults BM-MSCs (p<0.05) with respect 

to children group BM-MSCs. The band area value of mid adults BM-MSCs 

decreased significantly (p<0.05) when compared with the area value of adolescents 

group (Table 3.5). 
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3.4.3.2.2. Comparison of Bone Marrow Mesenchymal Stem Cells from Different 

Age Groups in the 1800-800 cm
-1

 region 

 

In Figure 3.22, the 1800-900 cm
-1

 spectral region is shown. This region contains 

vibrational modes of several distinct functional groups belonging to lipids, proteins, 

carbohydrates and nucleic acids. The band centered at 1740 cm
-1

 is associated with 

C=O stretching vibrations of esters bonds of tryglycerides (Mantsch, 1984; Steiner et 

al., 2003; Cakmak et al., 2006). As it is given Table 3.5, the band area values of this 

band were higher for children and adolescent group BM-MSCs than the infants, early 

and mid adults BM-MSCs non-significantly. However, such an unsignificant increase 

is in the same direction with the band area changes of other lipid bands located at 

3000-2800 cm
-1

 spectral region.  

  



 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 94 

The amide I band is located in the same region at around 1639 cm
-1

 which arises 

from the C=O hydrogen bonded stretching
 
and C=N bending vibrations (60%) 

weakly coupled with the N-H bending (% 40) of polypeptides and protein 

backbone. The another protein band, which is called as amide II at 1545 cm
-1

, is 

assigned to the C-N stretching (40%) and NH bending vibrations (60%)  

(Manoharan et al., 1993; Haris and Severcan, 1999).
 
As it is shown in the Figure 

3.22 and Table 3.5, amide I band and amide II band area values of BM-MSCs 

were higher in children and adolescents groups than infants, early and mid adults 

groups. The increases in the area of amide I band were significant in children 

(p<0.001) and adolescents (p<0.001). However, significant decreases were 

observed in the amide I band area of early adults MSCs (p<0.001) and mid adults 

BM-MSCs (p<0.001) with respect to the area of children BM-MSCs. The amide I 

band area also decreased significantly in mid adults BM-MSCs (p<0.001) 

according to the adolescents BM-MSCs. Amide II band area value of adolescents 

BM-MSCs were higher significantly (p<0.001) when compared with the value of 

infants BM-MSCs. The area of amide II band, significanty decreased in early 

adults (p<0.001) and mid adults (p<0.001) according to the children and 

adolescents BM-MSCs.  

 

From the FTIR spectrum, a precise lipid-to-protein ratio can be derived by 

calculating the ratio of the areas of the bands arising from lipids and proteins. The 

ratio was calculated as the ratio of the sum of the areas of the CH2 antisymmetric 

and CH2 symmetric stretching bands to the area of the amide I band, which was 

non-significantly lower in adolescents’s BM-MSCs (0.198±0.007) when it was 

compared with infants’s BM-MSCs (0.211±0.011), children’s BM-MSCs 

(0.202±0.005), early adults’s BM-MSCs (0.216±0.006) and mid adults’s BM-

MSCs (0.222±0.004). The decrease in the lipid to protein ratio reflected that there 

was a more pronounced increase in protein content than an increase in the lipid 

content. Elevated levels of lipid and protein contents in the adolescents BM-MSCs 
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with respect to the other groups were supported by the results of lipid to protein 

ratio.  

 

There were non-significant increases in the area of CH2 bending vibration of lipids 

at 1453 cm
-1

 for children and adolescents BM-MSCs (Table 3.5) (Cakmak et al., 

2003; Manoharan et al., 2003). However, the area value of the band decreased 

significantly in early adults BM-MSCs (p<0.05) and mid adults BM-MSCs 

(p<0.01) with respect children BM-MSCs. Significant decreases in the area of this 

band of early adults BM-MSCs (p<0.01) and mid adults BM-MSCs (p<0.001) 

were also observed according to adolescents BM-MSCs (Table 3.5). 

 

The band at 1401 cm
-1 

corresponds to the stretching vibration mode of C=O in the 

COO
-
 group of amino acid side chains and fatty acids (Krafft et al., 2007; Parker, 

1971). The area of this band was higher in children and adolescent BM-MSCs than 

the infants, early and mid adults BM-MSCs. Area of this band decreased 

significantly in mid adults BM-MSCs (p<0.05) with respect to children and 

adolescent BM-MSCs.  

 

The band at 1310 cm
-1

 is assigned to amide III band components and peptide side 

chain vibrations of protein structures (Yang et.al., 2005; Fujioka et al., 2004; 

Richter et al., 2002). BM-MSCs of children and adolescents demonstrated higher 

band area values, while significant decreases were observed in the area of mid 

adults BM-MSCs (p<0.05) with respect of children and adolescent BM-MSCs.  

 

The strong bands at 1234 cm
-1

 and 1080 cm
-1

 arise from antisymmetric and 

symmetric stretching vibrations of phosphodiester groups that are present in the 

phosphate moieties (PO2
-
) of nucleic acid backbone structures and phospholipids 

(Melin et al., 2000, Rigas et al., 1990). Children and adolescents BM-MSCs had 

significantly (p<0.01) higher PO2
-
 antisymmetric stretching band area values with 



 96 

respect to the infants BM-MSCs. As it is illustrated in Table 3.5, the lower band 

area values for PO2
-
 antisymmetric stretching band in early and mid adults BM-

MSCs were significant (p<0.001) according to the children and adolescents BM-

MSCs. Similar band area alterations were observed in the PO2
-
 symmetric 

stretching band is located at around 1080 cm
-1

. There was a significant decrease in 

the band area degree of early adults and mid adults BM-MSCs (p<0.05) with 

respect to children and adolescents BM-MSCs. 

 

The area of the band at 1152 cm
-1

, which is due to stretching mode of the C-O-O-

C groups existing in glycogen and nucleic acids (Rigas et al., 1990; Cakmak et al., 

2003), was higher in children and adolescents BM-MSCs. The band area of early 

adults (p<0.01) and mid adults (p<0.01) BM-MSCs tended to decrease 

significantly when compared with the band area values of infants, children and 

adolescents BM-MSCs. The other two bands located at about 1025 cm
-1

 and 1045 

cm
-1

 are attributed  from the vibrational frequency of -CH2OH groups and the C-O 

stretching frequencies coupled with C-O bending frequencies of the C-OH groups 

of carbohydrates (including glucose, fructose, glycogen, etc.) (Parker, 1971). As it 

is given in Table 3.5, while increases in the area values of 1045 cm
-1

 band of 

children (p<0.01) and adolescents (p<0.001) were significant with respect to 

infants BM-MSCs, early adults (p<0.01) and mid adults (p<0.05) BM-MSCs 

showed significant decreases with respect to the infants BM-MSCs. We also 

observed significant decreases in the area of this band in early adults (p<0.001) 

and mid adults (p<0.001) BM-MSCs according to the band area values of children 

and adolescents BM-MSCs. Children (p<0.05) and adolescents (p<0.001) BM-

MSCs had also significantly higher intensity values for 1025 cm
-1

 band than 

infants. On the contrary, early adults (p<0.01 and p<0.001) and mid adults 

(p<0.01) BM-MSCs had lower band areas according to the children and 

adolescents BM-MSCs, respectively.  
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The two bands at about 925 cm
-1 

and 855 cm
-1

 are assigned to sugar vibrations in 

left handed Z type DNA (Dovbeshko et al., 2002). The area of these bands 

increased in adolescent BM-MSCs significantly (p<0.05), (p<0.01) according to 

the infants BM-MSCs. However, in early adult (p<0.05) and mid adults BM-

MSCs (p<0.05) band area values decreased significantly with respect to the 

adolescent BM-MSCs.  

 

3.4.3.3.   Cluster Analysis 

 

The spectra of BM-MSCs of infants, children, adolescents, early and mid adults 

shows considerable differences as can be seen from Figure 3.20. Therefore, 

hierarchical cluster analysis was employed to discriminate and characterize BM-

MSCs belonging to the different age groups healthy donors by evaluating the 

spectral differences in ATR-FTIR data. The analysis was applied to first-derivative 

and vector normalized spectra of twenty-five independent spectra of five sampling 

groups in three different regions 3000-800 cm
-1

, 3000-2800 cm
-1 

and 1800-800 cm
-

1
. The results of cluster analysis are demonstrated in Figures 3.23, 3.24 and 3.25. 

As seen from the dendograms, all samples were successfully distinguished for five 

different spectral regions. Higher heterogeneity value in cluster analysis 

demonstrates higher differences among analyzed groups. The heterogeneity value 

obtained from the cluster analysis in the 3000-800 cm
-1 

region was 1.4 and one 

sample from children group that was marked with # mixed into the adolescents 

(Figure 3.23). The heterogeneity value of cluster analysis was 1 for 3000-2800 cm
-

1
 region and was 1.4 for 1800-800 cm

-1
 region. As seen from these two 

dendograms, all samples were successfully distinguished for five sampling groups 

as in distinct clusters. Cluster analysis verified and strengthened the spectral 

differences that reflected significant macromolecular alterations among MSCs of 

infants, children, adolescents, early and mid adults.  
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Figure 3.23 Hierarchical cluster analysis performed on the first-derivative and 

vector normalized spectra of BM-MSCs of infants, children, adolescents, early 

and mid adults, and resulting from Ward’s algorithm. The study was conducted 

in the 3000-800 cm
-1

 spectral region. 
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Figure 3.24 Hierarchical cluster analysis performed on the first-derivative 

and vector normalized spectra of BM-MSCs of infants, children, adolescents, 

early and mid adults, and resulting from Ward’s algorithm. The study was 

conducted in the 3000-2800 cm
-1

 spectral region. 
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Figure 3.25 Hierarchical cluster analysis performed on the first-derivative and 

vector normalized spectra of BM-MSCs of infants, children, adolescents, early 

and mid adults, and resulting from Ward’s algorithm. The study was conducted 

in the 1800-800 cm
-1

 spectral region. 
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3.4.3.4. FTIR Microspectroscopic Analysis and Comparison of Bone Marrow 

Mesenchymal Stem Cells from Different Age Groups  

 

The C-H region was used to evaluate the total lipid content in the cells. The 

another band in this region is CH3 symmetric stretching band located at 2873 cm
-1

 

that is mainly resulted from proteins. Since this band is very weak, the CH region 

is concidered in terms of contribution of lipid bands. The average maps were 

colored according to the peak integrated areas of CH2 antisymmetric and CH2 

symmetric stretching bands that are two main lipid bands located in C-H region. 

While red color corresponds to the highest ratio and blue color corresponds to the 

lowest ratio in the color bar. The mean absorbance values of each map stated 

under the figures. As it can be seen from the Figures 3.26 and 3.27, lipid 

concentration of adolescent BM-MSCs was the highest value supporting to the 

ATR-FTIR spectroscopy results. 
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Figure 3.26 Spectral image maps of BM-MSCs from five different age groups, 

which were derived from the peak integrated areas of CH2 antisymmetric 

stretching band, reflect lipid distribution in cells. Mean absorbance values of 

each map was given under the maps. 
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In order to examine protein distribution in BM-MSCs, chemical maps of cells 

were constituted according to the integrated band area of amide I and amide II 

bands from IR images.  Figure 3.28 and Figure 3.29 show amide I and amide II 

band area images, respectively. The difference in the protein contents can be 

understand from the values of band areas that were stated under the chemical maps 

of each group, in addition to the representative differences among chemical maps. 

The absorbance values reflected that the protein content in the adolescents was 

higher then the other sampling groups. The results of FTIR imaging are in 

agreement with the results of ATR-FTIR spectroscopy. 

 

 

 

Figure 3.27 Spectral image maps of BM-MSCs from five different age groups, 

which were derived from the peak integrated areas of CH2 symmetric stretching 

band, reflect lipid distribution in cells. Mean absorbance values of each map was 

given under the maps. 
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   3.7±1.89           4.3±1.99             4.78±1.98           3.2±1.47        2.8±1.77  

  Infants            Children         Adolescents     Early Adults      Mid Adults  

Figure 3.28 Spectral image maps of from five different age groups BM-MSCs, 

which were derived from the peak integrated areas of amide I band, reflect lipid 

distribution in cells. Mean absorbance values of each map was given under the 

maps. 
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    1.2±0.77          1.3±0.72            1.7±0.77           0.96±0.57       0.89±0.49  

Figure 3.29 Spectral image maps of from five different age groups BM-MSCs, 

which were derived from the peak integrated areas of amide II, reflect lipid 

distribution in cells. Mean absorbance values of each map was given under the 

maps. 
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The alterations in nucleic acid distribution in BM-MSCs from different age groups 

were determined by considering the changes in PO2
- 
integrated band area. As it is 

given in the mean absorbance values (Figure 3.30), the nucleic acid concentration 

of adolescents BM-MSCs was the highest degree according to the other groups. 

The alterations in the concentration of nucleic acid in BM-MSCs from different 

age groups were similar with the results of ATR-FTIR spectroscopy data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. MTT (Thiazolyl Blue Tetrazolium Bromide) Proliferation Assay  

MTT proliferation assay was used to support FTIR spectroscopy results which 

reflects global alterations in the concentrations of different macromolecules of P3 

MSCs. These concentrational changes were interpreted as in the differences in 

    Infants            Children         Adolescents     Early Adults    Mid Adults  
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Figure 3.30 Spectral image maps of from five different age groups MSCs, 

which were derived from the peak integrated areas of PO2
-
 antisymmetric 

stretching band, reflect lipid distribution in cells. Mean absorbance values of 

each map was given under the maps. 
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metabolic and cellular activity of BM-MSCs. MTT proliferation assay is based on 

the cleavage of the yellow MTT (3-(4.5-Dimethylthiazol-2-yl)-2.5-

diphenyltetrazolium bromide, a tetrazole) salt to purple formazan crystals in the 

mitochondria of metabolically active and highly proliferative viable cells (Van de 

Loosdrecht et al., 1994). 

 

MTT proliferation assay was used into both topics of the thesis study that were 

mentioned above. In the first part, thalassemic BM-MSCs before and after BMT 

therapy and healthy control BM-MSCs were compared in terms of their cellular 

activity by MTT assay during 11 days. Metabolic and cell proliferation activities 

of healthy control and thalassemic BM-MSCs were measured at day 1, 3, 5, 7, 9 

and 11 by measuring the purple solution of formazan crystals in SDS (sodium 

dodesyl sulphate) by spectrophotometry at 620 nm wavelength. As it can be seen 

in Table 3.6, the proliferation activity in thalassemic BM-MSCs was higher when 

compared to the healthy controls. The cellular activity in post-transplant samples 

decreased after BMT therapy. These results suggested that increase in the content 

of macromolecules can be attributed to the increase in the cell proliferation activity 

in thalassemic bone marrow microenvironment.  

 

In the second part, the MTT assay was also applied to different aged BM-MSCs 

during 11 days. Table 3.7 represents the results of MTT assay of healthy BM-

MSCs from different age groups. As can be seen from the table, adolescent group 

had the highest cellular activity with respect to the other four age groups. Also the 

cellular activity BM-MSCs of infans and children groups were higher. The results 

showed that proliferative activity of BM-MSCs decreased by aging and we 

observed that there were lower cellular activity in early and mid adults groups with 

respect to the the younger infants, children and adolescent group BM-MSCs.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20de%20Loosdrecht%20AA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20de%20Loosdrecht%20AA%22%5BAuthor%5D
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Table 3.6 MTT proliferation assay results of thalassemic and healthy control BM-

MSCs at P3 during 11 days. The values were shown as ‘mean  ±  standard  error’  

for  each  group. The degree of significance was denoted as: *p<0.05 with respect 

to healthy control group. 

 

 

 

 

 

Table 3.7 MTT proliferation assay results of P3 BM-MSCs obtained from healthy 

donors of different age groups. The values were shown as ‘mean  ±  standard  

error’  for  each  group. The degree of significance was denoted as: *p<0.05, 

**p<0.01, ***p<0.01 with respect to infants, 
†
p<0.05, 

††
p<0.01, 

†††
p<0.01 with 

respect to children, 
#
p<0.05, 

##
p<0.01, 

###
p<0.01 with respect to adolescents. 

 

 

 

 

Absorbance 

 
Healthy Control 

Group 

Pre-Transplant 

Group 

Post-Transplant 

Group 

Day 1 0.184±0.003 0.232±0.021 0.203±0.025 

Day 3 0.225±0.013     0.299±0.019 
*
↑ 0.276±0.017 

Day 5 0.262±0.024 0.331±0.009 0.312±0.021 

Day 7 0.277±0.023   0.366±0.01 
*
↑ 0.329±0.025 

Day 9 0.325±0.024 0.388±0.015 0.364±0.012 

Day 11 0.338±0.029 0.400±0.013 0.374±0.016 

Absorbance 

 
Infants Children Adolescents Early Adults Mid Adults 

Day 1 0.148±0,002 0.157±0.014 0.167 ± 0.002 0.141± 0.011 0.132 ± 0.005 

Day 3 0.165±0.004 0.171±0,005 0.179 ±  0.002 0.156 ±  0.007 0.150 ±0.002†,###↓ 

Day 5 0.173±0.005 0.177±0.002 0.188± 0.001*↑ 0.163 ± 0.006##↓ 0.158±0.004††,###↓ 

Day 7 0,179±0.032 0.183±0.006 0.195±0.003 0.169 ± 0.001###↓ 0.165 ± 0.003 

Day 9 0.185±0.003 0.191±0.003 0.21±0.003**,††↑ 0.176±0.003***,†,##↓ 
0.170±0.003 

*,†††,###↓ 

Day11 0.180±0.006 0.196±0.015 0.214±0.004*↑ 0.179±0.008 #↓ 0.173 ± 0.003 #↓ 
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3.6. Erythropoietin (EPO) and Growth Differentiation Factor 15 (GDF 15) 

Levels in Bone Marrow Plasma Samples 

 

The levels of erythropoietin (EPO) and growth differentiation factor 15 (GDF 15) 

in the bone marrow plasma samples is used to determine the level of massive 

erythropoiesis and apoptotic pathways in hematological diseases such as 

thalassemia. Spectral results in the first part of the study indicated that there was 

an increase in cell proliferation activity in thalassemic bone marrow. The higher 

cellular activity was supported by EPO and GDF 15 levels in bone marrow plasma 

samples of thalassemic and healthy control BM-MSCs. EPO and GDF 15 levels in 

bone marrow plasma samples of pre- and post-transplant thalassemia patients were 

measured by Duo-Set Enzyme-Linked Immunosorbent Assay (ELISA). The 

results of thalassemic BM-MSCs were compared with the results of healthy 

controls. EPO levels were significantly higher in thalassemic patients before 

tranplantation (44.91±12.30) (p<0.01) than the healthy control group (0.706±0.70). 

However, EPO levels decreased significantly (10.71±2.13) (p<0.05) following 

BMT therapy with respect to the pre-transplant group (44.9±12.30). ELISA results 

of GDF 15 in bone marrow plasma samples showed similar alterations with EPO 

results. GDF 15 levels of pre-transplant group BM-MSCs were significantly 

higher (1466±407) (p<0.01) compared with the healthy controls (104.2±18.51). 

On the other hand, significant decrease was measured in GDF 15 levels of post-

transplant group BM-MSCs (777.5±275.9) (p<0.05) after BMT therapy with 

respect to pre-transplant group MSCs (1466±407).  
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CHAPTER 4 

 

 

DISCUSSIONS 

 

 

 

4.1. The Effects of Beta Thalassemia Major on Bone Marrow Mesenchymal 

Stem Cells 

 

In the first part of thesis study, the global molecular changes in the structure and 

the composition of bone marrow mesenchymal stem cells (BM-MSCs) during beta 

thalassemica major ( -TM) disease conditions were investigated by infrared 

spectroscopy and microspectroscopy. The whole experimental results of pre- and 

post-transplant thalassemic MSCs were compared with the healthy control BM-

MSCs. Meanwhile, the experimental results of post-transplant group BM-MSCs 

were also compared with respect to the pre-transplant group in order to be able to 

demonstrate the effects of bone marrow transplantation (BMT) therapy on 

thalassemic BM-MSCs. Thalassemic and healthy BM-MSCs were characterized in 

terms of according to their adherence to plastic surfaces of culture flask and their 

fibroblast like morphology by considering the rules of ISCT (International Society 

for Cellular Therapy) (Horwitz et al., 1999; Dominici et al., 2006). There was no 

difference in morphological properties of thalassemic and healthy BM-MSCs. In 

addition to that they were assessed for their expression of BM-MSCs CD105, 

CD73 and CD90 surface antigens. Both thalassemic and healthy MSCs showed 

95% expression for CD105, CD73 and CD90 antigens while they were lack of 

expression for heamatopoietic markers CD45 and CD34. In accordance with the 

ISCT criteria,  differentiation capacities of thalassemic and healthy BM-MSCs into 
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osteoblasts and adipocytes were evaluated by using standart differentiation 

inducing mediums. Thalassemic and healthy BM-MSCs differentiated into 

adipogenic and osteogenic lineages and they stained by Oil red O and Alizarin Red 

similarly (Figures 3.6 and 3.7). 

 

Infrared spectra of biological samples contains some characteristic absorbtion 

bands that belong to infrared-active vibrational modes of the different molecules. 

These absorbtion bands represent different kinds of molecules in the sample like 

carbohydrates, lipids, proteins and nucleic acids. Therefore, an infrared spectrum 

of the biological sample provides valuable information about biochemical 

structure of it. The typical wavenumbers, bandwidths and area values of these 

bands give fingerprint-like information about functional groups in biomolecules. 

The determination of mentioned spectral parameters enables us to characterize 

detailed biochemical make-up of biological sample in non-destructively label-free 

manner (Kneipp et al., 2000; Kretlow et al., 2006). The area of infrared bands of 

particular  functional  groups is directly  proportional to the concentration of them 

(Ozek et al., 2009).  

 

The level of unsaturation in the lipid acyl chains were examined by determining 

the changes in the band area of olefinic band at 3010 cm
-1 

(Leskovjan et al., 2010; 

Severcan et al., 2005; Krishnakumar et al., 2009). As it can be seen from Table 

3.3, there was a significant increase in the area of this band in pre-transplant group 

BM-MSCs when compared with the value of healthy control BM-MSCs. This 

increase represents the increase in the amount of unsaturation in the acyl chains of 

lipid molecules. The olefinic band area of the pre-transplant MSCs significantly 

higher with respect to the post-transplant BM-MSCs (Leskovjan et al., 2010; 

Severcan et al., 2005; Krishnakumar et al., 2009). This result demonstrated an 

increase in the synthesis of unsaturated fatty acids that are known to have an 

important role in cell proliferation by exerting growth supporting ability 
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(Kasayama et al., 1994). We also found an increase in the concentration of 

saturated lipids that was determined by the analysis of the band area of CH2 

antisymmetric and CH2 symmetric stretching bands originating from lipid acyl 

chains. As shown in Table 3.3, the area degrees of these bands were significantly 

(p<0.05) higher in the pre-transplant group BM-MSCs with respect to the healthy 

control BM-MSCs. After BMT therapy, there was a tendecy to decline in the area 

values of these bands towards the control group BM-MSCs. The increase in 

saturated lipid content was further supported by the increase in the area of CH2 

bending vibrations of lipids, at 1453 cm
-1

 (Cakmak et al., 2003, Di Giambattista et 

al.,  2011) and COO
-
 symmetric stretching vibrations of fatty acid side chains, at 

around 1400 cm
-1

 (Table 3.3) (Cakmak et al., 2006; Jackson et al., 1998; Peuchant 

et al., 2008). The increase in saturated and unsaturated lipid contents may indicate 

an increase in lipid synthesis in cells as a result of increased cellular activity. 

 

Spectral alterations in the wavenumber (frequency) values of the absorption bands 

give an information about the structure/conformation and intermolecular 

interactions of that species (Jackson et al., 1997; 1999; Toyran et al., 2003). The 

shifts in the band frequencies CH3 and CH2 antisymmetric, CH2 symmetric 

stretching bands can be used as a marker for the detection of order/disorder states 

of membrane lipids  (Liu et al., 2002;  Mantsch, 1984; Severcan et al., 1997). In 

our study, the frequency of the CH3 antisymmetric stretching band shifted to lower 

values both in pre- and post-transplant BM-MSCs compared to the control BM-

MSCs. These results reflected to increase in the order of the deep interior part of 

the fatty acyl chains (Bruno, 1999)
 
of thalassemic BM-MSCs. The changes in the 

wavenumber of CH2 antisymmetric and symmetric stretching bands give 

information about the chain fleixibility of fatty acids, which also reflects the 

order/diorder status of the membrane lipids (Toyran et al., 2004; Melin et al., 

2000). As can be seen from Table 3.3, there was a significant decrease in the 

wavenumber values of CH2 antisymmetric stretching band of pre- and post-

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D
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transplant BM-MSCs that reflected decrease in acyl chain flexibility. Such a 

decrease in flexibility of fatty acids indicated  an increase in the number of trans-

conformers of lipid molecules that was resulted in higher lipid order in membranes 

(Severcan et al., 1997). The cells membranes have vital role in numerous functions 

of cells such as adhesion, cell proliferation, differentiation, motility and 

interactions with their microenvironment via signaling and metabolite traffic. 

Therefore, the mechanical properties of cell membranes have been investigated in 

many studies to get information about details of mentioned biological processes 

(Emoto and Umeda 2001; Lundbaek et al., 2004; Titushkin et al., 2006). Active 

and dynamic structure of cell plasma membrane provides specific cell shape 

(Titushkin et al., 2006) which is affected from alterations in the lipid order (Moore 

et al., 1997). According to the results of present study, the increase in the order of 

membrane lipids in thalassemic BM-MSCs may effect membrane thickness and 

cell shape which are important characteristics of the stem cell membrane in 

mediating dynamic interactions with cellular microenvironment and external 

stimuli particularly during bone marrow remodeling in disease conditions 

(Titushkin et al.,  2006; Spector et al., 1985). 

 

As it can be seen from Figure 3.22 and Table 3.3, the area of amide I (1639 cm
-1

) 

was significantly higher in pre-tranplant group (p<0.05) when compared with the 

control group. The area of amide  II mode (1545 cm
-1

) was increased significantly 

both in the pre-tranplant (p<0.001) and post-transplant BM-MSCs (p<0.01) with 

respect to the control BM-MSCs. These bands are mainly resulted from proteins 

and alterations in their area and frequency values are used to monitor changes in 

total protein content and structure of the cells (Manoharan et al., 1993; Haris and 

Severcan, 1999). The significant increase in the area of the band located at aroun 

1310 cm
-1

 which is assigned to peptide side chain vibrations (Steiner et al., 2003), 

was used to support the data that were obtained from amide I and II. As noted in 

ATR-FTIR data, there were significant increases in protein synthesis in 
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thalassemic BM-MSCs according to healthy control BM-MSCs and the increase in 

the area of amide I and amide II bands was prominent in the pre-transplant BM-

MSCs than the post-transplant group. This finding was attributed to reduction in 

total protein content and protein biosynthesis after BMT therapy. Existing studies 

in the literature in accordance with the accumulation of protein in β-TM are 

mainly about destruction of erythroid cells due to aggregation of free α-globin and 

deficient hemoglobin production (Lithanatudom et al., 2010, Trombetta et al., 

2006, Khandros et al., 2010). However, there has been no specific investigation 

about protein alterations in BM-MSCs in β-TM. The increase in protein content in 

thalassemic BM-MSCs may also imply increased cellular activity in bone marrow 

(BM) due to ineffective erytropoiesis. Khandros et al., 2010 suggested that β-TM 

resembles protein aggregation disorders of the nervous system, liver and other 

tissues.  

 

As it is given in Table 3.4, the alteration in lipid to protein ratio was significantly 

higher (p<0.05) in pre-transplant BM-MSCs with respect to the control BM-

MSCs. Such an increase in the lipid to protein ratio reflected that there was a 

profound increase in the concentrations of lipids according to the increase in 

protein concentrations of thalassemic BM-MSCs (Gorgulu, 2009). We can 

concluded from that results, BM activity considerable affects lipid metobolism in 

thalassemic BM-MSCs than protein metabolism.  

 

The spectral region between 1300-1000 cm
-1

 contains infrared bands of the  

stretching modes of phosphate moieties (PO2
-
) in phospholipids and nucleic acids 

(Diem et al., 1999; Liquier and Taillandier, 1996). These phosphate-stretching 

vibrations give an information about head-groups of the phospholipids in the 

polar-nonpolar interface of cell membranes (Mendelsohn and Mantsch, 1986).  In 

addition to that they can be used to monitor variations in  the quantity, 

conformational state, degree and the position of phosphorylation of  the  nucleic 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKhandros,%2520Eugene%26authorID%3D26433429400%26md5%3De3122d395a0c0a099be4f6d18d064580&_acct=C000038698&_version=1&_userid=691352&md5=8e750ffe8f39ad50a58f44d134dd18b2
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKhandros,%2520Eugene%26authorID%3D26433429400%26md5%3De3122d395a0c0a099be4f6d18d064580&_acct=C000038698&_version=1&_userid=691352&md5=8e750ffe8f39ad50a58f44d134dd18b2
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acids  in  DNA and RNA  (Dovbeshko et al., 2000;  Kneipp et al., 2000).  

Antisymmetric phosphate stretching vibrations at 1234 cm
-1 

are mainly resulted 

from nucleic acids, while symmetric-phosphate stretches at 1080 cm
-1

 assign C-O 

skeletal stretching vibrations from nucleic acid sugars and C-O-P stretching 

vibrations of phosphorylated lipids (Wood et al., 2000). As it is given in Table 3.3, 

there were significant increases in the band area values of the antisymmetric and 

symmetric phosphate stretching bands in pre-transplant and post-transplant group 

with respect to the control group BM-MSCs. These results reflected an increases 

in the concentrations of phospholipids and nucleic acids in thalassemic BM-MSCs. 

Higher phosholipid concentration can be correlated with higher saturated and 

unsaturated lipid contents in cells as a result of increased lipid biosynthesis in 

abnormally active thallasemic bone marrow. The area of the band at 925 cm
-1

 

which is assigned to Z type DNA (Banyay and Gräslund, 2003) was used to to 

support nucleic acid related changes that were obtained from phosphate stretching 

vibrations. The band area of this band (925 cm
-1

) was found significantly higher in 

pre-transplant (p<0.01) and post-transplant group (p<0.05) thalassemic BM-MSCs 

than the control MSCs. These findings, related with an increase in the nucleic acid 

content, were suggested as a result of increased proliferation activity of 

thalassemic BM-MSCs that was induced by ineffective erythropoiesis in 

thalassemic BM microenvironment. 

 

In the current study, significant increases in the area of the bands located at 1152 

cm
−1

, 1045 cm
-1

 and 1025 cm
-1

, which are mainly resulted from carbohydrates 

including glucose, fructose, glycogen and nucleic acids, were obtained in 

thalassemic BM-MSCs (Parker, 1971; Cakmak et al., 2006). These significant 

increases in the area of pre-transplant BM-MSCs (p<0.001) and also post-

transplant group BM-MSCs (p<0.001) revealed an enhanced glycogen and 

carbohydrate concentrations in thalassemic BM-MSCs with respect to the control 

BM-MSCs (Table 3.3). The area ratio of the bands located at 1045 cm
-1

 and 1545 
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cm
-1 

provides an information about carbohydrate levels such as glucose, fructose 

and glycogen etc. in the cells (Parker, 1971) which was supported by higher 

glycogen concentration in thalassemic MSCs with an increase in the ratio 1045 

cm
-1

/1545 cm
-1 

(Table 3.4). These results were explained with increased synthesis 

of glycogen in abnormally active thallasemic bone marrow because of ineffective 

eythropoiesis. Previous studies in the literature reported that glycogen is used as an 

alternative energy source in metabolic stress conditions of diseases like cancers to 

enable cellular growth (Steiner et al., 2003, Emerman et al., 1980, Tsavachidou et 

al.,2010). Significant increases in glycogen content of thalassemic cells with 

respect to the healthy controls may support the increase in the content of other 

macromolecules as a result of an enhanced cell proliferation in thalassemic bone 

marrow microenvironment.  

 

On the basis of the spectral variations, cluster analysis was also performed to 

differentiate the control, pre- and post-transplant group thalassemic BM-MSCs. 

The analysis was applied to the first-derivative and vector normalized spectra of 

fifteen independent samples in three different regions, namely 3050-800 cm
-1

, 

3050-2800 cm
-1 

and 1800-800 cm
-1

. As can be seen from the Figure 3.14, all 

samples were successfully distinguished in 3050-2800 cm
-1

 region, while there 

was only one misclassification for the cluster of 3050-800 cm
-1

 region (Figure 

3.13) and there were two misclassification for the cluster of 1800-800 cm
-1 

(Figure 

3.15). The higher heterogenity values for three different clusters implied that there 

were important macromolecular alterations among control, pre- and post-

transplant group BM-MSCs. These results revealed that the spectral changes 

obtained from ATR-FTIR spectroscopy can be successfully determined by cluster 

analysis. 
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Thalassemic bone marrow dramatically expands during -TM disease conditions 

to get rid of deep anemic symptoms and iron accumulation (Melchiori et al., 

2010). This uncontrolable expansion of bone marrow is called as ineffective 

erythropoiesis and it can be defined by increased level of erythropoietin (EPO) and 

growth differentiation factor 15 (GDF15) in bone marrow plasma samples. Higher 

level of EPO drive huge expansion of additional erythroid precursor with an 

enhanced proliferative and survival capacity, while over expression of GDF15 

controls differentiation and proliferation of erythroid precursors during  ineffective 

erythropoiesis (Melchiori et al., 2010; Lithanatudom et al., 2010; Ramirez et al., 

2009; Tanno et al., 2010). According to spectral results of the present study, we 

made a suggestion that the global increases in the concentrations of different 

macromolecules in thalassemic BM-MSCs with respect to the healthy controls can 

be resulted from increased cell proliferation activity in abnormally active 

thalassemic bone marrow. In this context, EPO and GDF15 levels were measured 

in thalassemic and healthy bone marrow samples by ELISA assay, in order to 

prove the existence of  ineffective erythropoiesis in thalassemic bone marrows. 

The EPO and GDF15 levels were found significantly higher in pre-transplant BM-

MSCs when compared with the healthy controls. However, following BMT 

therapy the EPO and GDF15 levels of thalassemic patients showed tendency to a 

significant decrease with respect to the pre-transplant patients. The higher EPO 

and GDF15 levels in thalassemic bone marrow plasma samples before BMT 

therapy were the robust indicators of abnormal erythropoietic activity of 

thalassemic bone marrow as a response of bone marrow microenvironment to IE 

that can be induced by secretory functions of BM-MSCs which are the main 

cellular components of bone marrow microenvironment (Melchiori et al.,2010, 

Lithanatudom et al., 2010). The significant decreases in the EPO and GDF15 

levels after BMT therapy can indicate rapid adaptation of transplanted HSCs into 

thalassemic bone marrow microenvironment and recovery effect of healthy HSCs 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ramirez%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tanno%20T%22%5BAuthor%5D
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on thalassemic BM-MSCs as a result of cellular interactions in bone marrow 

microenvironment.  Therefore, the EPO and GDF15 levels were used to support 

the results of ATR-FTIR spectroscopy which showed increased biosynthesis of 

lipids, proteins, carbohydrates and nucleic acids because of increased cellular 

activity in pre-transplant group thalassemic BM-MSCs. Additionally, the spectral 

results showed that there were significant decreases in the concentrations of 

mentioned macromolecules in post-transplant group BM-MSCs as a result of 

diminished ineffective erythropoiesis and recovered abnormal cellular activity 

after BMT therapy. MTT proliferation assay  in Table 3.6 reflected that the 

proliferation activity in thalassemic BM-MSCs was significantly higher than the 

control MSCs. The cellular activity was still higher than the controls in the post-

transplant samples with the closer values to the healthy control group. These 

findings were in the same direction with the results of ELISA assays. Such an 

increased proliferation activity clarified higher concentration of macromolecules in 

thalassemic BM-MSCs than the healthy control BM-MSCs.  

 

Since post-transplant marrow samples were obtained shortly after engraftment 

(between days +25 and day +35), the significant changes in BM-MSCs towards 

normal values suggested that the interaction between hematopoetic and 

mesenchymal cells is very dynamic, leading to a change in the abnormal patients 

bone marrow microenvironment towards normal by achievement of healthy donor 

eythropoesis following BMT. Therefore, the spectroscopic changes observed in 

post-transplant group BM-MSCs can be used to interprete cellular interactions 

between healthy HSCs and thalassemic BM-MSCs with an other supportive 

experimantal data of ELISA and MTT proliferation assays. The significant 

reductions in the concentrations of cellular macromolecules in post-transplant BM-

MSCs with respect to the pre-transplant BM-MSCs may reflects an adaptation of 

patients’s BM-MSCs to the recovered bone marrow microenvironment by 

decreasing cell proliferation rate and secretory activities after BMT therapy.  
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All these experimental results discussed above were performed according to the 

suggestion that post-transplant group BM-MSCs were patients’s origin after BMT 

therapy. Therefore; chimerism analysis was performed to determine whether the 

origin of BM-MSCs belongs to the recipient or the donor after allogenic bone 

marrow transplantation. Chimerism status of post-transplant samples can be 

analyzed by fluorescence in situ hybridization (FISH) using X/Y gene probes in 

sex-mismatched patients or short tandem repeat polymorphism analysis by 

polimerase chain reaction (STR-PCR). In our study STR-PCR chimerism test was 

used to analyze the polymorphic DNA loci of the donor and recipient cells. In 

addition to that engraftment status was also determined by analyzing STRs of 

donor, pre- and post-transplant recipient that are interspersed throughout the 

genome. The unique but not the shared STR loci of the donor  and  recipient  were  

usually  used  to  evaluate chimerism. As a result of chimerism test we found that 

in all our 5 patients, MSCs were shown to be 100% recipient origin and BM-

MSCs of donor origin could not be detected. That is; BM-MSCs isolated from 

recipients after allogenic BMT therapy, were not of donor genotype, despite the 

presence of 95%-99% donor type hematopoietic engraftment in a short 

engfraftment time. The earlier chimerism studies in literature showed that MSCs 

remained of host origin (patient origin) even a long time after allogenic BMT 

therapy while donor chimerism was achieved in HSCs (Rieger et al., 2005; 

Villaron et al., 2004; Koc et al., 1999). In summary, our chimerism analysis 

showed that even in short engraftment time (between +25 and +35 days) after 

BMT therapy, adequate cellular interections between HSCs-MSCs can be achieved 

to observe the healing of disease related alterations in patient’s bone marrow. 

 

In addition to the -TM disease related molecular alterations in BM-MSCs which 

were indicated by using ATR-FTIR spectroscopy, FTIR imaging was also 
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performed by FTIR microspectroscopy  for visual demontrations of the changes in 

biochemical structure and composition in small sample regions on microscopic 

scales (Szczerbowska-Boruchowska et al., 2007). Tens of thousands of individual 

spectra can be collected rapidly and in parallel, each referring to a distinct and 

identifiable spatial location on the sample. Besides the information about chemical 

composition and molecular structure, which can also be obtained from 

conventional IR spectra, the integration of spatial and spectral information in 

vibrational imaging data sets provides representative demonstration of spectral 

results (Lester et al., 1998). The band area of spectral vibrations originating from a 

particular  functional  groups  are  directly  proportional  to  the concentrations of 

that species (Ozek et al., 2009). In this study, using FTIR imaging, the differences 

in the distribution of concentrations of lipids, proteins and nucleic acids in MSCs 

of control, pre- and post-transplant groups were demostrated representatively 

which can also be used as a supportive data to the results ATR-FTIR spectroscopy.  

 

The intensity/area changes of CH2 antisymmetric stretching and CH2 symmetric 

stretching bands give an information about saturated lipid concentration in the 

system (Severcan et al., 2000; Severcan et al., 2003; Cakmak et al., 2006). We 

constituted the chemical maps of saturated lipids by taking the peak integrating 

maps of the CH2 antisymmetric stretching and CH2 symmetric stretching bands. In 

order to observe changes in concentrations of proteins, we constitute the chemical 

maps by taking the area distrubition of bands arising from the C=O  stretching  

vibration  of  the  amide I and  N-H  bending  vibration  of amide  II (Manoharan 

et al., 1993, Haris and Severcan 1999). In addition to these bands, the integrated 

band area distrubition PO2
-
 antisymmetric stretching of nucleic acids was used to 

make a chemical maps of nucleic acid changes in the cells (Rigas et al., 1990, 

Wong et al., 1991). For each sample belonging to the groups mentioned in the 

results, the mean absorbance values of FTIR images were also calculated. It is 

aimed to show that these mean absorbance values are in agreement with the results 
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based on the concentrational changes obtained by using ATR-FTIR.  As it is given 

in the mean absorbance in the Figures 3.16, 3.17, 3.18 and 3.19, there were an 

increase in the concentrations of saturated lipids, proteins and nucleic acids in 

thalassemic BM-MSCs according to healthy controls. Following BMT therapy, the 

mean absorbance values of mentioned spectral bands decreased with respect to 

pre-transplant group BM-MSC. The average chemical maps were colored 

according to the intesity/area values of mentioned bands, where red color 

corresponds to the highest ratio and blue color corresponds to the lowest ratio as 

shown on the color bar in the figures. As it was observed from the color changes in 

these chemical maps, pre-transplant groups BM-MSCs had the highest lipid, 

protein and nucleic acid concentrations with respect to the post-transplant and 

healthy control BM-MSCs. All these results belonging to the FTIR imaging study 

were in agreement with the results of ATR-FTIR spectroscopy.   

 

4.2. The Effects of Donor Age on Healthy Bone Marrow Mesenchymal Stem 

Cells 

 

In the second part of this study, effects of donor age on healthy BM-MSCs were 

investigated by ATR-FTIR spectroscopy and FTIR microspectroscopy. Spectral 

investigations were performed by using BM-MSCs from healthy donors which 

were classified according to their ages in five different age groups labeled as 

infant, children, adolescents, early and mid adults. Each group was statistically 

compared with the remaining four groups in order to reveal the differences 

between them.  

 

Healthy BM-MSCs from different aged donors at passage 3 were characterized 

with their adherence to plastic surfaces of culture flask and their fibroblast like 

morphology. There were no difference in morphological properties and CD73, 

CD90, CD105 expression profiles at passage 3. These results were supported by 
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the study of Mareschi et.al., 2006 where it was reported that there were no 

differences in morphology and antigenic expression profiles of BM-MSCs of 

young adult donors (range of age: 20-50) and pediatric donors (range of age: 6-11) 

until passage 10. On the other hand, in the study of Huang et al., 2005, it was 

demonstrated that BM-MSCs of fouetuses, 0-20 years old donors, 20-40 years old 

donors, and donors older than 40 years old had similar morphology and antigenic 

phenotype. In the scope of second part of the study, the cells from five different 

age groups were characterized according to their adipogenic and osteogenic 

differentiation capacities. Adipogenic and osteogenic differention was assessed by 

using Oil red O and Alizerin Red staining, respectively. As seen in representative 

(Figure 3.7 and 3.8) results, there were decreases in the adipogenic and osteogenic 

differentiation potentials in early and mid adults (range of ages: 20-50) when 

compared with the younger donors (range of ages: 0-19). The study of Kretlow et 

al., 2008 showed that chondrogenic, osteogenic and adipogenic differentiation 

potentials of cells from oldest donor decreased. In the study of Roura et al., 2006, 

the effects of donor age on CD105
+ 

mesenchymal stem cells in young (n=10, 

24±6.4 years) and elderly (n=9, 77±8.4 years) donors were investigated. They 

reported non-significant decrease in adipogenic differentiation potential by Oil 

Red O staining and significant decrease in osteogenic differentiation potentials by 

von Kossa staining in elderly donors. Although most of the existing studies 

support our results, there are many conflicting data available in the literature about 

the effects of aging on the differentiation potentials of MSCs since the donors and 

the sample models used in these studies were different. 

 

There is limited information about how donor age affects the fate of stem cells and 

whether the changes caused by aging alter the stem cell niche (Campisi and 

Sedivy, 2009). Stem cells are required for homeostasis and tissue regenaration. It 

is thought that impaired tissue homeostasis and regenaration capacity can be 

assumed to be arising from alterations in the number and/or function of stem cells 
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(Beltrami et al., 2011; Rando, 2006). In this context, the question arises whether 

age related changes are due to the intrinsic aging of stem cells or due to the aged 

stem cell microenvironment (niche) (Wagner et al., 2008). Age-related alterations 

in stem cells and their external environment should be investigated in order to 

standardize quality products and cellular therapies. Up to now, the numbers of 

passages and population doublings, and senescence-associated molecular changes 

have not been clarified whether they are tolarable to optimize therapeutic effects of 

clinical applications. These findings make it inevitable to define a reliable and 

easy method to track cellular aging of MSCs (Wagner et al., 2010; Stolzing and 

Scutt, 2006). Studies in the literature have reflected that cellular senescence does 

not significantly effect the viability, morphology, function, proliferation and 

differentiation capacity of cells, while it causes decline in cellular metabolism 

(Wagner et al., 2008; 2010; Stolzing and Scutt, 2006). Until now senescence 

associated -galactosidase (SA- -gal) has been used to determine senescence. 

Although SA- -gal is overexpressed and accumulates specifically in senescent 

cells, it is not the only marker of senescence. The enlarged and apoptotic cells in 

higher passages also become SA- -gal positive. This means that -galactosidase 

activity is associated with mainly replicative senescence in-vitro (Wagner et al., 

2010; Stolzing, A., and Scutt, A., 2006). The study of Stolzing and Scutt, 2006  

showed that there was no correlation between the age of organism and the level of 

SA- -gal staining in fresh ex-vivo or in-vivo tissue. In summary, no specific 

molecular marker is available to determine the degree of cellular aging in MSCs. 

In this context, we hyphothesized that IR spectroscopy as a novel, non-destructive 

research method with its real-time chemical monitoring and high-quality data 

collection properties, can be used to identify molecular marker(s) reflecting the 

stem cell aging. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wagner%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wagner%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wagner%20W%22%5BAuthor%5D
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Spectral region between 3000-2800 cm
-1

 was used to determine the level of 

saturation in the lipid acyl chains by examining the changes in the CH3, CH2 

antisymmetric and CH2 symmetric stretching bands (Severcan et al., 2005; 

Krishnakumar et al., 2009; Leskovjan et al., 2010). As it is shown in Table 3.5, 

there were significant increases in these bands for children and adolescents groups 

when compared with the other groups. These increases indicate an increase in the 

amount of saturation in the acyl chains of lipid molecules as a result of increase in 

synthesis of saturated fatty acids that are known to have an important role in cell 

proliferation by exerting growth supporting ability (Kasayama et al., 1994). The 

increase in saturated lipid content was further supported by the increase in the area 

of CH2 bending vibrations of lipids, at 1453 cm
-1

 (Cakmak et al., 2003; Di 

Giambattista et al., 2011) and COO
-
 symmetric stretching vibrations of fatty acid 

side chains, at around 1400 cm
-1

 (Table 3.5) (Peuchant et al., 2008; Cakmak et al., 

2006; Jackson et al., 1998). These two bands were slightly higher for children and 

adolescents MSCs. These increases in saturated lipid concentrations in children 

and adolescents may indicate an increase in lipid synthesis in cells as a result of 

increased metabolic activity. 

 

Changes in the band areas of amide I, amide II and amide III reflected the 

alterations in the protein concentrations in cells. As it is shown in Table 3.5, for 

children and adolescents groups, the band  area values  of amide I and amide II 

were significantly higher while was non-significantly higher for the amide III. As 

noted in ATR-FTIR data, there were significant increases in protein synthesis in 

children and adolescents MSCs when compared with the infants, early and mid 

adults MSCs. Significant decreases in the area values of amide I, amide II and 

amide III bands for early and mid adults leaded to the decrease in protein synthesis 

in these groups.  

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giambattista%20L%22%5BAuthor%5D


 123 

The changes in lipid to protein ratio were non-significant. This ratio slightly 

decreased in children and adolescents group MSCs with respect to infants, early 

and mid adults MSCs. Such a decrease in the lipid to protein ratio meaned that 

there may be a profound increase in the protein concentration compared to the 

increase in lipid concentration in MSCs (Gorgulu, 2009). By using these findings, 

we concluded that the increase in cellular activity considerably affected protein 

metobolism in healthy MSCs than the lipid metabolism.  

 

The area changes in the infrared bands of PO2
-
 antisymmetric vibrations at 1234 

cm
-1 

and symmetric stretching vibrations at 1080 cm
-1

 were used to investigate the 

variations in the quantity, conformational state, degree and the position of 

phosphorylation of  the  nucleic acids  in  DNA and RNA  (Dovbeshk et al., 2000;  

Kneipp et al., 2000).  As it can be seen in Table 3.5, there were significant 

increases in the band area values of the antisymmetric phosphate stretching bands 

for children and adolescents groups MSCs when compared with the infant group 

MSCs. However, non-significant increases were observed in the PO2
-
 symmetric 

stretching band areas for the same groups. The bands at 925 cm
-1

 and 855 cm
-1

 

were used to support nucleic acid related changes. The area values in these bands 

were significantly higher for adolescent MSCs and non-significantly higher for 

children MSCs. There were significant decreases in the area of these four bands 

for early and mid adults MSCs with respect to the adolescents and children MSCs. 

The findings about an increase in the nucleic acid content were suggested to be 

resulting from increased proliferative activity of adolescents and children MSCs.  

 

There were significant increases in the areas of the bands at 1152 cm
−1

, 1045 cm
-1

 

and 1025 cm
-1

, for children and adolescent MSCs. These increases mainly resulted 

from carbohydrates including glucose, fructose, glycogen and nucleic acids 

(Parker, 1971; Cakmak et al., 2006). These findings indicated enhanced glycogen 
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and carbohydrate concentrations in children and adolescent MSCs, whereas 

significant declines were observed in early and mid adult MSCs (Table 3.5).  

 

MTT proliferation assay was carried out in order to prove increased cellular 

activity. The results of MTT proliferation assay was used to support the data 

obtained from ATR-FTIR spectroscopy. As it is given in Table 3.7, MTT 

proliferation assay results showed that the proliferation activity in adolescents 

MSCs were significantly higher than the activities in other sample groups MSCs. 

It was shown that the children and infant MSCs also had an higher level of 

proliferative activity than early and mid adults MSCs. We observed significant 

decreases in proliferation capacity in cells of early and mid adults. Mareschi et al., 

2006 found that cell growth was related to the age of donors. Their study reflected 

that MSCs of pediatric donors (range of age: 6-11) were proliferate twice as high 

as MSCs of adult donors (range of age: 20-50). Scutt et al., 1996 investigated the 

age effect on rats whose ages were 3, 7, 12 and 56 weeks. They found that 

apoptosis and reduced proliferation capacity levels were higher in the cells of older 

rats.  

 

On the basis of the spectral variations, cluster analysis was also performed to 

discriminate MSCs of infants, children, adolescents, early and mid adults. The 

analysis was applied to the first-derivative and vector normalized spectra of twenty 

five samples in three different regions of 3000-800 cm
-1

, 3000-2800 cm
-1 

and 

1800-800 cm
-1

. As seen in Figures 3.23, 3.24 and 3.25, there was only one 

misclassification for the cluster of 3000-800 cm
-1

 region while all samples were 

successfully distinguished in clusters of 3000-2800 cm
-1

 and 1800-800 cm
-1

 

regions. The higher heterogenity values for three different clusters implied that 

there were important macromolecular alterations among the MSCs of different age 

groups. These results revealed that the spectral changes obtained from ATR-FTIR 

spectroscopy can be successfully determined by cluster analysis. 
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In this part of the study, we used FTIR spectroscopy as a novel method to 

determine unique molecular marker(s) in order to identify the effects of donor age 

on bone marrow MSCs. We observed some differences in the concentrations of 

cellular macromolecules. These findings were interpreted as the differences in the 

proliferative activity of cells in accordance with the age differences of donors. 

These interpretations were supported by MTT assay results that were in 

accordance with the ATR-FTIR data.  

 

As an other supportive method, FTIR microspectroscopy was used. This method is 

known to be providing information about biochemical structure and composition 

of cells in a small sample region with microscopic scales (Szczerbowska-

Boruchowska et al., 2007). The differences in the distribution of concentration of 

lipids, proteins and nucleic acids in MSCs of five different age groups were 

demonstrated representetively. The intensity/area changes of the CH2 

antisymmetric stretching and CH2 symmetric stretching bands give an information 

about saturated lipid concentration in the system (Severcan et al., 2000; Severcan 

et al., 2003, Cakmak et al., 2006). We constituted the chemical maps of saturated 

lipids by using the peak integrating maps of the CH2 antisymmetric stretching and 

CH2 symmetric stretching bands. In order to observe the changes in concentrations 

of proteins, we constitute the chemical maps by using the area distribution of 

bands which arises mainly from the C=O  stretching  vibration of  the amide I and 

N-H bending vibration of amide II (Manoharan et al., 1993, Haris and Severcan 

1999). In addition to these bands, the integrated band area distribution of PO2
-
 

antisymmetric stretching of nucleic acids was used to make a chemical map of 

nucleic acid changes in the cells (Rigas et al., 1990; Wong et al., 1991). As it is 

given in the mean absorbance values in Figures 3.26, 3.27, 3.28, 3.29 and 3.30, the 

concentrations of saturated lipids, proteins and nucleic acids for children and 

adolescents groups were higher when compared with the infants, early and mid 

adults. The mean absorbance values in these spectral bands were lower for older 
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donors. The average chemical maps were colored according to the intensity/area 

values of mentioned bands where red color corresponds to the highest ratio and 

blue color corresponds to the lowest ratio as shown on the color bar in the figures. 

As it was understood from the color changes in these chemical maps, 

concentrational changes can be ordered from higher to lower values as 

adolescents, children, infants, early and mid adults. All the results obtained from 

FTIR imaging study were in agreement with our ATR-FTIR data and allowed the 

generation of IR maps with high image contrast as a supportive data.  
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CHAPTER 5 

 

 

CONCLUSION 

 

 

 

In the first part of the study, it was aimed to investigate the molecular level 

changes in human bone marrow mesenchymal stem cells (BM-MSCs) in 

pathological bone marrow microenvironment during disease beta thalassemica 

major ( -TM). The results of the study showed that -TM had significant 

influence on the structure and the concentration of biological macromolecules and 

secretory functions of BM-MSCs. However, -TM did not cause any changes on 

the main characteristics of cells that were used to define BM-MSCs. Thalassemic 

and healthy BM-MSCs had similar cellular morphology under inverted light 

microscope. Their expression profile for CD105, CD90, CD73, CD45 and CD34 

surface antigens were also similar. Both thalassemic and healthy BM-MSCs were 

differentiated into adipocytes and osteocytes. The spectral results showed that 

there were significant increases in the contents of saturated and unsaturated lipids, 

protein, glycogen and nucleic acids in thalassemic BM-MSCs. Lipid order in cell 

membrane also increased in thalassemic BM-MSCs. These results suggested that 

increase in the concentration of macromolecules can be attributed to the increase 

in the proliferation activity of cells during ineffective erythropoiesis in thalassemic 

bone marrow. Erythropoietin (EPO) and growth differentiation factor 15 (GDF 15) 

levels and MTT proliferation assay results were used in order to support ATR-

FTIR results and determine the degree of ineffective erythropoiesis. The 

concentration of macromolecules in post-transplant BM-MSCs was shown to be 

decreased when compared to the pre-transplant BM-MSCs. On the other hand, 
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EPO and GDF15 levels, and proliferation activity in the MTT assay results 

following bone marrow transplantation (BMT) therapy were shown to decrease for 

the case of post-transplant BM-MSCs as well. All of these results could be 

interpreted as a decrease in cellular activity as a result of restoring effect of BMT 

therapy on abnormal erythropoiesis by leading the normalization of abnormal host 

microenvironment. 

 

The chimerism test, which was performed +25 and +35 days after transplantation, 

showed that there were complete donor type hematopoietic engraftment in the 

patients’s bone marrows while BM-MSCs remained 100% recipient (patient) 

origin. The restoring effect of BMT therapy observed during attenuated total 

reflection Fourier transform infrared (ATR-FTIR) spectroscopy study can be used 

to identify hematopoietic stem cells (HSCs) and BM-MSCs dynamic interactions 

in bone marrow microenvironment. The results of the ATR-FTIR spectroscopy 

study were also supported by FTIR imaging which was used to demonstrate 

distribution of macromolecules in the cells as in chemical maps. Thalassemic and 

healthy control BM-MSCs were successfully separated by using the hierarchical 

cluster analysis where alterations in structure and composition of macromolecules 

obtained from FTIR data were considered. These results showed the differences 

between thalassemic and healthy control BM-MSCs. Moreover, they provided 

better understanding of the in-vivo cell-to-cell interactions between HSCs and 

MSCs. Therefore, this study became to be the first model study which may 

contribute to future studies for investigating cellular interactions in the bone 

marrow microenvironment. 

 

In the second part of the study,  we aimed to identify new molecular marker(s) in 

order to determine the effects of donor age on healthy BM-MSCs. The results 

showed that donor age had significant influence on the concentrations of important 

macromolecules existing in the cells. The BM-MSCs from healthy donors in 
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different ages had similar cellular morphology under inverted light microscope at 

passage 3. Also, their expression profiles for CD105, CD90, CD73, CD45 and 

CD34 surface antigens were same. In addition to this, adipogenic and osteogenic 

differentiation potentials of older MSCs were lower when compared to the 

younger cells representatively. The spectral results reflected that there were 

significant increases in the concentration of saturated lipids, proteins, glycogen 

and nucleic acids in children and adolescent group BM-MSCs when compared to 

the infants, early and mid adults. The concentrations of mentioned 

macromolecules in early and mid adults BM-MSCs were significantly lower than 

the concentrations in the children and adolescents BM-MSCs. These increases in 

the concentrations of macromolecules were decided to be a result of the increase in 

the proliferation activity in younger BM-MSCs. The cellular activity degree was 

determined through the MTT proliferation assay results and this was used to 

support ATR-FTIR spectroscopy results. The MTT assay results showed that BM-

MSCs obtained from younger donors, such as infants, children and adolescents, 

had higher cellular activity than the BM-MSCs obtained from early and mid 

adults. FTIR microspectroscopy revealed the distribution of macromolecules in the 

cells as chemical maps whose results also are in agreement with the ATR-FTIR 

results. BM-MSCs of five different age groups were discriminated by making the 

hierarchical cluster analysis where the ATR-FTIR spectroscopy data according to 

alterations in structure and composition of macromolecules were considered.  
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APPENDIX A 

 

 

CHEMICALS 

 

 

 

AlizerinRed Stain                                                                                             Sigma 

Ascorbic acid                                                                                                    Sigma 

Beta glycerophosphate            Sigma 

Dexamethasone             Sigma 

DiMethylSulfoxide                                                                                    Applichem 

Dulbeco’s Modified Eagle Medium-Low Glucose                               BiochromAG 

EPO                                    R&D Systems 

Fetal Bovine Serum                                                                              Biochrom AG 

Ficoll                                                                                                     Biochrom AG 

Formol                                                                                                               Sigma 

GDF 15                                  R&D Systems 

IBMX                                                                                                                Sigma 

Igepal/isopropanol                                                                                            Sigma 

Indomethacine                                   Sigma 

Insulin                                              Sigma 

L-glutamine                                              Biochrom AG 

Oil Red O                                   Sigma 

Penicillin/Streptomycin                      Biochrom AG 

Phosphate Buffer Saline                                         Sigma 

Quantichrom Calcium Assay Kit              Bioassay Systems 

Thiazolyl Blue Tetrazolium Bromide                               Sigma 
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